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Toti‘potent” repressors
Christopher M. Gallo* and Geraldine Seydoux

Summary

A fascinating property of germ cells is their ability to
maintain totipotency throughout development. At fertili-
zation, this totipotency is unleashed and the egg
generates all the cell types needed to make a brand new
organism. Occasionally, germ cells differentiate preco-
ciously in the embryo or in the gonads and form
teratomas, tumors containing many differentiated so-
matic cell types. Until recently, the genetic basis for
teratoma formation was not known. The unexpected
discovery of a teratoma in a C. elegans double mutant
points to translational control as a key mechanism to
maintain totipotency in developing germ cells.
BioEssays 28:865—-867, 2006. © 2006 Wiley Periodicals,
Inc.

Introduction

Totipotency is defined as the potential of a cell or lineage to give
rise to any cell type that makes up the fully differentiated
organism. In most animals, with the exception of those capable
of regeneration, the germline is believed to be the only lineage
to maintain totipotency through development. The germline
develops from progenitors termed primordial germ cells
(PGCs). PGCs typically are segregated as a small group of
cells early in development before most adult structures are
formed.® A key step in the formation of PGCs is thought to be
mediated by transcriptional repressors that prevent the
expression of somatic differentiation genes.® After specifica-
tion, the PGCs migrate to the somatic gonads, proliferate and
begin the complex process of meiosis and gametogenesis.
Remarkably, during and after their migration to the gonads,
PGCs and their descendents remain totipotent, as evidenced
by their potential to form teratomas in mammals. Teratomas
are rare, germ-cell-derived tumors that contain many differ-
entiated somatic cell types, including representatives of all
three germ layers.® The existence of teratomas suggests that
germ cells normally have mechanisms in place to “restrain”
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totipotency and prevent uncontrolled proliferation and differ-
entiation. What are these mechanisms? A recent study!"
reports the first incidence of a teratoma in an invertebrate
genetic model system and offers a rare insight into the genes
that control totipotency.

GLD-1 and MEX-3, guardians of totipotency

C. elegans is an ideal model system to study germ cells: all
stages of germline development from PGC formation to
gametogenesis and fertilization can be examined directly in
live animals. In the adult gonad of hermaphrodites, germ cells
are arranged in an assembly-line fashion: mitotic cells at the
most distal end, cells that have begun meiosis in the middle,
and growing oocytes at the most-proximal end (Fig. 1A).“
Genetic screens for regulators of germline development have
identified many RNA-binding proteins that regulate stem-cell
maintenance, meiotic entry, sex determination, gametogen-
esis, and embryonic development.® The study by Ciosk et al.
now reports now that the combined loss of two of these RNA-
binding proteins leads to the formation of teratomas.

GLD-1 isamember of the STAR KH-domain family of RNA-
binding proteins conserved in metazoans (Fig. 1C).©® GLD-1
functions as a translational repressor and several of its mMRNA
targets have been identified.”~® The primary function of GLD-
1 is to control the transition from mitotic proliferation to
meiosis."'® GLD-1 protein levels are highest in the central
meiotic region of the gonad, where germ cells initiate meiosis
(Fig. 1A)."") MEX-3 belongs to a second family of KH-domain
proteins, characterized by having two KH domains
(Fig. 1C).U"? Like GLD-1, MEX-3 has been predicted to
function as a translational repressor. MEX-3 is expressed in a
pattern complementary to that of GLD-1, with high levels in the
mitotic region and in oocytes (Fig. 1A).7'21® MEX-3
expression is dependent on GLD-1. In gld-7 mutant animals,
MEX-3 is expressed uniformly throughout the gonad,”'®
raising the possibility that some of the gld-1 phenotypes are
due to ectopic expression of MEX-3.

To test this hypothesis, Ciosk et al. constructed a strain
carrying loss-of-function alleles in both gld-1 and mex-3. To
their surprise, instead of an amelioration of the gld-1
phenotype, the gld-1 mex-3 double mutant showed a brand
new phenotype: the central region of the gonad was filled with
cells whose nuclei looked like somatic nuclei. Using electron
microscopy, immunofluoresence and a GFP transgene, they
identified several cell types, including muscles, neurons and
intestinal cells." The first worm teratoma!
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mouse Dnd1 and their predicted RNA-binding domains.
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Figure 1. A: Dissected gonad of an adult hermaphrodite stained with DAPI. The distal region (left) contains mitotic cells, where MEX-3
levels are high. The central region contains cells that have initiated meiosis, where GLD-1 levels are high. MEX-3 levels rise again in the
proximal region (right) where oocyte differentiation takes place. B: Close up of the central region stained with anti-PGL-1 sera (red) and
DAPI (blue). PGL-1 localizes in the P granules at the nuclear periphery. €z Graphic representation of C. elegans GLD-1 and MEX-3 and

The location of the teratoma in the central gonad suggested
that these cells were derived from cells that had initiated
meiosis. Consistent with this view, teratomas were not formed
when gld-1 and mex-3 were depleted in a mutant that causes
all germ cells to remain in mitosis. Interestingly, teratomas
were only observed in germlines that had initiated oogenesis,
no teratomas were observed in males or in mutant hermaph-
rodites that produce only sperm. The teratomas, however, did
not appear to be derived from prematurely activated oocytes,
as no oocytes were detected at any stage in the gld-1 mex-3
double mutant.

To begin to investigate how the combined loss of GLD-1
and MEX-3 could lead to germ cells trans differentiating into
somatic cells, the authors examined the requirement for
transcription factors known to initiate muscle development in
embryos. Muscle development depends on PAL-1, a mater-
nally expressed transcription factor related to Caudal, and on
zygotically expressed transcription factors, including the MyoD
homolog HLH-1.0*19) paj-1 mRNA is synthesized during
oogenesis and kept translationally silent by GLD-1 and MEX-3
until the start of embryonic development.”) gld-1 mex-3
teratomas contained many HLH-1-positive nuclei, and deple-
tion of PAL-1 by RNA interference caused a reduction in HLH-
1-positive nuclei. These results suggest that somatic differ-
entiation in the gld-1 mex-3 teratoma depends on the

activation of transcriptional cascades normally restricted to
embryos. Ectopic expression of PAL-1 alone, however, is not
sufficient to cause germ cells to transdifferentiate into
muscle,” suggesting that other maternal factors are involved.
Misexpression of maternal RNAs as a cause for teratoma
formation is consistent with a requirement for female
gametogenesis, since maternal RNA transcription is linked
to oogenesis.

A characteristic feature of germ cells in most organisms is
the presence of large ribonucleoprotein (RNP) granules on the
cytoplasmic face of the nuclear envelope (Fig. 1B). In C.
elegans, several developmentally regulated mRNAs, including
translationally repressed maternal RNAs, localize to the germ
granules (P granules)."® Consistent with a role in mRNA
regulation, P granules were recently shown to share compo-
nents with processing bodies,!"” 2% large cytoplasmic RNP
granules implicated in mRNA silencing in yeast and mamma-
lian cells.®"” In gid-1 mex-3 double mutants, P granules are
lost from the central region of the gonad. In several animals,
this loss appeared to precede overt signs of trans-differentia-
tion, suggesting a possible cause-and-effect relationship.
Disassembly of P granules could in principle release maternal
mRNAs forimmediate translation, and thus represent a critical
step in the progression from totipotent germ cell to differ-
entiated somatic cell. How loss of GLD-1 and MEX-3 leads to P
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granule disassembly, however, remains mysterious. GLD-1
and MEX-3 associate with P granules,!"""® most obviously
during embryonic stages, but are also present at high levels
throughout the cytoplasm. It will be critical to determine how
GLD-1 and MEX-3 contribute to P granule maintenance and
whether loss of P granules is a cause or consequence of
teratoma formation.

Totipotent repressors in mice

Regulation of gene expression at the post-transcriptional level
is a common theme in germ cells. Conserved RNA-binding
proteins have been implicated in germline development in
several organisms. For example, homologs of the translational
repressors Nanos and Pumilio regulate germline differentia-
tion and PGC survival in various species.®?>?® So far, the
individual loss of these regulators has not been reported to
lead to teratoma formation, but a recent study suggests that, in
mice, combining loss of a germ cell RNA-binding protein with
other mutations can lead to teratomas.

The Termutation causes PGC loss in all mouse strains and
acts as a strong genetic modifier in the 129-inbred back-
ground, leading to a nearly fully penetrant incidence of
testicular germ cell tumors (TGCTs).?* Recent cloning of
the Terlocus revealed that it encodes the mouse homolog of
the zebrafish gene dead end.®*® dead endencodes amaternal
RNA expressed in PGCs that is essential for PGC migration
and viability.®® Like zebrafish dead end, mouse Dnd1 is
expressed in germ cells.®® DND1 protein contains an RNA
recognition motif (Fig. 1C), and is most related to RNA-editing
enzymes that convert cytidine to uridine. The Ter mutation
introduces a premature stop codon in the Dndi7-coding
region.® The mutation(s) in the 129-inbred background that
synergize with Ter to cause testicular tumors are not yet
known, but it will be interesting to determine whether they also
affect predicted RNA-binding proteins. The finding that loss of
an RNA-binding protein essential for PGC development in
mice and zebrafish can lead to tumors when combined with
other mutations suggests that combinatorial control by RNA-
binding proteins may be critical to prevent uncontrolled
growth and differentiation in the mammalian germline, as it is
in C. elegans. RNA regulation may turn out to be a common
mechanism to control and maintain totipotency.
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