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Abstract

We review the application of C. elegans as a model system to understand key aspects of stem cell
biology. The only bona fide stem cells in C. elegans are those of the germline, which serves as a
valuable paradigm for understanding how stem cell niches influence maintenance and
differentiation of stem cells and how somatic differentiation is repressed during germline
development. Somatic cells that share stem cell-like characteristics also provide insights into
principles in stem cell biology. The epidermalseam cell lineages lend clues to conserved
mechanisms of self-renewal and expansion divisions. Principles of developmental plasticity and
reprogramming relevant to stem cell biology arise from studies of natural transdifferentiation and
from analysis of early embryonic progenitors, which undergo a dramatic transition from a
pluripotent, reprogrammable condition to a state of committed differentiation. The relevance of
these developmental processes to our understanding of stem cell biology in other organisms is
discussed.
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[. Introduction

Developmental regulatory cues must be tightly coordinated with cell division programs to
ensure that a sufficient number of descendant cells are available to populate tissues and
organs prior to their exit from mitosis and differentiation. A conspicuous example of the
tight coordination between cell proliferation control and differentiation is seen with the
maintenance and differentiation of stem cells (Molofsky et al., 2004; Orford and Scadden,
2008). Stem cells are maintained in a proliferative, undifferentiated state within a “niche”
that provides continuous pro-mitotic, anti-differentiation cues (Ohlstein et al., 2004); exit
from the niche is often associated with a switch from self-renewal to programs of
differentiation. An understanding of how stem cells renew themselves, the regulatory
circuitry that maintains their pluripotency, and the events that commit progenitor cells to
particular differentiation states is of paramount importance as stem cells are intimately
associated with development, maintaining homeostasis, tissue repair and regeneration,
aging, and cancer. In addition, it is of great value to learn how fully differentiated cells can
be reprogrammed into progenitors of different cell types.

“corresponding author: rothman@lifesci.ucsb.edu, Telephone: 805-893-7885, Fax: 805-893-2005.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Joshi et al.

Page 2

Diverse paradigms and signaling pathways for regulating stem cells have been described
(Croce and Calin, 2005; Nystul and Spradling, 2006; Kimble and Crittenden, 2007;
Morrison and Spradling, 2008; Spradling et al., 2008; Shenghui et al., 2009). However, the
complex architecture of tissues has made it difficult to identify stem cell niches and
investigate niche-stem cell interactions in mammalian systems. The relative simplicity of
tissue architecture in invertebrate model systems, ease of identification of individual stem
cell niches, and highly accessible tools for genetic, cellular and biochemical analysis of
regulatory networks, have made invertebrate model organisms powerful systems for
studying stem cell biology and deriving general principles for mechanisms of stem cell
renewal, maintenance of pluripotency, and cellular reprogramming. In this review, we
highlight the strengths of C. elegans as a model system for investigating stem cell properties
of self-renewal, maintenance of pluripotency, and reprogramming of differentiation. Given
the broad scope of the article and space constraints we direct the reader to more focused
topical reviews for a more thorough treatment of specific subjects. In this review, we first
focus on the development of the only true stem cells in C. elegans, those of the germline,
and discuss the germline as a model system to investigate stem cell-niche interactions and
the importance of post-transcriptional regulation and non-coding RNASs in regulating the
switch from proliferation to differentiation. We then focus on the specialized epidermal
seam cells, the first experimental system to demonstrate a role for microRNAs (miRNAS) in
regulating stem cell-like divisions. Finally, we turn to the mechanisms that restrict the
pluripotency of progenitor cells and the processes that result in reprogramming of cellular
identity, and we discuss how investigating these processes makes it possible to move beyond
the transcriptional regulatory cascades that have dominated the field of pluripotency
research. We have made an effort to relate the findings made in C. elegans with results from
other systems, notably mammalian stem cells.

The C. elegans germline as a model for stem cell biology

The C. elegans hermaphrodite gonad is a tube with two symmetric U-shaped arms, each
with a proximo-distal polarity (Figure 1). Contained within an outer covering of somatic
cells, the germline is a syncytium, wherein individual germ cell nuclei that are partially
enclosed by cell membranes are arranged circumferentially around a central cytoplasmic
core, the rachis. Unlike nuclei in other syncytia, such as those in the pre-cellularization
Drosophila embryo which divide synchronously, adjacent germ cell nuclei in the C. elegans
syncytium share limited cytoplasm owing to their partial enclosure by a cell membrane, and
behave largely as if they were contained in individual cells. They are therefore, by
convention, referred to as “germ cells.” The distal-most region of the gonad contains
proliferating mitotic germline stem cells (GSCs). As germ cells move proximally, they cease
proliferation and progress through successive stages of meiosis and undergo cellularization
past the bend in the gonad tube to form mature oocytes that are arrested in diakinesis of
prophase | (Figure 1A).

Il. Germline stem cells and the stem cell - niche interaction

Studies of the C. elegans germline led to what is likely the first stem cell niche to be clearly
identified at the cellular level in any metazoan. The germline is the only tissue in C. elegans
with a continuously proliferating pool of cells proceeding throughout its life (Hirsh et al.,
1976). The germline stem cells (GSCs) are maintained in a proliferative state in the niche as
defined by a single somatic cell, the distal tip cell (DTC) that caps the distal end of the
gonad and extends fine cytoplasmic processes to about 10 germ cell diameters from the
main body of the cell (Kimble, 1981). Experimental removal of the DTC by laser ablation
causes the GSCs to cease proliferation and differentiate into gametes. Genetic manipulations
using mutations that alter the position or number of DTCs result in ectopic proliferation of
germ cells in close proximity to the DTC, thereby establishing the DTC as a bona fide
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activator of stem cell niche formation. Several excellent reviews detail the germline stem
cell niche (Byrd and Kimble, 2009) and the regulation of GSC proliferation and
differentiation (Hubbard and Greenstein, 2000; Kimble and Crittenden, 2005; Hansen and
Schedl, 2006; Hubbard, 2007; Kimble and Crittenden, 2007). Here, we provide a brief
overview of germline stem cell proliferation and differentiation, followed by a discussion of
a role for microRNAs and the macroenvironment in regulating GSC maintenance.

The DTC serves as a stem cell niche and maintains a proliferative germline stem cell
population via Notch-type signaling. The proliferative zone extends ~20 cells from the DTC.
As cells divide, they move away from the influence of the DTC and switch from mitosis into
meiosis, as evident by a morphological change in which their nuclei become crescent-
shaped, characteristic of germ cells in leptotene and zygotene; this event defines the start of
the “transition zone” (Figure 1A). Thus, the “mitotic region (MR)”, defined by the stem cell
niche and containing all germline stem cells, refers to the portion of the germline that is
distal to the nuclei exhibiting morphological characteristics of early meiotic nuclei.

Recent analysis of cell division Kinetics has led to further subdivision of the proliferative
region with identification of at least four distinct population of proliferating cells (Crittenden
et al., 2006; Maciejowski et al., 2006; Hubbard, 2007; Jaramillo-Lambert et al., 2007): 1.
The distal-most population of cells that are in close apposition to the DTC (1-2 cell
diameters from the DTC) are associated with the lowest cell division kinetics, 2)
immediately following is a population of germ cells extending from 3-10 cell diameters that
exhibit the highest average mitotic index, 3) a population of cells with decreasing mitotic
index (10 —16 cell diameters) and 4) a population of cells with the lowest average mitotic
index extending from 17 —22 cell diameters from the DTC precedes the early meiotic nuclei
(reviewed in (Hubbard, 2007). The last two populations of germ cell also include cells that
are in meiotic S-phase. This profile of cell division kinetics is similar to the behavior of
adult stem cells in mammalian intestinal crypts and hair follicles - bona fide stem cells found
in close physical contact with the stem cell niche have significantly longer cell cycle times
than an intermediate population of rapidly cycling transit-amplifying stem cells.

The architecture of the C. elegans germline stem cell niche with germline stem cells at one
end of a blind tube and progressively differentiating cells near the open end shows
similarities with germline stem cell niche in other model systems including male and female
germline stem cell niches in Drosophila - the hub (Tulina and Matunis, 2001) and the
germarial tip (Xie and Spradling, 2000) respectively (Figure 1B). Adhesion between the
GSC and the niche, mediated by E cadherin, B-catenin and integrins, retains GSCs within the
niche (Song and Xie, 2002; Song et al., 2002; Wang et al., 2006; Issigonis et al., 2009).
Adhesion also orients the axis of division resulting in asymmetric cell division. This division
gives rise to a cell that remains in contact with the niche and consequently persists as a stem
cell (Yamashita et al., 2007) (Figure 1B). Analysis of the cell division plane of GSCs in the
distal-most region of the hermaphrodite gonad did not reveal any bias in orientation of cell
division plane along the distal-proximal axis of the gonad (Crittenden et al., 2006). By
pulse-chase BrdU labeling of proliferating cells, the same study reported the lack of any
quiescent cells or retention of labeled cells within the stem cell niche region (Crittenden et
al., 2006). While all cells do eventually leave the niche, it has yet to be determined whether
there are differences in retention of one of the daughter cells as a consequence of its close
apposition to the DTC. Lack of GSC-specific markers, or an easy way to label individual
cells in the germline specifically, has hindered the ability to trace the lineage of a given cell
and correlate it with its ultimate fate; however, the recent adaptation in C. elegans of the
widely used FLP/FRT based system for permanently marking individual cells (Davis et al.,
2008; Voutev and Hubbard, 2008) provides a promising tool for analyzing germline
development at the resolution of individual cells.
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Extrinsic regulators of GSC proliferation

The distal tip cell (DTC) maintains the mitotically proliferating population of cells in the
MR through a Notch-type signaling pathway mediated by Delta/Serrate-like ligands, LAG-2
(Henderson et al., 1994) and APX-1 (Nadarajan et al., 2009) produced by the DTC and the
GLP-1 (germline proliferation-1)/Notch receptor present on the surface of the germ cells
(Austin and Kimble, 1987; Nadarajan et al., 2009). Mutations that compromise GLP-1/
Notch signaling result in too few germ cells as a consequence of premature exit from mitosis
and entry into meiosis. A constitutively active form of GLP-1 leads to a germline tumor
phenotype (tum), owing to the continued proliferation of germline stem cells and their
failure to enter meiosis (Berry et al., 1997). How, then, does GLP-1/Notch signaling regulate
the proliferation of GSCs? To date a direct link between cell cycle control machinery and
transcriptional regulation by the LAG-1/SEL-8/Notch-Intracellular domain complex has not
been established. The entire purpose of Notch/GLP-1 signaling seems to be to repress the
function of gld-1 and gld-2, two genes that promote entry into meiosis (see below). Indeed,
the requirement for GLP-1 in germ cell proliferation is eliminated in animals that are doubly
mutant for gld-1 and gld-2, in which the entire germline becomes tumorous owing to
excessive proliferation (Kadyk and Kimble, 1998). Interestingly, the GSCs that are in the
closest proximity to the DTC do not divide more frequently in a glp-1(gf) mutant. However,
no other signaling pathway has been identified that, when mutated, affects the GSC renewal/
differentiation switch as severely as the Notch signaling pathway. Identification of other
signaling factors or cell cycle regulatory components that result in a reduced rate of
proliferation would be of considerable interest with potential clinical implications for aging
and cancer.

In addition to close-range signaling of the type just described, proliferation of stem cells can
also be regulated by long-range-acting factors such as hormones, cytokines and
neurotransmitters (Shenghui et al., 2009). Neural insulin-like peptides signal nutrient
availability in Drosophila. They also directly regulate the rate of GSC division and
ovulation, thereby controlling egg production in response to nutritional status (Drummond-
Barbosa and Spradling, 2001; LaFever and Drummond-Barbosa, 2005; Hsu et al., 2008; Hsu
and Drummond-Barbosa, 2009). This arrest is dependent on the CDK inhibitor p21/Dacapo
and is regulated by miRNAs (Yu et al., 2009). Under conditions of nutritional deprivation,
C. elegans can enter diapause at several stages in its life cycle; the L1 larval stage, the L2
stage to form dauers, and as adults. During L1 diapause the germ cells are arrested in G2
phase; while in mutants lacking the worm PTEN ortholog, DAF-18, germ cells continue to
proliferate by a process dependent on AKT-1 and AGE-1, two kinases involved in
regulating insulin signaling in C. elegans (Fukuyama et al., 2006). A similar arrest of GSC
proliferation was observed during dauer diapause (Narbonne and Roy, 2006b; Narbonne and
Roy, 2006a). A role for translational regulation in mediating germ cell proliferation arrest
during the dauer stage is suggested by the low protein expression profile of germline
proteins despite elevated transcript levels, as determined by microarray profiling of dauer
larvae (Jeong et al., 2009)(unpublished data).

During adult reproductive diapause, all germ cells except the GSCs undergo apoptosis and
on restoration to food these surviving GSCs repopulate the entire gonad in a manner that
may be Notch-dependent (Angelo and Van Gilst, 2009). While entry into adult reproductive
diapause is mediated by the nuclear receptor HNF4o homolog NHR-49, GSC survival and
proliferation are regulated by a mechanism independent of NHR-49 (Angelo and Van Gilst,
2009). What are the mechanisms by which GSCs are kept in a quiescent state during the
period of starvation? Do all germ cells proliferate or do only the distal-most GSCs
contribute to repopulating the germline? How is normal development achieved even in the
presence of multiple LAG-2-expressing cells (see “latent niches” below)? Analysis of
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germline “regeneration” in animals exiting adult reproductive diapause holds the promise of
shedding light on these and other aspects of stem cell biology.

Intrinsic regulators of GSC proliferation —a preponderance of translational regulators

A prominent role for RNA binding proteins in specification and maintenance of germ cell
fate is observed in all sexually reproducing metazoans (Seydoux and Braun, 2006; Ewen-
Campen et al., 2009); indeed, the RNA binding proteins Vasa and Nanos are evolutionarily
conserved markers of germ cell identity (Extavour and Akam, 2003). Post-transcriptional
control by binding of factors to the 3' UTR of target mRNAs is a predominant mechanism
by which germline gene expression is regulated in C. elegans (Merritt et al., 2008) and in
Drosophila (Rangan et al., 2008; Rangan et al., 2009). Downstream of GLP-1-mediated
transcriptional control, the mitosis/meiosis decision is regulated by a network of RNA
binding proteins that bifurcates into two partially redundant branches - GLD-1 and NOS-3 in
one pathway and GLD-2 and GLD-3 in the other (Fig. 1C) (Kimble and Crittenden, 2005;
Hansen and Schedl, 2006; Kimble and Crittenden, 2007). Germ cells in null mutants of any
of these genes are still able to initiate germline meiosis; however, they prematurely exit
meiosis and resume mitosis resulting in a germline tumor. In double mutant combinations, in
which both branches are abolished, a majority of germ cells apparently never enter meiosis
and remain mitotic. Elimination of both pathways does not, however, completely eliminate
all indications of meiotic initiation, implying that yet another pathway may act in parallel to
these two (Hansen et al., 2004). GLD-1, a KH domain-containing RNA binding protein
functions as a translational repressor of mitosis-promoting genes. One of the targets of
GLD-1 is glp-1 itself, constituting a feedback system that causes GLP-1 to be expressed
only in the proliferative cells despite the presence of glp-1 transcript throughout the
germline. NOS-3, a member of the Nanos family of translational repressors, activates
GLD-1 possibly through the inhibition of an unidentified inhibitor. GLD-2, a poly(A)
polymerase, and GLD-3 an ortholog of Drosophila Bicaudal-C RNA binding protein
function in a complex to activate meiosis-promoting genes.

Negative regulation of the meiosis-promoting, mitosis-inhibiting factors by GLP-1/NOTCH
is mediated by two nearly identical Pumilio family of RNA binding proteins that are critical
for maintaining adult stem cells, FBF-1 and FBF-2. Only FBF-2 is the direct target of GLP-1
signaling and is the only direct target of GLP-1/LAG-1 signaling involved in the mitosis/
meiosis decision. FBF proteins bind to the 3’ UTRs of gld-1 and gld-3 transcripts, thereby
preventing their translation. Thus, the balance between GSC renewal and differentiation is
an outcome of opposing networks of translational repressors. FBF associates with >1000
mMRNAs, including those encoding members of the EGF/MPK pathway (Byrd and Kimble,
2009). Thus, FBF constitutes a prominent hub in the mitosis/meiosis regulatory network,
which is characterized by multiple redundancies and feedback loops. This network
architecture presumably ensures that the maintenance of adult GSCs is a very robust
process, resulting in only modest changes when any one component is perturbed. At the
same time these changes are readily quantifiable, making GSC proliferation an extremely
sensitive reporter of signal flux through the network. An experimental system that is at once
both robust and sensitive is ideally suited for a systems level analysis of how developmental
programs ensure precision while being responsive to a large dynamic range in signal
intensity.

While FBF proteins are critical for the maintenance of adult GSCs, they do not play a
significant role in GSC proliferation during early larval stages. Even when all FBF activity
is eliminated, 100s of germ cells are made, in contrast to <10 GSCs in glp-1 null mutants,
implying that there are additional Notch targets that regulate germline proliferation. Factors
that mediate Notch signaling to promote GSC proliferation during the L2 and L3 larval stage
have not been identified. In addition to FBFs, another Pumilio family protein, PUF-8, acts in
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conjunction with MEX-3, a KH domain-containing RNA binding protein, to promote GSC
proliferation (Ariz et al., 2009).

As in C. elegans, translational repression may also be a critical mode of GSC fate regulation
in Drosophila. The balance between GSC renewal and differentiation is an outcome of
opposing interactions between the translational repressor complex of Pumilio and Nanos
proteins, which function to promote GSC renewal by suppressing the translation of
differentiation-promoting factors, and that of Bam and BGCN, which promote
differentiation through an unknown mechanism (Lin and Spradling, 1997; Szakmary et al.,
2005). NOS and BAM/BGCN show a reciprocal expression pattern. A recent study suggests
that Bam/Bgcn act as a complex to suppress Nos expression in a manner dependent on the
Nos 3’ UTR (Li et al., 2009). Bam and Bgcn directly repress translation initiation of E-
cadherin, which in turn is critical for maintaining contact of GSCs with the niche, by binding
to its 3' UTR (Shen et al., 2009).

Role of small ncRNA in regulating GSC proliferation

Another prominent paradigm of translational control is regulation by microRNAs (miRNAS)
(Ambros, 2004; Bartel, 2004; Bushati and Cohen, 2007). MicroRNAs are ~21-22 nucleotide
long RNA molecules that primarily inhibit gene expression by binding to 3’ UTRs, thereby
inhibiting translation or destabilizing target mMRNA. miRNAs were first found in C. elegans
by classical developmental genetics when it was discovered that the lin-4 gene, a regulator
of stage-specific switches during larval development (Lee et al., 1993), encodes not a
protein, but a miRNA. The lin-14 gene, which encodes a protein that regulates the same
developmental switches in the opposite direction, was subsequently identified as a target of
lin-4 action: the 3’ untranslated region (UTR) of the lin-14 mRNA was found to contain
sequences that are complementary to the lin-4 miRNA, through which it binds and represses
translation of thismessage (Wightman et al., 1993). These seminal findings established a
new paradigm for gene regulation in metazoans: inhibition of translation by the binding of
endogenous RNA molecules to the 3' UTR of mMRNAs (Lee et al., 1993; Wightman et al.,
1993). A number of studies have revealed that miRNAs regulate cell proliferation,
particularly in the context of stem cell populations and tumorigenesis (Nimmo and Slack,
2009). A role for miRNAs in maintaining stem cell populations in mice is implicated by the
loss of Oct4-expressing pluripotent stem cells in dicerl knockout embryos (Bernstein et al.,
2003). Similarly, a reduction in germ cyst production was observed in GSCs of dicer(-)
mutants in Drosophila as the result of mitotic arrest mediated by Dacapo/p27, an inhibitor of
cyclin-dependent kinase activity, implicating miRNAs in the control of GSC proliferation in
Drosophila (Hatfield et al., 2005; Yu et al., 2009). Genetic screens in C. elegans have
identified additional components required for GLP-1-mediated regulation of germline
proliferation including EGO-1 (enhancer of glp), an RNA-dependent RNA polymerase that
is a critical component of RNA interference (Qiao et al., 1995; Smardon et al., 2000; Vought
et al., 2005). The observation that EGO-1 is required for efficient GLP-1 signaling suggests
a role for endogenous RNAI and/or miRNAs in regulating germ line stem cell proliferation.
In addition to EGO-1, CSR-1, a Piwi/PAZ/Argonaute protein, EKL-1, a Tudor domain-
containing RBP, and DRH-3, a DEAH box helicase have also been implicated in regulating
germ cell proliferation (She et al., 2009). CSR-1 has a Slicer function and is involved in
generating 20 siRNAs, while DRH-3 is known to be involved in generating multiple classes
of sncRNAs and interacts with EGO-1. Thus, miRNAs or endogenous siRNAs might be
involved in regulating GSC renewal and differentiation. Several genes involved in the
mitosis/meiosis decision have predicted binding sites for multiple miRNAs in their 3’ UTRs.
Consistent with a role for miRNAs in regulating GSCs, work from our lab has identified at
least 13 miRNAs that function to maintain adult GSC population in part by targeting GLD-1
mRNA for degradation (P.J. and J.R., unpublished data). A similar stage-specific
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requirement for Dicer and bantam miRNA in maintaining GSCs was observed in Drosophila
(Shcherbata et al., 2007). As mentioned previously, the Pumilio-Nos translational repressor
complex promotes Drosophila GSC proliferation by repressing pro-differentiation factors. It
was found that ectopic expression of Agol, one of five Argonaute proteins that are critical
for RNAI, but not Nos leads to extra GSCs, suggesting that in Drosophila, miRNAs might
also function prominently with FBF proteins to maintain GSCs (Yang et al., 2007).
Computational analysis of 3’ UTRs of human FBF/Pumilio targets also show an enrichment
for miRNA binding sites surrounding the FBF binding sites, also suggesting extensive
interactions between FBF and miRNA translational repressors. Thus, it appears that
interactions between two tiers of translational regulators, the FBF family of RNA binding
proteins and microRNAs, is an evolutionarily conserved mechanism regulating stem cell
proliferation. The mechanistic details of this interaction await elucidation.

Latent niches and effect of macroenvironment on GSC biology

Cancer cells from malignant tumors metastasize to different parts of the body (Hess et al.,
2006). Certain tumors show preference for the regions to which they metastasize. For
example, lung cancers show increased propensity to metastasize to the brain, while
metastases of colon cancers are frequently found in the liver. Tumors in breast cancer show
increased propensity to metastasize to the lung, liver and brain (Lu and Kang, 2007). Elegant
work by McGovern et al. on proximal tumors in the C. elegans germline, wherein there arise
two centers of proliferative germ cells separated by differentiating cells instead of one,
suggests a “latent niche” as a possible mechanism for the initiation of these neoplasias
following metastasis (McGovern et al., 2009). During early stages of gonadal development
(i.e., early larval stages-L2 and L3), the gonad is small and all germ cells are still under the
influence of the pro-mitotic signals LAG-2 and APX-1 expressed by the DTC and remain
proliferative (Figure 2). As development proceeds, germ cells continue to proliferate and the
gonad continues to elongate. Consequently, some of the germ cells are now no longer under
the influence of the pro-mitotic signals from the DTC and begin to differentiate. During the
L4 stage, additional somatic gonadal cells that express LAG-2 and APX-1, the proximal
sheath cells, are formed. Unlike the DTC, these cells do not behave like stem cell niches in
normal animals as the cells that are in proximity to the proximal sheath cells are
differentiating, non-responsive germ cells. However, in certain mutant backgrounds, the
coordination between somatic and germline development is disrupted such that LAG-2/
APX-1-responsive germ cells are now found in proximity to the proximal sheath cells,
thereby establishing a second niche or proliferative center in addition to that created by the
DTC. These cells continue to proliferate and form the “seed” of the proximal tumor (Figure
2). Thus, a latent niche is a cell that normally by itself does not act as a niche, but under
certain circumstances can provide the necessary microenvironment to support cells capable
of self-renewal. It was proposed that inappropriate contact of a proliferation-competent cell,
such as cancer stem cell or a metastasizing tumor cell capable of self-renewal within a latent
niche, would serve as seeds for new tumors. In this model, it was stressed that neither the
tumor cell nor the niche cell need be genetically compromised to sustain tumorous growth
and that aberrant development itself may result in tumors.

lll. Analysis of stem cell-like lineages: the seam cells as a paradigm

The epidermal seam cells as models for stem cell-like lineages

Proliferation and differentiation are modulated in stem cell lineages to ensure adequate
production of specialized differentiated cells while maintaining a constant supply of
undifferentiated stem cells. Stem cells can ensure a balance of proliferating and
differentiating cells through asymmetric division patterns, in which one daughter
differentiates into a specialized type and the other continues to function as a proliferating
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stem cell (self-renewal maintenance). A stem cell can also divide symmetrically to increase
the stem cell pool (self-renewal expansion). The molecular mechanisms used by stem cells
to regulate these patterns of division remain poorly understood and research into these
mechanisms may allow us to control the choice between self-renewal expansion and
differentiation for the purpose of regenerative medicine. The self-renewal maintenance and
expansion patterns through which stem cells divide is mimicked by the C. elegans lateral
epidermal cells, called seam cells, which both proliferate to self-renew and divide
asymmetrically to produce differentiated neural and epidermal cells through defined cell
lineages. Thus, the seam cell lineages are attractive simplified model for studying such stem
cell-like division patterns.

The ten bilateral pairs of seam cells (H0-H2, V1-V6, and T) born during embryogenesis are
blast cells that undergo further post-embryonic divisions in a manner reminiscent of stem
cell lineages. During the first larval stage, the V1-V6 cells divide and their anterior
daughters fuse to the surrounding hyp 7 syncytium, exit the cell cycle, and differentiate
while the posterior daughter continues to function as a seam cell (Figure 3). At the second
larval stage V1-V4, V6, and T divide in a symmetric self-renewal expansion pattern,
thereby doubling the seam cell number in those lineages. An exception to this pattern is the
V5 cell, whose anterior daughter forms a neuroblast, which subsequently divides to produce
the postdeirid (a neuronal sensory structure) in the hermaphrodite. In the male, V5 and V6
instead form tail sensory rays needed for mating. During the third and fourth larval stages,
the V1-V6 descendant cells divide again by a self-renewal maintenance pattern, each time
producing an anterior daughter that fuses to the hyp7 syncytium and a posterior daughter
that remains in a proliferative state. At the end of the fourth larval stage, both daughters
terminally differentiate when the anterior daughters fuse to hyp7 and the posterior seam cells
fuse into a single seam cell syncytium and form specialized cuticular structures, the alae
(Sulston and Horvitz, 1977). Mechanisms controlling the choice between seam cell
maintenance division and expansion division have been uncovered and this knowledge can
be used to gain insights into how stem cells make similar choices.

The timing of seam cell proliferation and differentiation is regulated by miRNAs

The discovery of miRNA-mediated regulation of gene expression has had a broad impact on
biology, including stem cell biology (reviewed in Nimmo and Slack, 2009). miRNAs were
first discovered in screens for genes that control developmental timing in the C. elegans
seam cell lineages. The founding miRNAsS, lin-4 and let-7, control timing and terminal
divisions of seam cells by inhibiting translation of several heterochronic target genes (lin-14,
lin-28, lin-41, hbl-1, daf-12 and lin-29) at specific developmental stages (Slack and Ruvkun,
1997). These miRNAs, and several of their target genes, are conserved across metazoa.
Mutations in let-7 or lin-4 in C. elegans result in seam cell overproliferation (Figure 3). This
phenotype may reflect a conserved function in cell proliferation, as downregulation of the
let-7 homologue in humans is associated with cancer, and expression of let-7 suppresses
tumor formation in lung and breast cancers (Nimmo and Slack, 2009). The cancerous state is
often considered to be an atavistic cellular behavior in which an earlier developmental
program is inappropriately expressed late in development. It is, therefore, not surprising that
heterochronic regulatory genes play important roles in cancer progression.

In the seam cells, the let-7 and lin-4 miRNAs promote differentiation and inhibit seam cell
self-renewal. Similarly, the vertebrate equivalents of these miRNAs, let-7 and lin-4/mir-125,
are largely absent in embryonic stem (ES) cells and become expressed at later embryonic
developmental stages (Nimmo and Slack, 2009). Expression of let-7 and lin-4 in both C.
elegans and mammals is reciprocal to that of their target genes lin-28 and lin-41,
respectively, and depletion of these miRNAs abrogates the downregulation of target genes
that occurs during normal development. LIN-28 is one of the four factors that promotes

Dev Dyn. Author manuscript; available in PMC 2011 July 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Joshi et al.

Page 9

reprogramming of differentiated human somatic cells into induced pluripotent stem (iPS)
cells and is implicated in maintaining pluripotent states based on many studies. LIN-41,
another target of let-7, co-operates with LIN-28 to repress let-7 activity in both worms and
vertebrates. LIN-41 is an E3-ubiquitin ligase that targets Ago-2/let-7-containing complexes
for degradation (Rybak et al., 2009). Based on these studies, it appears that differentiation
induced by the downregulation of 1in-28 by let-7 is common to worms and humans.

Regulation of seam cell expansion by RUNX and Engrailed-type transcription factors

Runx transcription factors are conserved in metazoa and function as the alpha subunit of an
enhancer-binding complex with CBF/Bro to promote or repress transcription, depending on
cellular context (Nimmo and Woollard, 2008). The C. elegans Runx transcription factor,
rnt-1, is required for proliferation of precursor cells in the VV and T seam cell lineages
(Nimmo and Woollard, 2008)(Figure 3). Loss of bro-1 (the C. elegans CBFp/Bro
homologue) results in the same phenotype and RNT-1 and BRO-1 interact in vitro
(Kagoshima et al., 2007). Moreover, overexpression of either rnt-1 or bro-1 results in seam
cell hyperplasia. The KIP/CIP family cyclin-dependent kinase inhibitor, CKI-1, which is
required for G1 cell-cycle arrest during normal development (Hong et al., 1998), is
upregulated in rnt-1 mutants and its depletion rescues the seam cell proliferation defect of
rnt-1 mutants. Thus, rnt-1 and bro-1 may function to downregulate cki-1, thereby
stimulating cell division.

RUNX1 and RUNX2, two of the three mammalian RUNX homologs, have also been shown
to regulate expression of cyclin-dependent kinase inhibitors; however, the outcome of this
regulation varies in mammals (Nimmo and Woollard, 2008). In osteoprogenitor cells, Runx2
expression is downregulated during proliferative stages of the cell cycle and Runx2 acts to
suppress proliferation. In contrast, in both endothelial cells and hematopoietic cells, Runx
levels are high during the G1/S transition and Runx promotes proliferation similar to its
action in C. elegans seam cells. Thus, Runx genes can act as key regulatory switches of the
proliferation vs. differentiation decision. Studies of the simplified C. elegans seam cell
lineage, involving only one Runx gene and a small number of cells may help to uncover the
cell context-specific function of these transcription factors in stem cell development.

The seam cell under-proliferation phenotype observed in Runx mutants is also seen in
mutants for the C. elegans engrailed homolog ceh-16 (Huang et al., 2009). In ceh-16
mutants, seam cells do not undergo the self-renewal expansion division at the second larval
stage but instead divide asymmetrically, ultimately resulting in decreased seam cell number
(Figure 3). Overexpression of rnt-1 is able to rescue this ceh-16 mutant phenotype. It is also
interesting to note that the Drosophila Runx gene has been shown to repress engrailed in
flies (Durst and Hiebert, 2004). However, the reduction in seam cell number in ceh-16(-)
mutants does not appear to be related to the defects seen in rnt-1(—) or bro-1(—) mutants, as
double mutations of ceh-16(—) with either rnt-1(-) or bro-1(-) further reduce the number of
seam cells, implying that these pathways act in parallel. Moreover, the proliferation-
promoting pathways involving rnt-1, bro-1, and ceh-16 differ in that rnt-1(—) and bro-1(-)
mutants can be rescued by inhibiting negative regulators of the cell cycle (lin-35 or fzr-1),
whereas loss of these factors in a ceh-16(—) mutant does not restore seam cell number. In
addition the RNT-1/BRO-1 complex does not interact with CEH-16 in vitro. These findings
suggest that the function of ceh-16 in promoting proliferation may not reflect its direct
action on regulation of the cell cycle.

The human engrailed homolog En2 rescues the ceh-16 underproliferation phenotype in C.
elegans demonstrating functional conservation between these proteins. In mammals, En2
normally promotes survival of neural cell types during development (Morgan, 2006).

However, En2 expression is also associated with many cancers and ectopic expression of
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En2 promotes proliferation and inhibits differentiation in epithelial cell lines (Martin et al.,
2005). Overexpression of either ceh-16 or En2 results in extra symmetric seam cell divisions
in C. elegans (Huang et al., 2009) Intriguingly, this effect was observed only if ceh-16 was
expressed during a short time window between late L1 and early L2 larval stages; however,
overexpression of En2 at any stage causes seam cell hyperplasia. Engrailed or its targets
could potentially be used as a means of increasing the pool of stem cells, a possibility that
has not been explored to our knowledge.

Seam cell expansion and proliferation are regulated by Wnt signaling

Analysis of the seam cell lineages has also provided insights into the role of Wnt-type
signaling in stem cell lineage patterns. Wnt signaling has been intensively investigated in
human stem cells and appears to be critical for both maintenance and differentiation (Kleber
and Sommer, 2004) Loss of the Tcf transcription factor, which mediates Wnt signaling,
leads to depletion of stem cells in the human colon, and hyperactivation of Wnt signaling
through loss of the inhibitory component, APC, or gain of B-catenin activity, is associated
with excessive stem cells and cancer (van de Wetering et al., 2002). Wnts are also
implicated in the normal expansion of neural stem cells, as reduced Wnt function results in
loss of midbrain structures and their overexpression leads to expansion of brain owing to an
increase in the neural stem cell pool (Ikeya et al., 1997; Chenn and Walsh, 2002). It is also
clear, however, that Wnts have a role in promoting fate decisions in the same cells. For
example Whnits function in a stage-specific manner in cortical neuron development,
promoting precursor cell expansion at early stages and at later stages inhibiting pluripotency
and instructing neural precursor cells to commit to the neural lineage (Hirabayashi et al.,
2004).

Whnt signaling appears to control seam cell expansion in C. elegans, as hyperactivation of
Whit signaling by inactivation of apr-1, the C. elegans APC gene, causes excessive division
in the seam cell lineages. In apr-1(RNAI) animals, the normal asymmetric seam cell division
at the early L4 stage is transformed into a self-renewal expansion division, resulting in seam
cell hyperplasia (Huang et al., 2009)(Figure 3). An extra symmetric division of V5.p is also
frequently observed in these mutants. This results in formation of two postdeirids with both
of the daughters developing into neuronal structures. Thus, in seam cell lineages, Wnt
signaling appears to select between symmetric, expansion divisions and asymmetric,
differentiation-promoting divisions, consistent with its role in asymmetric cell division
throughout much of C. elegans development (Eisenmann, 2005) and also similar to some of
its functions in vertebrate development.

It has been suggested that formation of the postdeirid in the hermaphrodite and the sensory
rays in the male is dependent on contacts between seam cells, and that ablation of contacting
cells activates the canonical Wnt signaling pathway, leading to an increase in mab-5
expression and transformation to symmetric cell division. The phenotype of apr-1-disrupted
mutants supports these observations; however, the absence of self-renewal expansion
division in ceh-16 mutants is not rescued in canonical Wnt ligand or in S-catenin mutants.
This apparent discrepancy was resolved by the finding that the non-canonical Wnt-signaling
(Wnt/MAPK) pathway functions in asymmetric cell division in this lineage. The non-
canonical pathway in C. elegans, which uses wrm-1/B-catenin, pop-1/Tcf and the kinase
lit-1/NIk, controls most asymmetric divisions in C. elegans and is distinct from non-
canonical Wnt signaling in other species (Eisenmann, 2005). In contrast to the canonical
Whnt pathway, in which a Tcf transcription factor is activated by Wnt signal, in the non-
canonical pathway, POP-1 acts normally as a transcriptional repressor and Wnt signaling
leads to its displacement from the nucleus of one daughter cell. Mutations in wrm-1, lit-1, or
pop-1 partially rescue the absence of the postdeirid in ceh-16 mutants by restoring
asymmetric cell divisions. In addition, asymmetric nuclear localization of POP-1 is
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disrupted in a ceh-16 mutant. These findings made by Huang et al. (2009) suggested that
non-canonical Wnt signaling is necessary for the asymmetric division resulting in postdeirid
formation. The Wnt/MAPK pathway is also required at the L4 stage seam cell asymmetric
division. Kanamori et al. (2008) found that this asymmetry is regulated by the phospholipase
IPLA-1, which may function in membrane trafficking and polarization of B-catenin/WRM-1.
This possibility is supported by the observation that ipla-1 mutants are suppressed by
mutations in mon-2 (which encodes an Arf GEF-like protein) and tbc-3 (which encodes Rab
GSP), both of which function in endosome-to-Golgi traffic.

Whnt signaling may provide an attractive means of coaxing cells into adopting different fates
or maintaining pluripotency because it involves signaling molecules that can be
administered externally to cells, thereby circumventing the need for genetic manipulation.
For example, it has been shown that treatment of ESCs with an inhibitor of GSK3p is
sufficient to sustain pluripotency and self-renewal by activating the canonical Wnt pathway
(Sato et al., 2004). However Wnt signaling in mammalian cells can have various outcomes
that likely reflect temporal or spatial differences in cells (for review see Kleber and Sommer,
2004). Determining how these differences regulate a cells response to Wnt signal will be
assisted by in vivo, temporally and spatially modulated developmental programs, such as
that seen with the C. elegans seam cells.

Summary: relationship between seam cells and stem cell lineages

Seam cell division patterns resemble the division patterns of stem cells and data continue to
accumulate on the similarity of genes that control the timing and outcome of these divisions
in both cases. In both seam cells and stem cells, the transition from pluripotency and
proliferation to differentiation appears to be tuned by miRNAs and is regulated by RUNX
transcription factors. It is also clear that Wnt signaling is important for determining the
outcome of a division and creating asymmetry in both seam and stem cells. A major
challenge will be to understand how these pathways are linked and coordinated, providing a
broad picture of how self-renewal and maintenance division are regulated. The principles
gleaned from studying the seam cell lineages, in which single cell resolution, simplified
genetics, and methods for manipulation are available, may help to guide studies in
mammalian cells and lead to a better understanding of stem cell development and creation of
methods for stem cell manipulation.

IV. Pluripotency, Transdifferentiation, and Developmental Reprogramming

In the foregoing sections, we described mechanisms that specify bona fide C. elegans stem
cells, the germline stem cells, and considered regulation of self-renewing stem cell-like
lineages that arise during post-embryonic development of the seam cells. A key problem in
stem cell biology is to understand how stem cells maintain multipotentiality and avoid
committing to a unique differentiated fate. With the knowledge of the molecular regulatory
circuitry that allows stem cells to remain pluripotent, and how this circuitry becomes
modified when cells switch from a multipotential state to a committed pathway of
differentiation, it may be possible to produce stem cells from virtually any differentiated cell
type. A major technological advance in this field was achieved with the discovery of
methods for generating induced pluripotent (iPS) cells from fully differentiated cells of adult
animals (Takahashi and Yamanaka, 2006; Huangfu et al., 2008; Nakagawa et al., 2008) by
expressing just a single factor, Oct4 (Kim et al., 2009a; Kim et al., 2009b), in neural stem
cells. While production of iPS cells is a powerful method that promises to lead to the
creation of a great variety of new stem cell types for clinical applications, there is much to
be learned about the molecular processes that distinguish multipotential stem cells and their
committed, differentiated descendants and how such processes may be reversed or altered,
resulting in cellular transdifferentiation. This information may make it possible to reprogram
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fully differentiated cells into new cell types which can then populate functioning tissues.
Using C. elegans, it has been possible to analyze the steps that occur during natural
transdifferentiation, regulatory events that repress somatic differentiation and maintain
pluripotency during germline development, and molecular processes that convert pluripotent
progenitors to cells of restricted differentiation potential during embryogenesis.

Natural transdifferentiation during C. elegans development: an epithelial-to-neural
transformation

While the phenomenon of transdifferentiation has been known for many years (Pritchard et
al., 1978; Okada, 1980; Slack and Tosh, 2001; Slack, 2007), very few examples of bona fide
transdifferentiation have been observed during normal animal development. For example,
the process of larval metamorphosis, in which entire new tissues or organs are born in a
differentiated animal, does not necessitate that fully differentiated cells of one type become
transformed into cells of an altogether different cell type; rather, the newly differentiated
tissues often arises from uncommitted progenitor or stem cells that had been set aside at
earlier developmental stages (Cohen, 1993). Genuine transdifferentiation is most
convincingly demonstrated only when a cell is observed continuously and found to convert
from one fully differentiated cell type to another. Such observations require cell lineage
analysis, a technique that has been accomplished par excellence with C. elegans, in which
the history and fate of every somatic cell observed continuously through development have
been documented. The conversion of the “Y” rectal epithelial cell into a neuron, called PDA,
during C. elegans larval development (Jarriault et al., 2008), is among the clearest examples
of a true transdifferentiation event in any animal.

The Y cell, born during embryogenesis, is an essential structural cell of the rectal epithelium
in the newly hatched larva (Sulston and Horvitz, 1977; Sulston et al., 1980; White, 1988),
and displays all the characteristic morphological features of a fully differentiated epithelial
cell (Jarriault et al., 2008). As post-embryonic development proceeds through the L2 stage,
the Y cell withdraws from the rectum, migrates away from the rectal region, and apparently
transdifferentiates into the PDA motor neuron, which projects processes that synapse with
other neurons by the L3 larval stage. Significantly, this transdifferentiation process occurs in
the absence of division of the Y cell; rather, it results from the complete remodeling of an
extant post-mitotic epithelial cell into a neuron. Another lineally unrelated cell, P12.pa,
which is born shortly before this event is initiated, replaces the departing Y cell in the rectal
epithelium. Concomitant with its morphological transdifferentiation, this cell loses
expression of all tested epithelial-specific markers, including proteins involved in epithelial
polarity and transcription factors that specify epithelial fates, by the time it has become a
neuron. Moreover, the trans-fated PDA neuron expresses a number of neuron-specific genes
that are not detectable in the Y cell before this event has occurred. The transformation of a Y
epithelial cell into a PDA motor neuron has been divided into five phases: establishment of
Y cell identity, establishment of competence to undergo transdifferentiation, retraction from
the rectum, migration of Y from the rectum, and establishment of PDA identity. Dissecting
the molecular and cellular events that direct the transformation of Y into PDA will help to
unveil the mechanisms underlying natural transdifferentiation and cellular plasticity.

Several experiments in which local cellular interactions were interrupted, including ablation
of cells surrounding the Y cell, failed to prevent the Y-to-PDA transdifferentiation event;
moreover, blocking the normal anteriorward migration of the erstwhile Y cell does not
abrogate its transdifferentiation into a PDA neuron. Thus, region-specific cues do not appear
to be essential for this event to proceed, which may be directed exclusively by cell-intrinsic
programs. Indeed, two transcription factors, the homebox protein EGL-5/Abd-B, and the
zinc finger transcription factor SEM-4/spalt are required for transdifferentiation of Y into
PDA: loss of either in a Y cell causes it to remain epithelial throughout development and
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prevents formation of the PDA neuron. However, while essential, these factors are not
sufficient for transdifferentiation and are therefore not specific to the process, as they are
also expressed in other epithelial cells that do not transdifferentiate. Thus, EGL-5 and
SEM-4 appear to function early by making Y competent for transformation into PDA.
Though no evidence for cell-cell signaling in the transdifferentiation event has been
obtained, the identity of the Y cell is specified in part by a LIN-12/Notch-dependent lateral
interaction between the progenitors of Y and a neuron called DA9. Removal of lin-12
function causes what would normally have become the Y cell instead to adopt the fate of the
DAY neuron (Greenwald et al., 1983). This signaling through LIN-12/Notch also appears to
impart to the Y cell the ability to transdifferentiate during later development, as
constitutively active LIN-12 results in production of an extra Y cell, from what would
normally be the DA9 neuron. Along with the normal Y cell, this ectopic Y
transdifferentiates into PDA later in development. It is not yet known whether LIN-12
endows the Y cell with the general susceptibility for transdifferentiation or instead
specifically allows it to become only PDA as development ensues. However, it is not the
case that all conditions in which an extra Y-like cell is generated allow Y to
transdifferentiate into PDA: in egl-38(—) and mab-9(—-) mutants, in which the rectal cells U
and B, respectively, are converted to Y-like cells based on morphology and marker
expression, extra PDAs are not generated. Thus, other conditions must be met to predispose
the Y cell to undergo later transdifferentiation that are distinct from those that dictate at least
some Y-specific characteristics. Finally, it is unclear whether Y dedifferentiates before it
becomes PDA or instead undergoes direct transdifferentiation without a dedifferentiation
intermediate. If the former is correct, Y may be subject to reprogramming into other cell
types when presented with another lineage-specific fate directing factor, a possibility that
has not yet been tested.

Control of totipotency and exclusion of somatic development in the germline

Germ cells are capable of giving rise to an entire organism and hence may be viewed as the
ultimate totipotent stem cells. While the mechanisms that specify the embryonic germline
progenitors, the primordial germ cells (PGCs), vary between species, they share several
common characteristics. The most striking of these commonalities is the transcriptional
quiescence of early germ cells mediated by direct repression of RNA Pol I, as seen in C.
elegans and Drosophila, or by silencing mediated in part by the transcriptional repressor
Blimp1(Nakamura and Seydoux, 2008). These regulatory mechanisms result in total
repression of all somatic programs of differentiation and also contribute to the maintenance
of totipotency of the PGCs.

In addition to regulation at the transcriptional level, post-transcriptional regulatory
processes, mediated in part by miRNAsS, are of crucial importance to the development of
germline stem cells (Gangaraju and Lin, 2009), as has also shown to be the case with
embryonic stem cells (Gangaraju and Lin, 2009; Qi et al., 2009). Repression of let-7 miRNA
function by the LIN-28 RNA binding protein, as first observed in the stem cell-like divisions
of the C. elegans seam cells, was also found to be critical for germ cell specification and
maintenance (West et al., 2009); moreover, LIN-28 overexpression is associated with
increased proliferation, leading to germ cell tumors (Viswanathan et al., 2009; West et al.,
2009). This system is also relevant to reactivation of pluripotency in differentiated cells:
LIN-28, when coexpressed with the transcription factors OCT4, SOX2, and NANOG is
sufficient to reprogram human fibroblasts into ES—like induced pluripotent stem cells (iPS).
Likewise, totipotent PGCs continue to express the pluripotency-determining genes Nanog
and Oct4 (Seydoux and Braun, 2006). This close relationship between germline and
embryonic stem cells is underscored by expression profile studies of MRNAs and miRNAs
(Zovoilis et al., 2008), which suggest that ES cells are most closely related to GSCs (Zwaka
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and Thomson, 2005). Further, ES cells, germ cells and PGCs all can give rise to teratomas,
rare germline tumors containing differentiated somatic cells representative of all three germ
layers, suggesting a conserved pluripotency module.

The discovery of teratomas in the C. elegans germline offers new perspectives into the
molecular circuitry that regulates totipotency. Ciosk et al. discovered that GLD-1 and
MEX-3, two RNA-binding translational repressors involved in regulating GSC proliferation,
also function together critically in maintaining germ cell totipotency by repressing somatic
differentiation programs. Simultaneous removal of both factors results in the appearance of
germline teratomas, containing differentiated cells characteristic of all three germ layers.
Thus, translational repression of presumably many target transcripts by MEX-3 and GLD-1
is a key mechanism that prevents somatic differentiation, and maintains pluripotency, in the
developing germline.

MEX-3 and GLD-1 function in part by repressing translation of somatically active
transcription factors, such as the mesectoderm-promoting caudal-type homedomain protein
PAL-1 (Ciosk et al., 2006). In addition, elimination of GLD-1 function results in
inappropriate translation of its direct target, the message encoding CYC-E (cyclin E),
resulting in mitotic reentry of normally meiotic cells and premature activation of somatic
gene expression (Biedermann et al., 2009). Activation of somatic gene expression is not a
consequence of inappropriate cell proliferation per se, but is a consequence of activation of
the CYC-E/CDKZ2 complex, as somatic gene transcripts continue to be expressed even when
germ cell proliferation is blocked. A similar requirement for a cyclin/cdk complex,
specifically cyclinA2/CDKZ2, has been reported for transcriptional activation of embryonic
gene expression in the one-cell mouse embryo (Hara et al., 2005).

How might inappropriate activation of cyclin/CDK complexes result in somatic gene
expression in the germline? While cyclins and cdks were initially identified as cell cycle
regulators, the known repertoire of their action has greatly expanded. Cyclin/cdk complexes
have been shown to influence transcription by directly regulating specific transcription
factors and generally by phosphorylating Ser2 and Ser5 in the carboxy-terminal domain
(CTD) of RNA Pol Il. These complexes have also been implicated in regulating splicing
through the phosphorylation of splicing machinery components. These observations indicate
that coordination of the regulatory machinery for the cell cycle, translation, and transcription
is critical for regulating germ cell totipotency and for repression of somatic differentiation in
the germline.

The multipotency — commitment transition in the early C. elegans embryo

Given the close relationship between pluripotent stem cells and early embryonic cells, much
can be learned about the mechanisms controlling stem cell pluripotency by studying the
plasticity of cells in early embryos. In the early C. elegans embryo, progenitor cells with
distinct lineage identities are born at each round of cell division, beginning at the first
cleavage (Laufer et al., 1980; Sulston et al., 1983); there are no fields of equivalent self-
renewing cells that are subsequently induced to adopt more specialized fates. Moreover, the
stereotypic pattern of cell divisions and fates reveal a deterministic program of development
(Sulston et al., 1983). Combined with the lack of a system for cell culture, C. elegans
embryonic development might therefore seem to be poorly suited for the study of stem cell
pluripotency and self-renewal. However, a number of studies have demonstrated that, while
specification of distinct differentiation pathways apparently occurs very early in
embryogenesis, cells nonetheless maintain pluripotency throughout much of the first half of
embryogenesis as evidenced by their ability to be reprogrammed into alternative pathways
of development when forced to express cell fate regulators that normally function in
different lineages. Later in embryonic development, cells become restricted in their capacity
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to become redirected down alternative developmental pathways and firmly commit to their
appropriate differentiation programs. This transition from multipotency to a state of
restricted differentiation in the C. elegans embryo provides a useful system for probing
mechanisms that control pluripotency.

The evidence for a dramatic switch from a developmentally plastic to a committed state
during embryogenesis has been obtained in a variety of cell fate reprogramming
experiments. The five somatic and one germline “founder cells,” each which transmits a
distinct cell cycle clock to its descendants and gives rise to a unique set of cell types and
lineages, are born during the first several embryonic cell divisions. Ectopic expression of the
END-1 GATA-type transcription factor, which is normally expressed only in the E founder
cell lineage shortly after it is established (Zhu et al., 1997), causes virtually all cells in the
early embryo to become reprogrammed and to differentiate into intestine (endoderm) (Zhu
etal., 1998). In extreme examples, virtually every cell in terminal embryos differentiates
into an intestinal cell, at the expense of all mesodermal and ectodermal differentiation. Thus,
although only the E lineage normally engenders endoderm, every somatic cell in the early
embryo has the capacity to do so. Similarly, ectopic expression of the PHA-4/FoxA
transcription factor, which is essential to establish organ-specific identify of the various cells
of the pharynx (Horner et al., 1998a; Kalb et al., 1998), leads to ectopic production of
pharyngeal tissues and repression of non-pharyngeal differentiation; however, in contrast to
the experiments with END-1, only a subset of embryonic cells are responsive to PHA-4-
directed reprogramming (Horner et al., 1998b). Subsequent experiments have revealed that
early embryonic cells can also be reprogrammed into epidermal and other epithelial cells
(Gilleard and McGhee, 2001; Quintin et al., 2001), as well as body wall muscle cells
(Fukushige and Krause, 2005), when challenged with the appropriate cell-fate-promoting
transcription factors. The competence of cells of the early C. elegans embryo to be
redirected from their normal developmental fates into cell types representing all three germ
layers demonstrates that they are genuinely pluripotent.

Studies in which the ectopic expression of specification factors is temporally varied
demonstrated that embryonic cells are competent to be reprogrammed only during a
restricted window of time, beyond which they become refractory to reprogramming (Horner
etal., 1998a; Zhu et al., 1998; Gilleard and McGhee, 2001; Quintin et al., 2001; Fukushige
and Krause, 2005). This window of competency lasts until approximately 3 hours after the
first cell division, during which dramatic changes in gene expression are occurring as a
result of the widespread mobilization of differentiation programs throughout the embryo
(Baugh et al., 2003; Yuzyuk et al., 2009). This period of developmental plasticity ends
shortly after the founder cell identities are established and lineages become restricted to
undergo differentiation into particular cell types (e.g., nervous system, epidermis, muscle,
pharynx, and intestine). It is not known whether this developmental plasticity ends at
precisely the same time in each lineage or, as seems likely based on the differences in their
times of birth and lineage specification, the boundaries of the competency window vary
somewhat between founder cell lineages. Further, it is not known whether the ability to
become reprogrammed to a variety of cell types is equally distributed among the founder
cell lineages. Nevertheless, the observation that the window of susceptibility to
reprogramming is similar regardless of the cell fate specification factor used points to
existence of a major transition from a pluripotent, developmentally plastic state to a
committed state during embryogenesis.

The observation that the period of developmental plasticity correlates with the time during
which restricted differentiation patterns are being specified in the embryo raises the
possibility that the complex transcriptional regulatory networks activated by cell fate
specification factors per se result in the pluripotency — commitment switch. Such gene
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regulatory networks are known to include positive transcriptional feedback regulatory loops
that “lock down” differentiation pathways during specification (e.g. Davidson and Erwin,
2006; McGhee, 2007) and the lockdown of one gene regulatory state might be sufficient to
prevent the activation of others. If this is the case, then eliminating the function of genes
essential for the specification of a cell type might be expected to cause the descendant cells
to remain pluripotent. A recent study suggests that this may not be the case at least for
pharyngeal cell fates: for example, elimination of the pha-4/FoxA, critical for pharynx
specification, did not result in an extension of the window during which the affected
embryonic cells are capable of being reprogrammed (Yuzyuk et al., 2009). Thus, there may
exist global mechanisms controlling pluripotency that are independent of the known cell fate
regulatory programs.

Such a global mechanism controlling pluripotency might be expected to reside at the level of
changes in chromatin organization. Indeed, Yuzyuk et al. found that, concomitant with the
embryonic pluripotent — commitment transition, nuclear chromatin appears to become
more condensed, based both on alterations in the morphological appearance of
extrachromosomal transgenic elements and on the propinquity of endogenous chromosomal
genes detected by DNA in situ hybridization of chromosomes. Thus, chromatin appears to
undergo dramatic reorganization as cells lose pluripotency during this transition.

One component that might be expected to direct changes in chromatin organization during
the transition from pluripotency to commitment is the polycomb repressor complex, which
was first identified in D. melanogaster based on its role in maintaining differentiation
(Lewis, 1978; Struhl, 1981), and which has subsequently been shown to be important for
pluripotency. In both mouse and human stem cell models (Pasini et al., 2008), the polycomb
complex prevents differentiation of ES cells by repressing genes involved in differentiation
and also functions in the stem cell niche in plants (Xu and Shen, 2008). Members of the
polycomb complex have been shown to be indispensable for the self-renewal of neural
progenitor cells (Roman-Trufero et al., 2009) and restrict differentiation potential in neural
cell lineages (Hirabayashi et al., 2009). Studies by Yuzyuk et al. in C. elegans showed that
components of the PRC2 polycomb complex, which methylates histone H3, is not required
to maintain developmental plasticity or specification per se, but is necessary for the switch
from pluripotency to commitment.

Transcriptional profiling experiments revealed a number of genes expressed in early C.
elegans embryos that are downregulated during the pluripotency — commitment transition.
Mutants lacking MES-2, the PRC2 repressor complex protein E(z), which has also been
implicated in repression of HOX gene expression (Ross and Zarkower, 2003), show
prolonged expression of these normally early-specific genes, demonstrating that PRC2 is
required for their downregulation. Further, genes associated with ongoing differentiation
that are normally expressed late in the transition fail to reach normal expression levels at this
time. These findings suggest that mes-2(—) embryos retain characteristics of early embryos
that have not yet committed to particular differentiation pathways. Indeed, the transition
from a pluripotent condition into a committed state fails to occur at the normal time in these
mutants: cells remain competent to become reprogrammed by heterologous cell fate
regulators of muscle and intestinal differentiation beyond the normal window of plasticity
(Yuzyuk et al., 2009). In addition, the mutants do not undergo the same extent of chromatin
condensation during the pluripotency — commitment transition, and this apparently less
condensed chromatin is associated with higher transcriptional activity based on the presence
of phosphoserine2 on the RNA pol Il CTD. These findings argue that PC2-directed
remodeling of chromatin is responsible for the transition from a plastic, pluripotent state to a
committed state of differentiation.
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Future prospects

C. elegans is likely to continue to be a useful tool for illuminating the biology of stem cells,
not only by providing a system for analyzing bona fide stem cells generated by the germline
stem cell niche, but also by making it possible to dissect the parameters that control stem
cell-like lineage patterns, as we have described with the larval seam cells, and the processes
that convert precursor cells in the early embryo from a multipotential state into a committed
pathway of differentiation. Several of the attributes that have made C. elegans a popular
model system for the reductionist piece-meal deconstruction of signaling pathways and
developmental mechanisms are also conducive for a “systems” level analysis of regulatory
circuits in conjunction with macroenvironmental influences that result in strongly canalized
developmental programs regulating pluripotency and totipotency of the soma and germline
respectively.
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Figure 1. The C. elegans hermaphrodite germline and the network regulating the choice between
self-renewal and differentiation

A) Shown here is a single arm of the C. elegans hermaphrodite gonad which shows a distal
to proximal polarity. A pool of germline stem cells is maintained in a proliferative state in
response to the GLP-1/Notch signal secreted by the DTC, which serves as a stem cell niche.
The mitotic region (green in the cartoon) contains the proliferating germline stem cells,
transit amplifying cells as well as cells that are in pre-meiotic S-phase. As cells move away
from the DTC they exit mitosis and resume meiosis (Transition Zone). As cells migrate
further proximally they progress through successive stages of meiosis —pachytene, diplotene,
and diakinesis (Pink). Exit from Pachytene is dependent on MPK signaling pathway. The
distal half of the gonad is syncytial; past the bend “germ cells” undergo cellularization and
form mature oocytes. B) GSCs in C. elegans gonad undergo symmetric divisions resulting in
an expansion in the population of stem cells. As this population of cells is pushed away from
the influence of the DTC, they switch from a self renewal to a differentiation program.
Further, there is no bias in the orientation of cell divisions. In contrast, germline stem cells
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in Drosophila gonads undergo oriented asymmetric cell divisions such that one of the
daughter cells that remains in contact with the stem cell niche retains its stem cell identity,
while the cell that is further away undergoes differentiation. C) Downstream of Notch
signaling, a network of translational regulators including RNA-binding proteins and
miRNAs function in the switch between self-renewal and differentiation.
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Figure 2. Latent niche model of ectopic germline proliferation

In normally developing L1 to L3 larvae, the gonad is small and all germ cells are in the
proximity of the pro-mitotic signals LAG-2 and APX-1 which cause them to remain
proliferative. As development proceeds, the germ cells continue to proliferate and are
pushed away from the influence of the proliferative signals expressed by the DTC causing
the germ cells to differentiate. During the L4 stage, additional somatic gonadal cells express
pro-mitotic signals, but do not normally become centers of new proliferation as the
neighboring cells are differentiating, non-responsive germ cells. However in certain mutant
backgrounds that lead to proximal tumors (Pro), the coordination between somatic and
germline development is disrupted such that “proliferation competent” cells are now found
in proximity to the proximal sheath cells, thereby establishing a second “latent niche” or
proliferative center in addition to that created by the DTC.
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Figure 3. The C. elegans hermaphrodite epidermal stem cell lineage

The seam cells divide asymmetrically at each stage in a self-renewal pattern, producing an
undifferentiated seam cell that continues to divide and a epidermal cell that will fuse to the
hyp7 syncytium and terminally differentiate. A symmetric seam cell expansion division
occurs at the end of the L1 larval stage to produce two undifferentiated cells that remain in a
proliferative state. In the V5 and T lineages, seam cells give rise to neuronal cell types that
produce the postdeirid and phasmid sensory structures. Reciprocal temporal expression of
miRNAs and their heterochronic targets are required for the proper timing of seam cell
divisions; the relative expression levels of these genes is indicated by the graph. The V6
lineage pattern (*) is the same as V1-V4. (Adapted from Nimmo and Slack, 2009)



