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a. Germ cell development.
i. Germ cells form the only totipotent cell, the zygote, but germ cells also
have an underlying totipotency.

Sexual r eproduction o f an individual a nimal and h ence its a bility t o pa ss its ge netic
information to the next generation typically lies in the formation o f specific cells, the germ
cells. The aim of germ cell specification is the formation of highly differentiated cells, oocyte
and sperm. The fusion ofan oocyte and a sperm leads to the formation of the zygote which
has t he p otential t o d ifferentiate into each celltype and can forma w hole o rganism. The
potential t o d ifferentiate into any cell type is defined a s t otipotency (Seydoux and B raun
2006).

Germ cells have an underlying totipotency. T his high de velopmental po tential o f germ
cells can manifest in an unusual germline tumor, called teratoma. This tumor contains various
types o ft erminally differentiated s omatic ce lIs, s uch as muscle, neurons, h air, bo nes
(Ulbright 2005). Furthermore the underlying totipotency o f germ cells becomes o bvious by
the po ssibility t o de rive p luripotent c ell lines from va rious t ypes o f ge rm c ells, such as
primordial germ cells (PGCs), or spermatogonial stem cells. These pluripotent cells have the
ability to differentiate into various somatic cell types derived from the three germ layers in
vitro, and in vivo. And importantly in ¢ himeric animals, they are able to contribute to the
germ line, and hence to form an organism (Kerr et al. 2006).

This leads to the interesting question of what the mechanisms are that allow germ cells to
differentiate into highly specific cells, while maintaining/forming an underlying totipotency.
What are the mechanisms that induce germ cell specification, are required to establish and to
maintain germ cell identity, and promote germ cell differentiation, while keeping these cells

competent for somatic differentiation?

ii. Primordial germ cell specification.

Depending on the organism the specification o fthe e mbryonic precursors ofthe female
and male g ametes, t he p rimordial g erm cells, can o ccurt hrough t wo d ifferent modes,
“epigenesis” and “preformation”. In “epigenesis” germ cells are induced through signals from
surrounding cells, w hile in “preformation” ma ternally provided germ cell d eterminants are
localized to one specific cell in which they promote germ cell formation (Extavour and Akam
2003). Germ cell development can roughly be divided into three phase: Primordial germ cell

(PGC) specification, gonad colonization, and gametogenesis.
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In C.elegans the germ line is constantly maintained throughout the life cycle of the worm.
Through preformation the germ line is already d efined in the totipotent zygote (P0), and a
first asymmetric cell division leads to the formation of one somatic blastomere (AB cell), and
one g ermline blastomere ( P1 ce 1I). T he g ermline blastomere u ndergoest hree m ore
asymmetric cell divisions, leading to the formation of always one somatic, and one germline
blastomere ( P2 and P 3). T he last d ivision c reates t he pr imordial ge rm ¢ ell P 4, w hich
undergoes a s ymmetric cell division forming the founder cells of the adult germ line, Z2 and
Z3. These cells stay in the gonadal primordium in a quiescent state till after hatching (Fig.1A)
(Sulston et al. 1983).

Fig. 1) Maternally provided factors, which are segregated through assymetric cell divisions,
define the germ line during embryogenesis in C.elegans.
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A) Starting from t he z ygote (P 0) four
asymmetric ¢ ell d ivisions le ad to the
formation o f'th e primordial g erm c ell
P4, which undergoes a s ymmetric cell
division forming the founder cells of the
adult ge rm line (Z2a ndZ 3). T he
asymmetric cell division always leads to
the formation of one germline
blastomere ( red)a ndo nes omatic
blastomere (green) (illustration (Guven-
Ozkan et al. 2008)).

B) A ntibody staining f or th e maternal
protein PIE-1 shows its accumulation in
the germline blastomere P2 and its l oss
in the somatic sister blastomere (arrow).
PIE-1 is mainly expressed in the nucleus
and i n P -granules ( e.g. a rrow h ead),
which a re attachedt ot hen uclear
envelope (image (Strome 2005)).

In the mouse at E6-6.5 (embryonic days) PGC specification is induced in pluripotent cells
of't he p roximal e piblast through s ignals from s urrounding c ells o ft he e ndoderm a nd t he

extraembryonic ect oderm (Lawsonand Hage 19 94; Lawsonetal 1999; Y ing a nd Z hao
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2001). I nitially P GC formation is induced in a pproximately 6 ¢ ells, w hich u ndergo

specification and proliferation forming a small cluster of approximately 40 P GCs at the base

of the developing allantois at E7.5 (Ohinata et al. 2005; Payer et al. 2006). PGCs continue to

proliferate a nd s tart to m igrate t hrough t he de veloping hindgut in o rder to po pulate t he

Fig.2 Primordial germ cell
specification and migration
during mouse embryogensis.
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primordia gonad at E10.5-11.5 (Wylie 1999), w here they
form a po pulation o fabout 26,000 germ cells by E 13.5
(Fig.2). Gametogenesis isinduced through s ignals from
the fetal gonad governing the choice for a male or female
fate of the germ cells. However the completion of meiosis
and the formation of functional gametes is influenced by
the k aryotypeo f theg ermc ells. AtE 13.5 int he
developing ovary, germ cells stop to proliferate and arrest
in a s pecialized, prolonged meiotic arrest, called dictyate.
In males, g erm c ells en ter a mitotic a rrest (G 1/G0) a t

E13.5.

A) Du ring e mbryonicd ay( E) 6. 25-6.5 signals f rom the e xtra-
embryonic ect oderm induce p rimordial g erm c ell s pecification in
approximately six proximal epiblast cells. These cells migrate to an
extra-embryonic lo cation, w hile undergoing p roliferation. By E 7.5
they h ave fo rmed ~40 P GCs, w hich are l ocated at the root of the
allantois and start to migrate back into the embryo in association with
the hi ndgut (y ellow) t o colonize t he p rimordial gonad by E11.5.
AVE: a nterior v isceral e ndoderm, ( from (Nakamura a nd S eydoux
2008))

Initiation o fp rimordial g erm cell formation is d ifferenti n

C.elegans and the mouse.

In C.elegans P-granules, which are germline specific structures, consisting of proteins

and R NAs, are maternally p rovided byt he o ocyte an d during e mbryogenesis they are

specifically segregated to the germline ce lls through c ell p olarization (Fig.1b). P -granules
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seem to function as storage granules for proteins and RNAs which are required for germ cell
development and embryogenesis; however the exact function of P-granules is not understood
(reviewed in (Strome 2005) ). Examples o fP -granule p roteins ar e t he z inc-finger p roteins
PIE-1, O MA-1,and O MA-2. Both P IE-1, aswellas the OMA pr oteins, are r equired t o
establish the C.elegans germ line during embryogenesis, as with the loss of these factors the
germline blastomeres acquire a somatic fate (Mello et al. 1992; Guven-Ozkan et al. 2008).

In t he mouse t ransplantation e xperiments ( at E6.5) ha ve s hown t hat d istal e piblast
cells, which would normally give rise to neuroectoderm, can form P GCs, if grafted to the
proximal e piblast (Tama nd Zhou 1996) , s uggesting a site-specific in fluence o nP GC
specification. Further s tudies o n k nock o ut m utants an d g enetic ¢ himeras showed t hat
members of the transforming growth factor B (TGF-B) superfamily, bone morphogenetic
proteins BMP-2, BMP-4, BMP-8b, induce PGCs formation in the proximal epiblast ((Lawson
et al. 1999; Ying and Zhao 2001; Wu and Hill 2009). BMPs are secreted by the surrounding
cells o 't he e xtraembryonic ect oderm a nd e ndoderm a nd w ere found to be required for
expression o f g enes marking t he o nset o fgerm cell specification, e. g. fragilis expression
requires BMP4 (Saitou et al. 2002). Single cell analysis showed that these inductive signals
change the molecular program o fthe epiblast cells, which per se are primed for a s omatic
fate, as indicated by the expression of homeobox genes. PGC specification is preceded and is
defined by t he sequential ex pression o f's everal P GC marker g enes, such a st issue non-
specific a lkaline p hosphatase (TNAP), fragilis, blimp-1, stella, and further upregulation o f
oct4, w hile somatic genes ar e d ownregulated ( Hoxal, Hoxbl, L iml, E Vx1) (Saitouetal.
2002).

Taken t ogether b oth o rganisms ar e u sing d ifferent s trategies for PGC f ormation.
While in C.elegans the localization of germline determinants in the totipotent zygote defines
the germline b lastomeres a nd PGCs, i n the m ouse inductive s ignals in a Iready | ineage

committed cells lead to a fate change and to the formation of PGCs.

2. Transcriptional control is a conserved mechanism for primordial
germ cell specification.

Asin C.elegans the loss o fO MA proteins or PIE-11eadsto germ lineto s oma
transition, it was of great interest to reveal their molecular function. OMA-1/OMA-2 contain
2 TIS11-like z inc fingers each. T hey start to be e xpressed in t he ¢ ytoplasm o f maturing
oocytes, and are lost again in the 2 cell embryo (Detwiler et al. 2001). OMA proteins function
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in germ line specification, and oocyte maturation (Detwiler et al. 2001; Shimada et al. 2006),
and on a molecular level OMA-1 and OMA-2 were found to repress redundantly transcription
in the one and two cell stage embryo (=P0 and P1). OMA1/2 apply molecular mi micry to
bind TAF-4 (TATA-binding protein associated factor 4), a c omponent o f the core promoter
recognition complex, through their histone fold domain. This domain resembles the T AF-12
histone fold domain, and in this way OMA-1/-2 prevent the formation ofthe T AF-4/TAF-12
heterodimer, an d sequester T AF-4 to the c ytoplasm. The localization of T AF-4 tothe
cytoplasm prevents RNA polymerase II activation in PO and P1 (Guven-Ozkan et al. 2008).
At later stages in the germline blastomeres P2-P4 transcription is prevented through
PIE-1. PIE-1 is a maternal protein which is present in the nuclei and cytoplasma (low) of the
germline blastomeres P 0-P4 (Fig.1B) (Melloe ta 1. 1996; S chanere ta 1.2003) .1 tis
characterized by two predicted RNA-binding domains, TIS11-like zinc fingers, and a specific
sequence ( YAPMAPT) t hat r esembles t he tandem r epeats ( YSPTSPS) of the car boxy-
terminal d omain (CTD) o fthe RNA polymerase II (Batchelder et al. 1999). Transcription
initiation and elongation are marked by the phosporylation status of the tandem repeats of the
RNA p olymerase I I. I nitiation is marked by S er5 phosphorylation o fthe CTD by C DK7,
while elongation is marked by Ser5 phosphorylation, plus an additional Ser2 phosphorylation
by CDK9/Cyclin T (Phatnani and Greenleaf 2006). A recent study now showed that different
sequences w ithin P IE-1 p lay ar ole inp reventingt he C TD p hosphorylation o fR NA
polymerase I 1. The Y APMAT sequence p lus a newly de fined s equence ( cyclin T binding
domain) in P IE-1 ar e es sential forr epressing C TD S er2 p hosphorylation in g ermline
blastomeres. PIE-1 is thought to achieve this repression by co mpeting Cyclin T away from
the CTD. Surprisingly the deletion o fthese sequences in PIE-1 leads to ectopic CTD-Ser-2
phosphorylation, w hile CTD-Ser-5 p hosphorylation and t ranscription a re s till r epressed.
Sequences ar ound the Y APMAT motif were found to be critical for s uppression o f'S er5
phosphorylation, but how PIE-1 suppresses Ser5 phosphorylation is not known (Zhang et al.
2003a; G hosh a nd S eydoux 2008) . E ven ift he ex act molecular mechanism o fP IE-1’s
function as a transcriptional r epressor is not completely de fined, the studies on PIE-1 and
OMA p roteins s howed t hat they function as g eneral r epressors o f R NA-polymerase 11
dependent transcription, and that they are required for primordial germ cell formation and to
prevent somatic differentiation of germline blastomeres (Mello et al. 1992; Guven-Ozkan et

al. 2008).
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Consistently it was found that transcriptional regulation is also one of the fundamental
mechanisms for PGC specification in the mouse. Loss of Blimp-1, a transcriptional regulator,
which is characterized by a SET domain and by Krueppel-type zinc fingers, leads to aberrant
gene e xpression in P GCs (e.g. ectopic expression o f homeobox p roteins ( Hoxal, H oxbl)),
and to the loss o f P GCs dur ing e mbryogenesis (Ohinata et al. 2005; Vincent et al. 2005).
Gene e xpression profile an alysis o fd eveloping PGCs s howed that genesi nvolvedi n
embryonic development, gastrulation, pattern specification, cell cycle progression, and DNA
methylation are down-regulated, while genes for germ cell development ( Blimp-1, fragilis,
stella, D ndl, Ki t) and fort ranscriptional regulators areu p-regulated dur ing P GC
specification. P luripotency ge nes ( Sox2, Nanog, Zic3) are in itially d own-regulated during
PGC specification, but start to be expressed from ~E7.0 (Fig.3). This study also showed that
the r epression o f nearly all genes during P GC s pecification depends on Blimp-1, and that
Blimp-1 isa Iso required for the upr egulationo f several g enesn ecessary for P GC
specification, demonstrating Blimp-1’s central function in regulating transcription (Kurimoto
et al 2008; Saitou 2009). How ex actly B limp-1 regulates transcription is not un derstood,
however it is involved in the formation of a germ-cell-specific chromatin signature together
with the arginine-specific histone methyltransferase, Prmt5 (Ancelin et al. 2006).

Furthermore r ecently Prdml4,a PR d omain-containing t ranscriptional r egulator,
which is specifically expressed in PGC from ~E6.5-E13.5, was found to be critical in the
regulation o f germ line specific ¢ hromatin ch anges an d t he es tablishment o fp luripotency
(Yamaji et al. 2008).

Usually at E 6.75 P GC pr ecursors a nd soma have an indistinguishable chromatin
signature, h owever at E 8.0, w hen P GCs start to m igrate, D NA methylation, as w ell as
H3K9me?2 levels are reduced, and with a d elay H3K27me3 levels are increased at E 8.25
(Sekiet al. 2005). Modifications o f DNA methylation and histone proteins form a complex
regulatory network to de finea t ranscriptional r epressive o rac tive chromatin. D NA
methylation is mainly associated with gene silencing (Li 2002), and the complex pattern o f
different histone modifications can promote an active, or an inactive ¢ hromatin. H3K9me?2
and H 3K27me3 both p romote a transcriptional repressed ¢ hromatin (Peterson and L aniel
2004). H ence ch anges in D NA methylation and histone modifications d uring P GC
development indicate a change in the transcriptional competence of the cells.

Furthermore it is in teresting to note that during t his t ransition between d ifferent

chromatin s tates from E 8.0-9.5, PGCs p ause t heir g lobal RNA p olymerase I I dependent
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transcription by an yet undefined mechanism and simultaneously enter a G2 arrest (Seki et al.

2007). Eventually this arrest functions to prevent aberrant transcription (Fig.3).

Interestingly global changes in chromatin modifications as well as changes in the cell

cycle state are also seen in C.elegans. As mentioned before in the germline blastomeres (P1-

P4) transcription is regulated through blocking the activity of RNA polymerase 11 by OM A

proteins, and P IE-1. Block in transcription seemsto be independent o fglobal changesin

chromatin modifications, as germline blastomeres (P1-P4) and the somatic blastomeres bo th

show globally as imilar e xpression p attern o f markers fort ranscriptional p ermissive

chromatin. However simultaneously with the formation of the founder cells of the adult germ

line, Z2 and Z3, the mode o f't ranscriptional r egulation ¢ hanges. PIE-1 islost, and the

permissive ¢ hromatin modifications, H3meK4 and H4acetylKS, are reduced, and a general

chromatin compaction occurs (Schaner et al. 2003).

Fig.3) Transcriptional control is one of the fundamental mechanisms regulating primordial

germ cell specification and development.
C.elegans

P1-P4 Z2 and Z3

Initiation of proliferation,
formation of the adult germ line

Germline blastomeres are
defined by preformation
Transcriptional repression:
by OMA-1/2 and PIE-1
> Reduction of H3meK4
and H4acetylK8

G2 arrest/
Block in transcription

Mouse

E6.5-7.5 E9.5-11.5

Chromatin reprogramming:

Germline specific transcription:
> reapearance of permissive
chromatin marks, e.g. H3meK4

E11.5-13.5

.

PGC induction/specification

Specific transcriptional repression by Blimpl
Upregulation of pluripotency genes

Chromatin reprogramming:
> Reduction of DNA
methylation and H3K9me?2

> Increase of H3K27me3

G2 arrest/
Block in transcription

Ll
migration/proliferation Entry into the primordial gonad/
entry into mitotie, or meiotic arrest
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Similar to the mouse, in C.elegans Z2 and Z3 enter a G 2 arrest, and the repressive
chromatin state is only relieved prior to re-initiation o fthe cell cycle after hatching (Sulston
et al. 1983; Schaner et al. 2003; Fukuyama et al. 2006). The mechanism regulating the G2
arrest is not understood, and only few factors are known to be involved in its regulation. Two
conserved putative RNA binding proteins Nos-1 and Nos-2 are required for the maintenance
of the cell cycle arrestinZ2 and Z3, aswellasin the e stablishment/maintenance o f'the
repressive chromatin state (Subramaniam and Seydoux 1999; Schaner et al. 2003). Another
factor required for the maintenance of the mitotic arrest is DAF-18, the C.elegans homolog of
the tumor suppressor P TEN (phosphatase and tensin homolog deleted on c hromosome 10)
(Fukuyama et al. 2006).

Taken t ogether, these studies s how the importance o f t ranscriptional r egulating for
primordial germ cell s pecification and d evelopment, and importantly these mechanisms are
conserved and are also found in other organism, such as Drosophila (Nakamura and Seydoux

2008).

iii. Post-embryonic germ cell development.
1. Building up the germ line in C.elegans — from larval stage to
adulthood.

In C.elegans at hatching in both hermaphrodite and males a gonadal primordium has
formed. It is formed by a basement membrane w hich surrounds 4 cells, the t wo g ermline
founder cells, Z2 and Z3, and two somatic cells Z1 and Z4, which flank the germline cells.
After hatching during larval development, if the nutritional environment is favorable, Z1 and
Z4 giveriseto the s omatic structures oft he g onad. I nt he he rmaphrodite they f orm an
anterior and a posterior U-shaped gonad arm, which develop into an ovo-testes, and in males
they form a s ingle U -shaped armed t estis. In parallel Z2 and Z3 initiate p roliferation and
build up the population of C.elegans germ cells. From the third larval stage on, germ cells in
the most proximal region o fthe gonad enter meiosis and later initiate s permatogenesis, or
oogenesis (Fig.4A). This leads to the formation ofa distal to proximal polarity in the male
and female g onad. I nt he ad ult the most distal r egion (~20 c ell d iameter) o f the gonad
contains undifferentiated, mitotically dividing germ cells. Proximal of this region germ cells
enter t he meiotic S -phase w hich is followed by the meiotic prophase. A long t he proximal
direction the germ ce lls subsequently p rogress t hrough t he d ifferent s tages o ft he meiotic

prophase and arrest in diakinesis at the most proximal end o fthe gonad (Fig.4B). The germ
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line forms a syncitium, however as great parts of each germline nucleus are surrounded by its
own membrane, € ach g ermline nucleus and its cytoplasmarereferredtoas ag erm cell
(Kimble and Hirsh 1979 ; Hansen et al. 2004a; Hubbard and Greenstein 2005 ; Kimble and
Crittenden 2007).

Fig.44) From larval stage to adulthood - establishing the adult germ line.

§ L1 Two primordial germ cells at hatching; germ cell
proliferation begins; the DTC is born and takes its
position at the distal end.
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A) The adult somatic gonad and germ line is built up by four cells, Z1-Z4. Starting form larval stage L1, Z1 and
Z4 built up t he somatic gonad which harbors the developing germ cells which are formed by Z2 and Z3. The
distal tip cell (DTC) of the somatic gonad leads the path of the formation of the U-shaped gonad arms during
larvae development and also provides a niche for the mitotically dividing germ cells. During larval stage L3 the
most proximal cells enter meiosis, which establishes a distal to proximal orientation in the gonad ((Kimble and
Crittenden 2007)).

A and B) (for B, see next page) The adult gonad contains mitotically dividing germ cells in the most distal region
(always indicated by an asterisk). Cells in the proximal direction enter and progress through the different stages
of the meiotic prophase and undergo gametogenesis in the most proximal end.
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Fig.4 B) The adult he rmaphrodite gonad har bors mitotically dividing ge rmline s tem c ells,
meiotic germ cells and maturing oocytes in a distal to proximal orientation.

As mentioned before Z2 and Z3 acquire a transcriptionally competent chromatin just

before initiation of proliferation after hatching (Schaner et al. 2003). An active chromatin
state is maintained inadult germcells, and germ cells are t ranscriptionally act ive d uring
mitosis and t he e arly meiosis (Reinke et al. 2000; Schaner and Kelly 2006). T herefore the
cells ca nnot r ely a nymore o n a g lobal r epression o f't ranscription to m aintain germline

identity, instead they need to use another mechanism.

2. Mechanisms regulating mitosis and meiosis in C.elegans.

The mechanisms t hat initiate p roliferation in Z2 and Z3 ar e not k nown. H owever
proliferation is s timulated t hrough t he d istal t ip cell (DTC) o f't he s omatic g onad, w hich
forms a niche for mitotically dividing germ cells. The depletion of the DTC leads to an arrest
of germ cell proliferation and premature entry into meiosis (Kimble and White 1981). This
phenotype is e xactly co pied by a m utationin the gene glp-1/Notch (Austina nd K imble
1987). It was found that the DTC promotes germline proliferation/self-renewal t hrough t he
expression of the two GLP-1 ligands, LAG-2 and AP X-1, while GLP-1 is expressed by the
germ cells in the distal region o fthe gonad (Henderson et al. 1994; Nadarajan et al. 2009).
Glp-1/Notch signaling is absolutely required to induce proliferative growth and to maintain
the germ line throughout development. In addition other factors were found to be required for
post-embryonic germline p roliferation. Loss o f glp-4, whose m olecular i dentity i s no t
defined, prevents germline formation. In glp-4 (-) animals only a small number of germ cells

are formed, and t hese ce lls arrest in t he mitotic p rophase (Beanan and S trome 1992). In
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addition loss ofthe maternally provided factors, MES-2, MES-3, and MES-4, which belong
to the polycomb group proteins and function in a complex, severely impairs the establishment
ofthe germ line (Capowskiet al 1991). The MES c omplex is required for H 3K27 t ri-
methylation in the P GCs, and for the H3K27 di- and t ri-methylation in mitotic and e arly
meiotic adult germline cells (Bender et al. 2004). However the molecular mechanism leading
to germ line degradation and sterility in the mes mutants is not understood.

Starting from the larvae stage L3 germ cells in the proximal region enter meiosis. The
molecular mechanisms regulating the mitosis/ meiosis decision in C.elegans were extensively
studied in the adult germ line. As described before GLP-1/Notch promotes mitosis in distally
located undifferentiated g ermline c ells. B y g enetic and m olecular experiments, t he major
components ofthe GLP-1/Notch signaling pathway are well described. The canonical Notch
signaling pathway relies on a conserved pathway with four core components: the DSL ligand
(for Delta, Serrate, and L AG-2), LNG re ceptor (for LIN-12, Notch, and GLP-1), the CSL
transcription f actor (for CBF -1 S u(H),a nd LAG-1),a ndt he M AML t ranscriptional
coactivator ( Mastermind-LAG-3). The i nteraction b etween GLP-1/Notch and i ts | igands
(LAG-2 and APX-2) is thought to lead to a cleavage step that liberates the intracellular part
of G LP-1, G LP-1(Intra). G LP-1(Intra) then t ranslocates t o the nu cleus, where it formsa
ternary co mplex w ith LAG-1/CSL, a transcription factor,and L AG-3, a ¢ oactivator. This
binding leads to a conversion of LAG-1 from a repressor to a transcriptional activator (Fig.5)
(Kimble and S impson 1997; G reenwald 2005; Hansen a nd S chedl 2006) . However how
precisely GLP-1 signalling promotes m itosis a nd represses m eiosisis only v ery poorly
understood, as only two direct targets of this pathway are defined, /ip-/ and fbf-2. LAG-3 was
found to co-immunoprecipitate with the lip-1 promoter and L AG-1 was found to bind to
consensus binding sites within the 5’ region of fbf-2 in vitro (Lamont et al. 2004; Lee et al.
2006).

The link b etween GLP-1/Notch s ignaling and R NA binding pr oteins t hat r egulate
mitosis and meiosis was made through this finding that the fbf-2 5° flanking region contains 4
LAG-1 binding sites and its expression is positively regulated by GLP-1 signaling (Lamont et
al. 2004). FBF-2, as well as FBF-1, two nearly identical regulators, belong to the Pumilio and
FBF (PUF) protein family. They are characterized by 8 RNA binding PUF-repeats (Zhang et
al. 1997; Wickens et al. 2002). Both FBF proteins act redundantly in the distal germ line, but
they have different functions in fine tuning the mitosis/meiosis decision (Lamont et al. 2004).

FBF-1 and FBF-2 both bind the same FBF binding element (FBE) (Bernstein et al. 2005),
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and by genetic experiments FBFs were defined to regulate various proteins that are involved
in the mitosis/meiosis, and the spermatogenesis/oogenesis decision, (FEM-3, GLD-1, GLD-3,
LIP-1, FBF-1/FBF-2, MP K-1) (Zhang et al. 1997; Crittenden et al 2002; E ckmann et al.
2004; Lamont et al. 2004; Lee et al. 2006; Lee et al. 2007). Recent experiments suggest that
FBF proteins can have a dual function in promoting, as well as repressing protein expression.
FBF proteins bind specifically the g/d-7 3°’UTR through FBEs (Crittenden et al. 2002; Suh et
al. 2009), but depending on the fate ofthe germ cells (spermatogenic, or oo genic mode o f
germ cell development) FBFs repress, or promote GLD-1 expression. In an oogenic germ line
loss o f FBF-1 and FBF-2 leads to ectopic G LD-1 expression in the distal gonad. In vitro
experiments showed that FBFs interact with CCF-1, a Pop2p class deadenylase, and promotes
its a ctivity, s uggesting t hat F BFs pr event pr otein e xpression in t he d istal r egion t hrough
mRNA deadenylation. However in a s permatogenic germ line the loss of FBF-1 and FBF-2
leadst or educed G LD-1 e xpression int het ransition zone.I n vitro experimentsa nd
immunoprecipitation showed that FBF-1 forms a complex with GLD-2, a poly-A polymerase,
and G LD-3/Caudal. I n vi tro e xperiments a Iso s howed t hat F BF-1 e nhances t he p oly-a
polymerase a ctivity o fG LD-2, leadingt o the hy pothesist hat F BFs pr omote pr otein
expression through polyadenylation of the mRNA 3’UTR (Suh et al. 2009). In this way FBFs
regulate and ar e ce ntered b etween t he major p ro-mitotic pathway, G LP-1/Notch s ignaling,

and the two major pro-meiotic pathways formed by GLD-1 and GLD-2 (Fig.5).

Fig.5) T he r egulatory ne twork of t he m itosis/meiosis de cisioni nt he adul t C .elegans
hermaphrodite germ line.

Notch signalling Translational regulators
/ /\ GLD-1 —— Mitosis
LAG-2 aioa GLP-1 (intra)/ Eg?;
APX-2 ' ) " LAG-1/LAG-3~_* )
GLD-2 — Meiosis
GLD-3

GLD-1, a member of the STAR (signal transduction and activation of RNA) family of
RNA-binding pr oteins (Vernet an d Artzt 1 997), is e xpressed in the ¢ ytoplasm o f early
meiotic germ cells in t he t ransition zo ne ( leptotene, z ygotene) till t he bend r egion o f't he

gonad, where cells exit pachytene (Jones et al. 1996). In gld-1(-) animals germ cells are able
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to enter meiosis, due to redundant pro-meiotic pathways, however germ cells fail to progress
through meiosis, and instead re-enter mitosis forming a germline tumor (Francis et al. 1995a;
Kadyk and Kimble 1998).Inthe C.elegans germline GLD-1 functions as at ranslational
repressor, and w hile several targets, which are involved in the spermatogenesis/ oogenesis
decision, oocyte maturation, embryogenesis, or DNA damaged induced apoptosis (e.g. TRA-
2, RME-2, PAL-1/Caudal, M EX-3, CEP-1/p53) were d efined (Janetal 1999; L eeand
Schedl 2001 ; Mootz et al. 2004 ; S chumacher et al. 2005), GLD-1’s function in regulating
entry into and progression through meiosis is only partially understood. Interestingly GLD-1
prevents GLP-1 repression through translational repression of glp-1/ mRNA in proximal cells
of the distal region (Marin and Evans 2003). However loss o f GLP-1 repression in gld-1(-)
animals can only partially explain tumor formation, as in the gld-1, glp-1 knock out animals
germ cells still enter meiosis, fail to progress through meiosis and re-enter mitosis forming a
germline tumor (Francis et al. 1995b). Despite the fact that the gld-1, glp-1 germline tumor is
smaller this shows that additional factors need to be repressed to prevent tumor formation and
to allow progression through meiosis.

Similar tot he gld-1(-) phenotype, g ermc ells in gld-2(-) animals fail t o p rogress
through meiosis, and to a lesser extent asin gld-/(-) mutant, re -enter mitosis (Kadyk and
Kimble 1998). GLD-2 shows strongest e xpression in the ¢ ytoplasm o f pachytene cells and
oocytes, an d functions a s ac ytoplasmic p oly(A) p olymerase, w hich p romotes meiosis
through polyadenylation and activation of g/d-7/ mRNA (Wang et al. 2002; Suh et al. 2006).
However additional undefined pro-meiotic GLD-2 targets must exist, as germ cells in the gld-
1 mutant are still able to enter meiosis.

Additional factors e xist to pr omote GLD-1a nd G LD-2 act ivity. G LD-3, w hich
belongs t o the B icaudal-C family o f R NA binding pr oteins interacts w ith G LD-2 and is
thought to confer RNA binding affinity to the GLD-2/GLD-3 complex, as GLD-2 misses a
RRM (RNA r ecognition motif)-like d omain (Wang et al. 2002). NOS-3, a m ember o fthe
conserved Nanos family of RNA-binding proteins, shows functional redundancy with GLD-2
in promoting GLD-1 expression through an undefined mechanism (Hansen et al. 2004b).

In addition to the three major pathways built by GLP-1, GLD-1, and GLD-2, further
factors are involved and play an underlying function within this network. The putative RNA-
directed RNA polymerase (RdRP) E GO-1 has a subtle function in pr omoting mitosis over
meiosis in parallel to GLP-1 signaling (Vought et al. 2005). EGO-1’s molecular function is

not defined; however EGO-1 activity is known to affect nuclear pore complex (NPC) and P-
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granule f ormation (Voughtetal 2005),and it isrequired for H 3HK9me2 on un paired
chromosomes during meiosis (Maine et al. 2005).

Many moret ranslational RNA bi nding pr oteins were identifiedt or egulate
mitosis/meiosis, such as PUF-8 and M EX-3. Both are expressed in the distal region ofthe
gonad and seem to function in parallel to GLP-1 in promoting mitosis (Ciosk et al. 2004; Ariz
et al. 2009). PUF-8 is a member ofthe PUF family of translational regulators, and its lo ss
leads to germline tumor formation, as primary spermatocytes fail to progress through meiosis
and r e-enter mi tosis (Subramaniam a nd S eydoux 2003) . H owever n either the m olecular
function of PUF-§, nor its targets are defined. MEX-3, a KH domain protein, is expressed in
the d istal go nad, t he p roximal g onad, and in early e mbryonic b lastomeres (Draper et al.
1996). MEX-3 is thought to function as a translational regulator and regulates the expression
of PAL-1 in the early embryo (Hunter and Kenyon 1996). Another MEX-3 target, RME-2, a
yolk sac protein, becomes ectopically expressed in the distal region of mex-3 (-) gonads, but
otherwise mex-3 (-) gonads have no obvious germline defects (Ciosk et al. 2004). Another
example is FOG-1, w hich belongs t o t he C PEB ( Cytoplasmic P olyadenylation E lements)
family o f R NA r egulatory pr oteins, a nd w hich r egulates mitosis do wnstream o f G LP-1
(Thompsone tal 2005). Ana dditional RNA binding pr otein t hat r egulates pr ogression
through me iosis is DAZ-1. D AZ-1 belongs to the conserved D AZ (deleted in azo ospermia)
family, which consists of DAZ, DAZL and BOULE (Reijo et al. 1995; Cooke et al. 1996;
Eberhart et al. 1996). The family members are characterized by a conserved RNA recognition
motif (RRM) and at least one copy of a DAZ motif, which has been implicated in protein-
protein interactions. Loss of DAZ-1 in C.elegans leads to a m eiotic arrest during prophase,
and seems to function downstream of GLD-1 (Karashima et al. 2000).

Furthermore regulatory factors were defined to influence translational in the gonad,
such as ATX-2/Ataxin 2, which plays a role in regulating the function of MEX-3 and GLD-1
(Ciosk et al. 2004).

Genetic experiments showed the involvement of several more RNA binding proteins
in the mitosis/meiosis d ecision, and interestingly most of the d escribed regulators are also
involved in t he r egulatory network of the sperm/oocyte d ecision. Altogether t hese st udies
show how much the adult C.elegans germ line relies on translational regulation as a major

mechanism to regulate the germ cell development in larvae and adults (Hansen and S chedl

2006; Kimble and Crittenden 2007).
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3. Conserved RNA regulators playa fundamental rolein mouse
germ cell development.

The network of factors regulating germ cell development in the mouse is only very
poorly understood. However also in the mo use various p ost-transcriptional r egulators w ere
foundt oha vea fundamental role in regulating protein e xpression during germce Il
development. Many of't he p rotein families beingi nvolved int he C.elegans germline
development are also critical r egulators d uring mouse g erm ce Il d evelopment and will be
discussed in the following paragraph. However these factors often regulate different stages of
germ cell development in the mouse and no functional network of RNA regulators could be
defined so far.

Similar t o the loss o f daz-1 in C.elegans, germcells in Dazl (-) mouse s how no
mitotic defects but fail to progress through meiosis in both sexes (Saunders et al. 2003). DAZ
proteins seem to function as translational activators, as ectopically expressed members of the
human and mouse DAZ family are able to initiate translation of a reporter mRNA in Xenopus
laevis oocytes, and to interact with poly (A)-binding proteins PABPs (Collier et al. 2005). In
mouse t estis ex pression o f mouse va sa ho mologue (Mvh) and the s ynaptonemal ¢ omplex
protein, SYCP3, is regulated by translational activation through D AZL. I mportantly loss of
either Mvh or SYCP3 leads to a block during early meiotic prophase, which is similar to the
phenotype seen in Dazl (-) animals (Tanaka et al. 2000; Yuanetal 2000; Saunders et al.
2003). Human DAZ and D AZL interact w ith human P umilio-2 (Moore et al. 2003), which
links them to the conserved family of PUF proteins, which not only in C.elegans are critical
regulators o f germ cell development. A common set of RNA targets for DAZL and Pum?2
were found (Foxetal 2005), however the function o f Pumilio proteins (Puml, Pum?2) in
mouse germ cells still needs to be defined (Xu et al. 2007).

Three homologs o fthe zinc-finger RNA-binding protein Nanos have been defined in
the mouse. nanos-1 mRNA is not expressed in developing germ cells and nanos-1(-) animals
are viable, show no significant abnormality, and are fertile (Haraguchi et al. 2003). nanos2
mRNA is initially maternally provided but then it is mainly expressed in male germ cells (TP
13.5-16.5). nanos3 mRNA is expressed in m igrating germ cells (till E 13.5d). A bsence of
nanos2 leads to loss of all male germ cells. Germ cells are normally localized in the testicular
cord, but starting from E15.5 germ cells become localized o utside the seminiferous tubules
and seemto enter ap otosis. Interestingly N anos2 levels are adjusted t hrough t ranslational

regulation mediated by the 3’UTR, which is important for early spermatogensis. On the other
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hand the female nanos2 (-) gonads are morphologically normal and female mice are fertile
(Tsuda et al. 2003; Tsuda et al. 2006). In contrast nanos3 (-) animals show defects in the male
and female germ line. P GC formation o ccurs normally but cells fail to proliferate and enter
apotosis during the migration phase (Tsuda et al. 2003; Suzuki et al. 2008). Consistently with
this p henotype, N anos-3 is e xpressed dur ing P GC s pecification a nd migration ( E7.25 till
E13.5), and is downregulated with the meiotic entry in female germ cells, while it is weakly
expressed dur ing t he mitotic ar rest of maleg ermce llsa nd is strongly e xpressed in
spermatogonia, t he ad ult sperm stemc ells. I nterestingly Nanos3 ¢ o-localizes w ith
components of s tress g ranules a nd p rocessing bodies, implicatinga r ole o f Nanos3 in
translational control in mouse PGCs (Yamaji et al. 2009).

An ortholog of GLD-1, SAM68, which belongs to the STAR family (Vernet and Artzt
1997), is involved in various processes of RNA metabolism, such as nuclear export (Liet al.
2002a), or alternative s plicing (Paronetto etal. 2007; C hawlaetal. 2009) . Besidesits
occurrence in s omatic ¢ ells, S AM68 is e xpressed during o ocyte maturation a nd e arly
embryogenesis. Int he z ygote a nd dur ing early embryogenesis S AM68 c o-localizes w ith
components of t he t ranslational initiation ¢ omplex and h ence m ight have ar ole in
translational regulation ofma ternal mR NAs (Paronetto et al. 2008) . Inma les SAM68 i s
expressed int he n ucleus o f spermatogonia, t he s perm s tem c ells. D uring early me iotic
prophase S AM68S is initially do wnregulated, but be comes expressed a gain in the nuclei of
pachytene s permatocytes. D uring meiosis S AM68 localizes to the ¢ ytoplasm o f secondary
spermatocytes (finished s econd meiotic d ivision) and r ound s permatides (immature s perm)
(Paronetto et al. 2008; Paronetto et al. 2009). In spermatocytes SAM68 binds the translational
initiation c omplex, a ssociates w ith polysomes and is required for the translation of defined
SAMG68 targets, showing that SAM68 function as a translational regulator in male germ cells.
Interestingly members o fthe S TAR family c an integrate signal transduction p athways and
RNA metabolism. In addition to its RNA binding domain SAM68 contains several sequences
that are potential binding sites for various kinases and it was found that the phosphorylation
status o f SAMG68 affects its cellular location or its splicing activity (Vernet and Artzt 1997,
Matter e t a 1. 2002; Lukong a nd R ichard 2003 ; L ukong e t a 1. 2005) . In s permatocytes
phosphorylation o £ S AM68 by the kinases, ERK1/2, correlates with its localization to the
cytoplasm, itsa ssociation w itht he t ranslation initiation ¢ omplex a nd t he t ranslationo f
SAMG68 targets (Paronetto et al. 2009). This shows that SAM68 functions between signaling

and RNA metabolism in germ cells.
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Taken together while the ad vantages o fa model system like C.elegans allowed the
analysis ofa co mplex network of regulators governing germ cell development, and revealed
the importance of RNA regulation, we have only a poor understanding of this network in the
mouse. However recent findings show the importance of RNA regulation during mouse germ
cell development and the identification of conserved factors in various systems will help to

further define the mechanism regulating germ cell development in the mouse.

iv. RNAT egulation, aco nserved mechanismt o maintaint he u nderlying
totipotency in germ cells.

Interestingly, as described before, in both organisms, the mouse and C.elegans, RNA
regulators are critical for germ cell d evelopment, and recent findings showed that they are
also required to maintain germline identity and to prevent germ line to soma transition. In the
mouse the loss of DND-1, a RRM (RNA recognition motif) protein, and in C.elegans the loss
of GLD-1, a STAR protein, lead to the formation of unusual germline tumors called teratoma
(Youngren et al. 2005; Ciosk et al. 2006; Cook et al. 2009).

Teratoma formation can be studied in male 129Sv/J Ter (Dnd“”*") mice which show a
very high incidence of testicular teratoma, while in female 129Sv/J Ter (Dnd"“”") mice PGCs
are lost early in development (Stevens 1973; Y oungren et al. 2005). The testicular teratoma
originates from PGCs at E12.5 (Stevens 1962), however the molecular mechanism leading to
teratoma formation is not known. Only the presence o fan RRM (RNA recognition motif )
motif in DNDI suggests that RNA regulation plays a role in teratoma formation (Youngren et
al. 2005).

Recentlya finding by Dr.Rafal C iosk s howed thatin C.elegans the loss of t he
translational r egulators GLD-1 and M EX-3 noto nly lead to the formationo fg ermline
tumors, but also to germ line to soma transition, w hich we refer t o as transdifferentiation
(TD). The germline tumors of the gld-1, and mex-3, gld-Imutants, consist of a heterogeneous
population o f mitotic, meiotic, a nd necrotic cells, a s w ell as p ostmeiotic c ells t hat lost
germline identity and differentiated into various types of somatic cells (e.g. muscle, neurons,
intestinal cells) (Fig.6). This phenotype is reminiscent to the mouse and human teratoma and
hence werefertoitas the wormteratoma. T his finding s howed t hat al so germ ce lls in
C.elegans have an u nderlying t otipotency, and it clearly s howed t he importance o f RNA

regulation in maintaining germline identity and totipotency. Importantly this work established
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C.elegans as a genetically tractable model system to study the mechanisms that are required

to maintain germ cell fate and that promote germ line to soma transition (Ciosk et al. 2006).

Fig.6) The worm teratoma.
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Fig.6) Germ cellsin the gld-1, or gld-1,mex-3 mutant fail to progress through meiosis, and instead re-enter
mitosis forming a germline tumor. Interestingly within the central region of the gonad terminally differentiated
somatic cells, such as muscles (red) and neurons (green), are formed. This phenotype is reminiscent to an
unusual mammalian germline tumor, called teratoma. Therefore germ line to soma transition in the C.elegans
gonad is referred to as the worm teratoma (Ciosk et al, Science 20006).



b. Open Questions
i. Howdo germcells achieve the contradictory t ask of differentiating
into h ighly s pecialized ¢ ells, w hile maintaininga nu nderlying
totipotency?

Germ cells de velop into highly specialized cells, oocytes and sperm. After fertilization
these cells form a totipotent cell which is able to generate the whole organism. Germ cells per
se have an underlying totipotency, which becomes obvious in pluripotent cell lines that can
be derived from various germ cells, such as PGCs, or spermatogonial stem cells in the mouse,
or in their ability to form teratomas in mouse and C.elegans. However the mechanisms that
maintain germ cell identity and prevent teratoma formation are not understood neither in the
mouse, norin C.elegans. Therefore we used C.elegans as a model systemto ask what the
mechanisms are that promote germ cell development and prevent germ line tumor formation.
Further w e used t eratoma formation in C.elegans as a toolto study the mechanisms that
promote germ line to soma transition.

To address these questions we first decided to characterize the different stages which lead
to germ line t o s oma t ransition; second we defined GLD-1 targets, as already loss o fthis
translational regulator leads to germ line to soma transition; and finally genetic analysis o f

GLD-1 targets was used to define the underlying molecular pathways.
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a. Germ line to soma transition is an orderly, multistep process.

The great heterogeneity in the mex-3, gld-1 germline tumor makes it very difficult to
reveal the origin of teratoma formation (Ciosk et al. 2006). Therefore we decided to analyze a
genetic background in which the major regulators for mitosis (GLP-1), and meiosis (GLD-1,
and GLD-2) were knocked out. The gld-2 (¢497), gld-1 (q485), glp-1(q175) mutant (triple
mutant) gonad lacks polarity for any specific germ cell fate. Germ cells in the triple mutant
show defects in entering meiosis, and form a germline tumor consisting of only proliferating
cells (Hansene ta 1. 2004a ). Phenotypically by differential interference co ntrast ( DIC)
microscopy and by D API s taining these p roliferating c ells r esemble undifferentiated wild
type germline stem cells (data not shown, Fig.7A). We found that like wild type germline
stem c ells in t he d istal r egion, a 1l proliferating c ells in t he triple tumor showed MEX-3
expression (Ciosketal,2004) (Fig.7B), s ettingupa pe rfects ystemt o investigate t he
function of MEX-3.

Fig.7 T he ge rmline t umorinthe gl d-2 gl d-1, glp-1 m utant i s formed by a hom ogenous
population of MEX-3 positive germline “stem cell like” cells.

gld-2 gld-1, glp-1

wild type

50pm

A and B) Shown are gonads of young adult gld-2 gld-1, gip-1 and wild type (wt) animals. The partial wt
gonad shows th e mitotic region (indicated by th e white line) and the meiotic transition z one ( leptotene,
zygotene stage). The gonads were stained with DAPI (A) and MEX-3 (B).

Knock down of MEX-3 by RNAi or knock out of MEX-3 in the gld-2 (q497) gld-1
(q485) mex-3 (or20), glp-1(q175) quadruple mutant leads to teratoma formation, which could
be detected in extreme cases throughout the whole gonad (distal to proximal end). Two days
after the L4/adult molt (TP2) we could detect muscles in 50 % (n=50), or neuronal reporter
expression in 83% (n=35) of the gonads (Fig.8, data not shown).
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Fig.8 MEX-3 prevents germ line to soma transition in the gld-2 gld-1, glp-1 mutant.
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We also noticed that at this time point the gonads showed a v ariable degree in size
and cell number. It ranged from small gonads that contained only few, manly necrotic cells,
to big gonads that contained very many proliferating cells. To monitor teratoma formation,
we p erformed at ime course ex periment. W e found t hat germ cells g o t hrough d ifferent
phases acco rding t o their ap pearance by DAPI staining. At L4 stage 2 6% o ft he g onads
contained ce lls with a nuclei size o f~4pum, while 73% o fthe gonads contained only cells
with an increased nuclei size of >5.0um and de-condensed chromatin. Later at the L4/adult
molt (TP0) 98% ofthe gonads contained only cells having a nuclei size o f~5.5um. T his
changed again at TP1, at which 91% ofthe gonads contained cells having a nuclei size of
only ~4pm. This time course experiment suggested to us that initially up to the L4 stage germ
cells undergo proliferation (small nuclei), then at TPO cells arrest and de-condense (increased
nuclei size), and later s ome c ells r e-enter p roliferation ( small nuclei) and forma tumor.
Interestingly only in gonads that contained cells with small nuclei, we could detect muscle
formation (Fig.9A). Furthermore H LH-1/MYOD, a transcription factor required i n muscle
formation (Chen et al. 1994), could only be detected in cells having a small nuclei at TPO0.5,
but not in cells having a big nuclei (Fig.9B), or at TPO (Fig.9A), suggesting that re-entry into

mitosis and proliferation precedes transdifferentiation.
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Fig.9) Re-entry into proliferation precedes transdifferentiation.

A) gld-2 gld-1 mex-3, glp-1
L4 larvae TPO TP1 P2

— A) Cells in the mex-3 gld-2 gld-1,
glp-1 mutant e nter an a pparent
arrestpha sea ndr e-enter
proliferation beforet  rans-
differentiation. In atime course
:|7 experiment gonads were d efined
. - . = intotw o categories byt he
A B A B A B A B ..
@ myosin positive ~ appearance o ft henucleiin t he
myosin negative =~ DAPI st aining. Gonadsth at
TPO TPO.5 contained cells with small nuclei
(~4pm) wered efineda s
proliferating (=A), and gonads
that only contained cells with
increased nuclei size (>5.0pm)
E were d efined a s arrested (=B).

z

=

&

% of gonads

=]

=

&

% of gonads

&
HERENR

=]

Et::{ Eg;:::’\i The graphs show the percentage

:[F

' . of gonads which were p ositively
or negativelys tained f ort he
. . muscle ma rkers my osin and
gld-2 gld-1 mex-3, gip-1 HLH-1, respectively.

-l B) Germ line to soma transition

-

can only be detected in cells
which have small nuclei. Gonads
were stained for HLH-1 at TPO.5.
HLH-1 positive cells have s mall
nuclei, while cellst hath ave
large, decondensed n uclei are
negative (arrow head).

__HLH-1

To define the cell cycle stages germ cells go through before transdifferentiation, we
stained for the meiosis specific axis component HIM-3 (Zetka et al. 1999). This showed that
cells at TPO, which had de-condensed chromatin and a big nucleus, had loaded HIM-3 onto
the chromatin, showing that these cells execute at least some aspects of meiosis (Fig.10A).

Consistent w ith a l ater exit o f meiosis a nd re-entry into mitosis, w e co uld d etect
increasing numbers o f Histone H3-Ser-10-P (PH3) p ositive c ells, a marker for ch romatin
condensation (Hsu et al. 2000). On average a g onad contained 2.9 (+/- 1.1), 11.6 (+/- 2.7)
PH3 positive cells at time points 0, 0.25, respectively (Fig.10B, left gonads).

To address the question w hether r e-entry into mitosis also marks t he time p oint of
germ linet o s oma t ransition, w ¢ stained for P GL-1 a component o fge rmline specific
structures, called P-granules (Kawasaki et al. 1998). At TPO we could detect PGL-1 granules

attached to the nuclear envelope of arrested cells (big nuclei) in all gonads. However o ften



RESULTS

these cells showed an abnormal appearance of P-granules, e.g. less P-granules attached to the
nuclei, or diffuse staining, instead ofa clear spots. At TP1 arrested cells still maintained P-
granules, w hile t he majority o fcells that had re-entered proliferation w ere negative for P-
granules. However we could observe proliferating cells (small nuclei) which had P-granules,
leading to the interpretation, that the loss of P-granules is not an active process, instead P-

granules are lost during proliferation (Fig.10c).

Fig.10) Germ cells in the gld-2 gld-1 mex-3, glp-1 mutant fail to progress through meiosis,
and re-enter proliferation. This leads to loss of germline identity.

A) wild type gld-. > Pl B) gld-2 gld-1 mex-3, gip-1

M mock RNAi cye-1 RNAI
¥ DAPI .

e

-
L]

HIM-3

s
.e

-~
.
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A) Cellsin the gld-2 gl d-1 mex-3, glp-1 mutant enter meiosis. At TPO wt and gld-2 gld-1 mex-3, glp-1
gonads were stained for the meiosis marker HIM-3. In wild type gonads HIM-3 is expressed as soon as cells
enter the meiotic prophase, in the quadruple mutant HIM-3 is expressed throughout the gonad.

B) Cells in the gld-2 gld-1 mex-3, glp-1 mutant re-enter mitosis. At TPO and TP0.25 gonads of mock and
cye-1 RNAI treated an imals w ere s tained f or t he M -phase m arker H 3-Ser-10-P. S tarting from T PO an
increasing number of cells entering mitosis (PH3 positive) can be detected in mock treated animals. Entry
into mitosis and proliferation was greatly reduced in cye-1 RNAI treated animals. Arrows points to cluster of
proliferating cells in mock treated animals at TP0.25.

C) Proliferating cells lose germ cell identity. Gonads of gld-2 gld-1 mex-3, glp-1 animals were stained for
the g ermline s pecif P -granule co mponent P GL-1. Arrow heads indicate arrested cel Is ( big n uclei) w hich
maintain P-granules, while the line indicates a region of proliferating cells (small nuclei), which have lost or
have weak P-granules.

The observation that proliferation precedes teratoma formation let us ask whether re-
entry i nto proliferationis required for germ linet o s omat ransition. W e foundt hat the
depletion of the cell cycle factor CYE-1/Cyclin E greatly reduces the extent of proliferation.
Knock down of cye-1 impaired re-entry into mitosis, as the number of PH3 positive cells was

greatly reduced at TP0.25 (2.4 (+/- 0.8) in cye-1 RNAI animals compared to 11.6 (+/- 2.7) in
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mock treated animals), and moreover an average gonad of mock treated animals contained
several clusters of proliferating cells, which could not be observed in gld-2 gld-1 mex-3, glp-
1, cye-1 RNAi animals (Fig.10B, arrows). Depletion o f CYE-1 prevented proliferation, and
not o nly delayed the ce ll c ycle, as at the late T P2.25 80% of't he g onads only ¢ ontained
arrested cells (data not shown). Preventing proliferation also greatly reduced the rate of germ
line to soma transition. In mock treated animals 42% (n=56) showed HLH-1 expression in the
gonad, but in CYE-1 depleted gonads only 19% had HLH-1 positive cells. Tellingly of these
19% of gonads, 17% contained proliferating cells (Fig.11).

Fig. 11 Re-entry into mitosis is required for transdifferentiation.
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In summary this analysis shows that MEX-3 has an underlying function in promoting
mitosis and in maintaining germline identity; a function which becomes obvious in germ cells
lacking the major r egulators (GLP-1, GLD-1, and GLD-2) o fthe mitosis/meiosis d ecision.
Furthermore this study suggests that germ cells undergoing germ line to soma transition, and
hence teratoma formation, go through different consecutive cell cycle stages. After an initial
phase of p roliferation, g erm cells e nter meiosis, h owever t hey fail t o pr ogress t hrough

meiosis, re-enter mitosis, and undergo germ line to soma transition (Fig.12, next page)
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Fig.12) Germ line to soma transition is an orderly, multistep process.
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b. Translational r epression o f C yclin E p revents p recocious mitosis

and embryonic gene activation during C.elegans meiosis.
1. Introduction to the published manuscript.

The gld-1 ( g485) mutantis thes implest genetic b ackground i n which, atl ow
frequency, germ line to soma transition can be observed (Ciosk et al. 2006). Therefore we
asked whether also in the g/d-1 mutant germ line to soma transition occurs in the sequential
order as described before, whether there is a r elationship between the cell cycle and the loss
of germ cell identity, and whether GLD-1 directly regulates cell cycle factors.

For the purpose o four analysis weused a feminized gl/d-/ mutant background, to
ensure that transdifferentiation does not result from abnormal fertilization. Our analysis of the
gld-1, f em-1 mutant s howed t hat g erm ce llIs u ndergoing germ linet os omat ransition
recapitulate the different cell cycle stages we had described before in the quadruple mutant.
Germ cells exit meiosis through an abnormal M-phase, proliferate and undergo teratomatous
differentiation. Analysis o fcorecell cycle factors as potential G LD-1 targets s howed that
GLD-1 binds t o m RNAs e ncoding cye-1/Cyclin E,aswellas cyb-2.1, cyb-2.2, and cyb-
3/Cyclin B s. Further we found that the lack o ftranslational r epression of C YE-1 t hrough
GLD-1 leadst o p remature act ivation o f C DK-2 w hich pr omotes the meiosist o m itosis
transition, and which isre quired fort eratoma formation. Interestingly w e found that
precocious e mbryonic g ene act ivation, an early marker for germ line t o s oma t ransition,
occurs already with the re-entry into mitosis and is independent of proliferation.

Previously muscle transdifferentiation in the mex-3, g/d-1 mutant had been found to
depend on PAL-1/Caudal (Ciosk et al. 2006), while leaky P AL-1 expression in the wild type
gonad is not sufficient to induce muscle TD (Mootz et al. 2004). Our result let us propose that
the translational regulator GLD-1 maintains germline identity and prevents tumor formation
through translational r epression o f's everal t argets, such as C YE-1 (our study) and P AL-1
(Mootz et al. 2004). Loss of this control leads to re-entry into mitosis and precocious EGA,
which creates an environment t hat a llows a somatic d eterminant like P AL-1 t o p romote
teratomatous differentiation. This suggests th at th e loss o ftr anslational control a nd the
ectopic expression of various targets not directly lead to germ line to soma transition, but first
a change in the transcriptional competence of'the cells is induced and is required for a cell

fate change.
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SUMMARY

Germ cells, the cells that give rise to sperm and egg,
maintain the potential to recreate all cell types in
a new individual. This wide developmental potential,
or totipotency, is manifested in unusual tumors called
teratomas, in which germ cells undergo somatic differ-
entiation. Although recent studies have implicated
RNA regulation, the mechanism that normally prevents
the loss of germ cell identity remains unexplained. In
C. elegans, a teratoma is induced in the absence of
the conserved RNA-binding protein GLD-1. Here,
we demonstrate that GLD-1 represses translation of
CYE-1/cyclin E during meiotic prophase, which
prevents germ cells from re-entering mitosis and
inducing embryonic-like transcription. We describe
a mechanism that prevents precocious mitosis in
germ cells undergoing meiosis, propose that this
mechanism maintains germ cell identity by delaying
the onset of embryonic gene activation until after fertil-
ization, and provide a paradigm for the possible origin
of human teratomas.

INTRODUCTION

The production of eggs and sperm involves a special cell divi
sion, meiosis, which produces haploid cells from diploid precur-
sors, Simple eukaryotes undergoing meiosis, such as budding
yeast, can revert to mitosis without completing meiotic division
as late as after recombination (Esposito, 2008; Simchen, 2009).
However, such flexibility could lead to cancer in organisms
whose gametes develop within a specialized organ, the gonad,
inwhich the consecutive stages of germ cell development {prolif-
eration, meiosis, and differentiation into the gametes) occupy
distinct compartments. In such organisms, surprisingly little is
known about how re-entry into mitosis is inhibited once cells
have started meiosis. During Drosophifa oogenesis, the re-entry
into mitosis is prevented, at least in part, through translational
repression of cyclin A by the RRM-type RNA-binding protein
Bruno (Sugimura and Lilly, 2008). During C. elegans cogenesis,
the re-entry into mitosis is prevented by an unrelated, maxi-KH,

RNA-binding protein GLD-1 (Francis et al., 1995), which belongs
to the STAR (signal transduction and activation of BNA) protein
family that includes mammalian Quaking and Samé8 (Varnat
and Artzt, 1997).

Remarkably, some germ calls in the gld- T mutant differentiate
into various somatic cells, bypassing the normal program of
oocyte formation and fertilization (Figure 1) (Ciosk et al., 2008).
This phenotyps, referred to as the worm teratoma, is enhanced
by the loss of another conserved RNA-binding protein, MEX-3
(Ciosk et al., 2006). Because GLD-1 functions as a translational
repressor (for example, Lee and Sched|, 2001; Marin and Evans,
2003; Schumacher et al., 2005), abnormal expression of its
target mRNA(s) in a GLD-1{-) germ line is predicted to cause
re-antry into mitosis and teratomatous differentiation. However,
the identity of mRNA(s) whose repression is critical to prevent
mitosis, and the relation between the cell cycle and the loss of
germ call identity, remains unclear.

In this study, we show that GLD-1 controls the cell cycle, at
least in part, by translational repression of cye-1/cyclin E
mRNA. In the gid-T mutant, derepression of CYE-1 results in
ectopic activation of CYE-1/CDK-2, which promotes a preco-
cious entry into the M phase of the cell cycle, consequently
inducing a germline tumor. Remarkably, we find that the reacti
vation of the cell cycle leads to transcriptional activation of
genes that are normally expressed only in the early embryo.
These findings suggest that preventing mitosis during meiotic
prophase is crucial not only for tumor suppression but also for
maintenance of germ cell identity.

RESULTS

The C. elegans gonad contains proliferating stem cells in the
distal-most region and cells at consecutive stages of meiotic
prophase more proximally (Figure 1) (Seydoux and Schedl,
2001}, The medial region of a wild-type gonad consists largely
of germ cells at the pachytene stage of meiosis. In adults,
germcells in the proximal gonad differentiate into oocytes, which
remain amrested at diakinesis of meiotic prophase until fertiliza-
tion. This orderly progression between developmental stages
is disrupted in the gid-7 mutant that harbors a germline tumor
(Francis et al., 1995). Proximally, the tumor consists maostly of
undifferentiated germ cells. Additionally, variable numbers of
ectopic (teratomatous) somatic cells are typically sandwiched
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Figure 1. GLD-1 Prevents Re-Entry into Mitosis and Teratomatous
Differentiation of Germ Cells

“Distal-most,” “medial,” and “proximal-most” indicate parts of a wild-type
adult gonad. “Central” indicates the region that typically contains ectopic
somalic (teratomatous) cells ina gid-1 or gid-7 mex-3 gonad. Asterisks here
and in the following figures indicate the distal-most gonad.

between the meiotic cells (distally) and the undifferentiated
tumor (proximally) (Ciosk et al., 2008). For the purpose of this
paper, we rafer to this region as the “central gonad” (Figure 1).

Reversal to Mitosis in GLD-1(-) Germ Cells

To understand the origin of teratomatous cells, we examined the
central gonads of gld-1(g485), fem-1(hc17) animals in a time
course experiment. The feminizing fern-1(hc?7) background
was used to eliminate spermatogenesis (Melson et al., 1978),
ensuring that the ectopic somatic cells are due to teratomatous
differentiation and not abnormal fertilization. We first monitored
the cell cycle status of germ cells. We followed chromosome
condensation by both DAPI staining and histone H3 phosphory
lation on serine 10 (PH3) (Hsu et al., 2000}, and DNA replication
by BrdU incorporation. Additionally, we monitored the assembly
of microtubule spindles in a gid-1; ferm- 1 strain expressing GFP-
tagged [(-tubulin. We found that in young gid-7; fern-1 adults,
cells in the central gonads were still meiotic; these cells ex
pressed the synaptonemal complex component HIM-3 (Zetka
et al., 1999) {see Figure S2B available online) and displayed no
PH3 modification, incorporation of BrdU, or spindle formation
(Figure 2A; data not shown). In contrast, starting from 0.5-0.75
days after the L4/adult molt, many cells in the central g/d-1;
fem-1 gonads contained condensed chromosomes or initiated
DMNA replication (Figure 24). Inthe gid-1; fern-1 strain expressing
GFP-tagged [-tubulin (which somewhat delays re-entry into the
cell cycle), we found that many cells with the highly condensed
“bar-like” chromosomes also assembled microtubule spindles
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Figure 2. The Role of GLD-1 as a Germline Tumaor Suppressor May
Involve Translational Regulation of Cyclins E and B

{A) The timing of the meiosis-to-mitesis transition in the central genad of gid- 7;
fern-Tanimals, The numbers indicale the mean of rucle per central genad that
either stained for the histone H3 phosphorylation on serine 10 {P=3), or {in an
independent experment) incorporated Bral); 7-62 and 10-32 gonads were
counted for PH3 and Brdl), respectively. Error bars indicate SEM.

(B) Germ cells in the central gidf-7; ferm- 7 gonad enter the M phase of the cell
cycle. The left panel shows a partial gonad from a 1-day-old adult stained by
DAP| (DMA). Arrowheads mark nuclei with highly condensed, bar-like chromao-
somes. The boxed area, magnified on the rightl, shows PH3 (red) and GFP-
tagged fi-tubulin (Tub, green). Scale bar: 10 pm.

() GLD-1 immuncprecipitation. Extracts from worms expressing either the
endogencus (nontagged) GLD-1, or a rescuing GFP-FLAG-tagged GLD-1,
were subjected 1o immuneprecipilation with FLAG anlibodies. The weslem blel
shows GLD-1 :GFP::FLAG protein levels in the total extracts (TE), FLAG-depleted
extracts (D5, and FLAG-immunoprecipitates (|P). *Degradation product.

() GLD-1 asscciates with mAMNAs enceding cycling E anc B. Enrichment of
each mRAMA in lhe GLD-1-cenlaining versus GLD-1-missing (mock) immune-
precipitate was determined by quantitative RT-PCR. Each bar represents the
mean of three experiments, and the error bars are SEM. ama-T and act-1 are
negative controls, and rme-2 and pal-7 are known GLD-1 targets. *CYH-1
role in the cell cycle is unclear.
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(Figure 2B). Two lines of evidence suggest that chromosome
condensation preceded DNA replication. First, we noticed that
although the number of bar-like chromosomes in gid-1; fem-1
germ cells was typically greater than in wild-type cocytes (which
until fertilization maintain & bivalents), we never observed more
than 12 individual chromosomes (Figures 2B and 30). This
suggests defective homolog pairing but not reduplication of
DMA. Second, at the time of initial re-entry into mitosis (in 0.5-
day-old animals), 13/21 gid-7; fern-7 gonads that contained
nuclei with the condensed chromosomes displayed no BrdU
incorporation, while 7/8 gonads that did incorporate BrdU also
contained nuclei with condensed chromosomes. Thus, gid-T;
fern-1 germ cells in the central gonad appear to exit meiosis
through an abnormal nuclear division, hereafter referred to as
the 1% M phase, without a prior DNA rereplication.

GLD-1 Associates with mRNAs Encoding Cyclins Eand B
Because GLD-1 is known to function as a translational repressor,
we asked if GLD-1 regulates the cell cycle by repressing transla-
tion of key cell cycle regulators: cycling and cyclin-dependent
kinases. To address this, extracts from sithar wild-type or trans-
genic worms that expressed a rescuing FLAG and GFP-tagged
GLD-1 (Schumacher et al., 2005) were subjected to immunopre
cipitation with anti-FLAG antibodies (Figure 2C). Abundance of
mRNAs that coprecipitated with GLD-1 was determined by
quantitative RT-PCR. We found that mRNAs encoding cyclin E
(cye-1) and three B-type cyelins (cyb-2.7, cyb-2.2, and cyb-3)
were strongly enriched in the IPs from the transgenic worm
extracts, when compared to IPs from the wild-type extracts
(Figure 20). To eliminate any experimeantal bias from comparing
IPs between different strains, extracts from the transgenic
worms were also subjected to immunoprecipitation with either
FLAG or MYC antibodies (Figura $14). As above, cye- 1, cyb-2.7,
cyb-2.2, and cyb-3 mRNAs were enriched in the anti-FLAG IPs
when compared with the anti-MYC IPs (Figure S1B). These
results suggest that GLD-1 may repress translation of cyclins
Eand B.

CYE-1/CDK-2 Promotes the Meiosis-to-Mitosis
Transition in gld-17 Germ Cells

Cyclins E and B regulate cyclin-dependent kinases Cdk2 and
Cdk1, respectively (Boxem, 2006). Thus, ectopic translation of
these cyclins in the gld-7 mutant may result in ectopic activation
of COK-2 and CDK-1. To test the relative importance of CDK-2
and CDK-1 for the 1% M phase, we depleted CDK-2 by
RMAI, or inactivated CDK-1 by a temperature-sensitive allele
(ne2254), in the gld-1; fern-1 animals expressing GFP-tagged
Btubulin. While the central gonad of a 1-day-old gid-1; fem-1
animal (n = 22) contained on average 5 (1) PH3-positive nuclei
and 3 (£0.9) cells with spindles (Figure 2B), a comparable gid-1;
cdk-2(RNAJ); fern-1 gonad {n = 35) contained 1 (£0.4) PH3-posi-
tive nuclei and 0.5 (£0.1) cells with spindles (Figure 3A). This
suggests that CDK-2 promotas the 1% M phase. To test if this
role of CDK-2 requires CYE-1/cyclin E, we examined gid-1;
cye-1(RNA{); fem-1 gonads (n = 30) and found that they con-
tained only 0.1 (£0.1) PH3-positive nuclei and 0.2 (+0.1) calls
with spindles (Figure 3B). Thus, similar to CDK-2, CYE-1
promotes re-entry into mitosis. This became even more striking
in older gid-1; cye-1(RNAI); ferm-1 gonads, in which the whole
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A gld-1; cak-2(RNAI); fem-1

gld-1; cye-1({RANAI}; fem-1

gld-1; fem-1

Figure 3. GYE-1 and CDK-2 Drive Re-Entry inte Mitosis in gid-1
Germ Cells

iA-C) CYE-1 and CDK-2, but not CDHX-1, are essential for chromosome
condensalion and spindle assembly in the central gid-1; fem- 1 gonad. Shown
are deconvelved flucrescence micregraphs cbtained from 1-day-cld adults.
The left panels show partial gonads stained by DAP [DNA). The boxed areas,
rmagnified on the right, show PH3 (red) and GFP-tagged B-tubulin (Tub, green).
Soale bars: 10 pm

{2 CYE-1 promoles cenlrosome “duplication” in gid-1; fern-7 germ cells,
Shown are maximum intensity prejections of deconvelved flucrescence
micregraphs. The gonads were stained with DAP| [DNA. red) and for the
conslitulive centrosome compenent SPD-2 igreen). In the gid-1; cpe
TRNAY; fem-1 germ cells cenlrosome duplication is inhibited. Arrowheads
point to some SPD-2-stained centresomes, Each dotted circle demarcates
a single nucleus, Scale bars: & ym,

central part was filled with large, arrested, meiotic-like cells,
with no evidence of mitotic chromosome condensation, spindle
formation, DNA replication, or cell death (Figure S3; data not
shown). Importantly, cye-7 RNAI (under conditions used in this
study) did not appear to affect the initial proliferation and entry
into meiosis in gid-1; farm-1 gonads (Figures S2A-52C).

To examine the effect of COK-1 inactivation, we analyzed the
central gonads of 1-day-old gld-1; fem-1 (n = 18) and gid-1;
cdk-1; ferm-1 (n = 21) animals that were shifted to the restrictive
temperature for cdk-7(ne2254). We found that inactivation of
CDK-1 only moderately affected the 1% M phase, as the gonads
contained, respectivaly, 24 (+2.5) versus 11 (1.6} PH3-positiva
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cells and 20 (£2.4) versus 8 (£1.2) cells with spindles (Figure 3C;
data not shown). While these results do not exclude a potential
role for COK-1 in the exit from the M phase and/or subsequent
proliferation, they suggest that CDK-1 is not critical for entry
into the 1*' M phase.

In somatic cells, a typical mitotic spindle is organized by
centrosomes, whose assembly depends on cyclin E/Cdk2
(Cowan and Hyman, 2006; Tsou and Stearns, 2006). However,
during C. elegans meiosis, centrosomeas are aliminated around
diakinesis, so assembly of the meiotic spindle is independent
of centrosomes (Albertson and Thomson, 1993). To determine
if centrosomes are present during the 15° M phase, we stained
the gonads for the constitutive centrosomal component SPD-2
(Kemp et al., 2004). Most (92%; n = 60) gid-1; fem-1 cells with
the condensed bar-like chromosomes contained two centro
somes (Figure 3D). In contrast, gld-1; cye-1(RNAJ; fam-1 cells
(96%; n = 383) contained only a single SPD-2-stained centro-
some (Figure 30). This was similar to gld-71; ferm-7 germ cells in
which chromosomes have not yet condensed (97%,; n = 3058)
(Figure 30), or to wild-type pachytene and diplotens germ cells
(data not shown). Thus, CYE-1 (and presumably CDK-2)
promotes centrosome duplication and/or separation, and
mitotic-like spindle assembly during the 1% M phase. Together,
our findings suggest that CYE-1/CDK-2 activity drives entry
into the 1% M phase in the central gonad.

Repression of CYE-1 in the Central Gonad Requires
GLD-1

To test if GLD-1 binding to cye- T mBNA prevents CYE-1 expres
sion in the wild-type germ line, we first analyzed gonadal expres-
sion of CYE-1. We confirmed a previous report that CYE-1 is
expressed in the distal-most and proximal gonad, but is not ex
pressed in the medial gonad that containe GLD-1 (Figure 44)
(Brodigan et al., 2003). We found that this medial repression
depends on GLD-1, as CYE-1 was no longer repressed in gid-1
mutants or gid-7 RNAI knocked-down animals {Figure S4A;
Figure 4A). Importantly, in wild-type gonads CYE-1 is never
detected in the leptotene/zygotene and early pachytene nuclei.
In contrast, such nuclei were beginning to express CYE-1 in
ald-1(RNAJ gonads (Figures 4A and 4B). Because the loss of
GLD-1 did not cause an increase in cye-7 mRNA levels (Fig
ure 34Bj, these results suggest that GLD-1 mediates repression
of cye-1 mRNA translation.

GLD-1 Associates with the 3'UTR of cye-T mRNA
through GLD-1-Binding Elements

To test if this repression is mediated by GLD-1 binding to cye-1
mRNA, we tested whether the rescuing FLAG and GFP-tagged
GLD-1 (for simplicity GLD-1) copurified with in vitro produced
cye-T mRNA added to a worm extract. Indeed, we found that
GLD-1 copurified with the complete cye-1 mRNA or its 3'UTR,
but not with the equimolar amounts of 5'UTR, the coding
sequence, or the antisense 3'UTR (Figure 54). These results
suggest that GLD-1 associates with the cye-7 mRNA via its
FUTR. To identify the RNA elements responsible for GLD-1
binding, we divided the 3'UTR into four fragments (F1-F4; Exper-
imental Procedures), and tested their binding to GLD-1. Two
fragments, F1 and F3, were found to associate with GLD-1
(Figure 5B). Previous studies showed that recombinant GLD-1

RESULTS

Developmental Cell
Repression of Cyclin E Maintains Germ Cell Identity

Figure 4. GLD-1 Represses Expression of CYE-1

(4 Micrographs show gonads (outlined), dissected from 1-day-old wild-type
adults that were subjectec to either mock or gid- 7 BNAI. The gonads were
immunestained for CYE-1. Mole thal in the gla-TIRNAI] gonad GLD-1 was
knocked down to the level that caused derepression of CYE-1 but not ectopic
prefiferation. Scale bar: 20 pm.

{B) Magnificaticn of germ cells, from {4), which are in the early (transiticn zene
[T2]) and later (pachytene [Pl stages of meictic prophase. Arrowheads pointto
TZ nuclei (with the crescent-shaped ONA) that either do not {wild-type) or do
{gfcd- 1 RMAI) express CYE-1. Scale bars: 20 .

can bind the UACU{C/A)A sequence (Ryder et al., 2004). We
noticed that an identical sequence (S3) is present in the F3 frag
ment, and that fragments F1 and F3 each contain an additional,
related sequence (S1 and S2, respectively; Figure 5C; Experi-
mental Procedures). To test if these sequences are involved in
GLD-1 binding, we mutated sequence S1 (to S1mt) and deleted
both S2 and S3 (AS2-3). We found that the AS2-3 deletion
strongly reduced GLD-1 binding and that residual binding was
further reduced by the S1mt mutation (Figure 5C). We conclude
that GLD-1 binds the cye-7 3'UTR and that this association likely
involves the putative GLD-1-binding elemants.

GLD-1-Binding Elements in the cye-7 3'UTR Confer
Repression on a GFP Reporter

To ensure that the cye-7 3'UTR is required for translational
repression in vivo, we created transgenic strains expressing in
the germ line a GFP-tagged reporter, whose coding sequence
was fused to different 3'UTRs. We found that the cye-7 3UTR,
but not the control thb-2 (tubulin) 3UTR, caused reprassion in
the medial gonad (Figures 5D and 5E). Importantly, this repres-
sion was eliminated when the reporter was fused to the mutated
cye-1 ¥UTR (S1mt AS2-3) that no longer bound GLD-1 and in
gld-1(RNA{) animals (Figure 5F; Figure S4C). These results
suggest that GLD-1 represses cye-7 mBNA translation, which
presumably prevents CDK.-2 activation.
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Figure 5. GLD-1 Binding to the 3'UTR of cye-7 mRNA Results in lts
Translational Repression

A-C show western blots of GLD-12:GFP:FLAG coprecipitated with Biotiny:
lated RMA. D-F show micrographs of wild-type gonads {oullined) from live
transgenic wonms expressing a GEP-tagged reporter, whose coding sequence
was fused o dilferent 3'UTRs.

(A& GLD-1 associates with the 3UTR of eye-7 mRNA. GLD-1 association is
mediated by the sense, but not antisense (AS), 3'UTR. “Complete” indicates
5UTR + coding seguence = 3'UTA.

(B} Two fragments within the cye-7 3UTR, F1 and F3 {Experimental Proce-
duras), are responsible for association with GLD-1.

[C) Putative GLD-1-binding sites (31 and 32-53; the higher the rectangle the
better similarity to the putative GLD-1 binding sequence) in fragments F1
and F3 are reguired for GLO-1 binding. Deletion of siles 82-83 (AS2-3)

ResuLTs [T

CYE-1 Is Required for Teratoma Formation

Finally, to determine if derepression of CYE-1/CDK-2 activity in
the gid-1 mutant is important for teratoma formation, we stained
gonads for muscle myosin and UNC-10 {a component of the
postsynaptic vesicles) to detect muscles and neurons, respec
tively (Koushika et al., 2001; Priess and Thomson, 1987). As
expected, we found that most 1.75-day-old gid-1; fem-7 gonads
(84%; n = 19) contained ectopic muscles and/or neurons (Fig-
ure BA). In contrast, very few gid-1; cye-1{RNAJ); fern-1 gonads
(5% n= 22) contained any muscles or naurans (Figura 6A). We
also tested expression of HLH-1/MyoD, which in the embryo is
axpressed early in the muscle-specification pathway (Krause
et al., 1990). We found that, similar to the terminal markers,
expression of HLH-1 depended on CYE-1 (Figure 6B). While,
on average, a 1.75-day-old mock-treated gonad (n = 18) con
tained 10.4 (£3.2) HLH-1-positive nuclei, a cye-1 RNAi-treated
gonad {n = 15 had 0.3 (0.3} such nuclei.

Previously, germ cells destined to undergo teratomatous
differentiation were shown to lose germ line-specific RNAS
protein structures called P granules (Ciosk et al., 2008). To test
if CYE-1 is required for the loss of P granules, we examinad
the central gonads for expression of the constitutive P granule
component PGL-1 (Kawasaki et al., 1998). Consistent with
previous results, we found that PGL-1 was diminished in most
cells in the central gld-1, fem-1 gonad. In contrast, most if not
all gid-1; cye-1{RNAI); fem-1 cells continued to express PGL-1,
which (similar to wild-type P granules) was enriched in perinu-
clear speckles (Figure 6C). At least one additional germ line-
expressed protein, the yolk receptor BME-2, was expressed
in the gld-1; cye-1(RNA); famm-1 cells, but was diminished in
gid-1; femn-1 cells (data not shown). These results suggest that
CYE-1/CDK-2 activity is required for the loss of germ cellcharac
taristics and teratoma formation.

Re-Entry inte Mitosis Results in a Precocious

Onset of Embryonic Gene Activation

Acquisition of a non-germ line identity inthe early embryo is man-
ifested by the onset of embryonic gene activation (EGA). In
worms, EGA is characterized by transcription of several very
early franscripts, such as vet-1, vet-4, and vet-6 (Seydoux
at al., 1996). To test if the luss of garm cell identity is accompa
nied by a precocious onset of EGA, we compared, by quantita-
tive RT-PCR, the levels of vet-1, vet-4, and vet-6 mRNAs in
gonads dissected from 0.5-day-old or 1.5-day-old, gid-1; fem-1
and gid-1, cye-1(RNAJ; fem-1 animals. We found that the gid-1;
fem-1 gonads from 1.5-day-old animals had much higher levels
of vet-1, -4, and -6, than the comparable gld-1; cye-1(RNAJ;
fam-1 gonads (Figure 7A). This enrichment correlated with
re-antry into mitosis, as the gonads from 0.5-day-old gid-1;
farm-1 and gld-1; cye-T1(RNAI); fern-1 animals contained similar

strenaly reduced GLD-1 binding, and the residual binding was further reduced
by a mutation in S1{S1mt+AS2-3). “WT" indicates the wild-type cye-1 3UTR.
(D) The the-2 (tubulin) 3'UTR fused to the GFP:H2B allowed reporter expres-
sion throughoul the gonad.

() The cye-1 AUTR conferred translational repression on the GFP:H2B
reporter in the medial gonad.

{F) The STmt=AS2-3 cpe- 1 ¥UTRA jwhich did not bind GLD-1 invitro) no longer
conferred Iranslational repression en the GFP2HI B reporler. Scale bars: 20 pm,
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Figure 6. CYE-1 Promotes the Loss of Germ Cell Identity and Tera-
toma Formation in gld-1 Gonads

(&) Differentiation into muscles and neurons in a teratoma reguires CYE-1.
Shown are maximum intensity projections of gld-1; femm-7 gonads joutlined)
from 1.758-day-old animals subjecled lo mock (lower) or cye-7 (upper) RNAIL
The gonads were stained with anlibodies to visualize muscle myosin (red)
and neurcnal postsynaptic vesicles (green). Solid lines {also in C) indicate
where the images were cropped to facilitate the alignment. Scale bar: 15 pm.
(B) Early sleps of muscle dilferentialion in a teralema reguire CYE-1. Shown
are partial gid-1; fem -7 gonads [oullined) from 1.75-day-old animals subjected
to mock or cpe-1 RMAIL The gonads were stained with DAR]{DMNA) and anti-
body against HLH-1/MyoD. Metice that =LH-1 was expressed in small, post
meiclic ghd-7; fern-7 nuclei; these nuclei were Talse-colored on the lefll panel.
Scale bars: 20 pm.

(C) CYE-1 promotes theloss of germ line-specific RNP (F) granules inthe central
gid-1; fem-T gonad, Shown are 1.5-day-old central gonads, subjected to mock
lowen or cye-7 (upper) RMAIL thal were stained with anlibody 1o visualize
PGL-1, a constitutive component of P granules. Notice that PGL-1 was dimin-
ishedinmostoellsin the central gid-1; ferm- 1 gonad, but continued te be present
inthe sameregicnin thegid-1; cpe- 1(ENAI; fern- T gonad. The circular drawings
within the boxed areas indicate nuclei. The boxed areas are magnified on the
right. Arrowhead points to a perinuclear P granule. Scale bar: 20 pm.

low levels of vet-1, -4, and -6 mRNA (Figure 7A). These results
suggest that gid-7 germ cells express at least some mRNAS nor-
mally transcribed in the early embryo, and that their transcription
depends on CYE-1 activity.

RESULTS
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If the onset of ermbryonic-like transcription is related to teratoma
formation, the embryonic transcripts are expectad to be present in
the central gonad. To test this, we performed insitu hybridization to
detect vet-4 mRNA, We detected robustexpressionof vet-4 mRNA
in 1.5-day-old (100%; n = 48}, but not 0.5-day-old (18%; n = 28),
gld-1; fem-1 gonads (Figure 7B; data not shown). Remarkably,
vet-4 was expressed mostly in the central gonad, where CYE-1
drives re-entry into mitosis and teratoma formation. In agreement
with the quantitative RT-PCR data, we found that the vet-4 signal
was either absent or strongly reduced in the 1.5-day-old gid-1;
cye-T{RNA, fern-1 gonads (only 12.5% of the gonads had vet-4
exprassion and in very few cells; n = 84) (Figure 7B). These results
suggest that the abnormal EGA is due either to the CYE-1-depen-
dent re-entry into mitosis, or subsequent proliferation in the tumor.

To distinguish between these two possibilities, gld-1; fem-1
animals were subjected to RNAi-mediated depletion of a DNA
replication-licensing factor, COT-1 (Zhong et al., 2003). This
depletion {(under conditions used here) had no obvious effect
on the initial proliferation of germline stem cells, or entry into
meiosis, in gld-1; fern-1 gonads (Figure 55). Consistent with the
finding that the 15! M phase occurs without prior DNA rereplica-
tion (this study), COT-1 depletion did not prevent re-entry into
mitosis, as the central gld-1; cdt-1(RNAI; fem-1 gonads con
tained many PH3-positive cells (Figure 7C). However, consistent
with arole of CDT-1 in DNA replication, these gonads displayed
no BrdU incorporation (Figure 7C) and, consequently, contained
similar numbers of cells as the gid-1; cye-71(RNAI), fern-1 gonads
(Figure 7C). Importantly, by quantitative RT-PCR, the CDT-
1-depleted gid-1; form-1 gonads (in which cells arrested after
re-antry into mitosis) contained much higher levels of vet-1, -4,
and -6 mRNAs than the CYE-1-depleted gld-7; fam-1 gonads
(in which cells arested before re-entry into mitosis) (Figure 7D).
Consistently, 93% (n = 123) of the CDT-1 depleted gid-1; forn-1
gonads showed robust expression of vef-4, in contrast to only
21% (n = 112) of CYE-1-depleted gld-1; fem-1 gonads that
showed much weaker vet-4 expression (Figure 7E). Togsther,
these results suggest that the switch in germ cell identity, as
detected by the abnormal EGA, is drivan by re-entry into mitosis.

A Model for Teratoma Formation

Qur results suggest that derspression of CYE-1/CDK-2 activity
during progression through meiosis results in re-entry into
mitosis and a precocious onset of EGA. Previously, differentia

tion into muscles in a worm teratoma was shown to depend on
the maternal transcription factor PAL-1/Caudal (Ciosk et al.,
2006), whose translation in the wild-type germ line is repressed
by GLD-1 (Mootz et al., 2004). However, PAL-1 is occasionally
expressad in a wild-type germ line but is apparently insufficient
to induce muscle differentiation (Mootz et al., 2004). Thus, we
propose that the acquisition of embryonic-like identity, mani

fested by the onset of EGA, is required for somatic fate determi-
nants, including but not limited to PAL-1, to induce teratomatous
differentiation into various somatic cell types (Figure 7F).

DISCUSSION
Cyclin E/Cdk2 and the Meiosis/Mitosis Decision

Qur findings demonstrate that a tight regulation of CDIK-2 activity
is critical for normal progression through meiosis. This regulation
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Figure 7. The Re-Entry inte Mitosis
Promotes a Precocious Onset of Embryonic
Gene Activation

[A) Three mRMNAs, vel-7, vel-4, and vel-8, which
are nomally expressed in the early embryo, are
expressed in gld-1; fem-7 but not gid-1; cye
T(RANA{; fem-T genads. The graph shows relative
amounts of mMRMAS, delermined by guanlilative
RT-PCR, found in 0.5- or 1.5-day-old gid-1; fem-1
gonads subjected to either mock or cpe-7 RMAIL
The levels were normalized to the values cbtained
frem the 1.5-day-old gid-1; fem-7, mock RMAI
gonads. Each bar represents the mean of three
independent biclogical replicates, and the eror
bars represent SEM.

(B) vet-4 mRNA is expressed in the central
ghd-1; fern-1 gonad and this expression depends
on GYE-1. Shown are light micregraphs of gid-1;
fern-1 gonads from 1 5-day-old animals sub-
jected to either mock or cpe-7 ANAL The
gonads were hybridized with antisense (AS) or
sense (8) probes for the vel-d mRNA. Scale
bar: 20 pm.

(C) Depletion of COT-1 arrests tumaor formation
in the central gonad after the 1% M phase. The
values correspond to the mean number of cells
[+BEM) thal, in the cenlral gonads of CYE-1- or

COT-1-depleted 1.5-day-eld gid-7; ferm-7 animals, displayed PH3 modification or incorporated Brol). “Total” cell numbers were determined as explained in
Experimental Procedures.

(D wet-1, vet-4, and vet-6 are expressed in gid-1; cot-THRANA]; fem-T but not gid-1; cye-TiRNAY); fem-1 gonads. The graph shows relative amounts of
indicated mRAMAS in 1.5-day-old gid-7; fem-7 gonads subjecled 1o eilher col-7 or cpe-7 ANAIL Levels were nommalized 1o the coi-7 RNAL values. Each
bar represents the mean of four independent biclegical replicates, and error bars show SEM.

(B} The vel-4 mRNA is expressed in the central gid-1; cdt- TRNAI; fem-T genad. Shown are light micrearaphs of gld-7; ferm-7 gonads from 1.5-day-ald

animals subjected to either cpe-T or cdi-1 RNAL. The gonacs were hybridized with an antisense probe to the vet-4 mRMNA. Scale bar: 20 pm.

(F) A moded for GLD-1 in mai
During meiotic prop , GLD-1 rep P
activation of CYE-1/CDK-2 thal, threugh unknown targe!
allow a [= 1 fate

alion inle varows somalic cell lypes.
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is achigved, at least in part, through the repression of cyclin E
translation. This finding is superficially reminiscent of the mech-
anism reported in flies, where repression of a G2/M phase cyclin
(cyclin A) by Bruno has been implicated in preventing germline
tumor formation (Sugimura and Lilly, 2008). However, GLD-1 is
unrelated to Bruno, and, while GLD-1 binds to and might regulate
expression of mMAMAs encoding B-type cycling (this study), it is
CDK-2, rather than CDK-1, activity that appears to be primarily
responsible for driving mitosis in gld-7 germ cells destined to
farm a teratoma. Thus, although translational repression of cy-
clins appears to be a conserved feature of the meiotic prophase,
there appear to be important species-specific differences. It is
possible that the regulation of cyclin E in flies is different
because, unlike in worms and mammals, the fly germ line
contains nurse cells whose endoreplication requires cyclin E
expression (Lilly and Duronio, 2005).

An unresolved issue is precisely how ectopic activation of
CYE-1/CDK-2 triggers the 1*' M phase. Because CYE-1/CDK-2
can facilitate assembly of centrosomes (Cowan and Hyman,
2006), and centrosomes have been implicated in advancing
the timing of mitotic entry, one possibility is that a recruitment
and/or stabilization of centrosomal proteins might induce the
M phase, for example through the recruitment of the Aurora A
kinasa AIR-1 (Hachet et al., 2007; Portier et al., 2007). According

aining germ cell idenlity. Solid lines represent events in the wild-lype germ line, dolled lines evenl
of CYE-1 and the somatic cell fate determinant PAL-1/Caudal, The loss of GLD-1 results in ectopic
prametes the entry into milosis and premature ensel of embryonicdike transcriplion. This may
inant like PAL-1, and petentially additicnal determinants expressed curing the abnermal EGA, to direct differenti-

the gid-7 mutant,

to this model, the regulation of centrosome biclogy may play
a major role in the mitosis/meiosis decision, which has also
been hypothesized in yeast (Simchen, 2008).

The Relation between the Cell Cycle and Embryonic
Gene Activation

Unexpectedly, CYE-1-dependent re-entry into mitosis is accom-
panied by embryonic-like transcription. Because depletion of
CDT-1 prevents proliferation but not accumulation of embryonic
transcripts, EGA appears to be triggered by re-entry into mitosis,
rather than subsequent proliferation in the tumor.

How does reactivation of mitosis result in a precocious EGA?
Because cyclin E/Cdk2-mediated phosphorylation is known to
regulate, among other targets, transcription factors (Hwang and
Clurman, 200%), it is possible that CYE-1/CDK-2 might drive
embryonic transcription directly by activating a transcription
factor involved in EGA. Alternatively, EGA may be induced by
a call cycle event that, at least in the mutant germ line, depends
on a prior activation of CYE-1/CDK-2. While different mechanisms
have been implicated in controlling EGA in different models,
including repression of basic transcription factors (Guven-Ozkan
et al., 2008}, degradation of maternal mRNAs (Tadros et al., 2007),
and induction of gene expression by a sequence-specific tran
scription factor (Liang et al., 2008), the precise mechanismes are
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far from being well understood. Interestingly, activation of at least
some embryonic genes in the murine embryo is thought to
depend on the matemally provided cyclin A2 (Hara et al., 2005).
Thus, the connection between the cell cycle and a precocious
EGA in the mutant germ line may reflect the normal role of the
cell cycle machinery in inducing EGA in the wild-type embryo.

Cell Cycle (Dejregulation and Teratoma Formation

Qur findings suggest that GLD-1-mediated inhibition of re-entry
into mitosis is critical to prevent teratomatous differentiation in
the worm germ line. Whether a GLD-1-related protein, or another
BMNA-binding protein, plays a role similar to GLD-1 in the
mammalian germ line is not known. In a mouse model for testic-
ular teratoma, the 129 family of inbred strains, loss of the RNA-
binding protein DND1 dramatically increases teratoma incidence
(Youngren et al., 2005). Interestingly, DND1 has been demon-
strated to stabilize and promote expression of the p27*'
mRNA that encodes a CDK-2 kinase inhibitor (Kedde et al.,
2007). Thus, DND1{—) germ cells are expected to have low levels
of p27%1 and higher CDK-2 activity. Therefore, it is tempting to
speculate that derepression of CDK-2 activity may also induce
proliferation, EGA, and consequently teratomatous differentia-
tion in the mammalian germ line.

EXPERIMENTAL PROCEDURES

Nematode Culture

Standard procedures were used to maintain the N2 strain of C. elegans. Typi

cally, worms grown at 2070 were bleached to collect eggs, the larvae were
synchrenized by starvation {on plates), and allewed to feed at 25°C, unless
indicaled olherwise. In ANAT experiments, baclerial slrains from Open Biosys-
tem jcye- 7, cdi-7) and Ahringer (cak-2) libraries were used, The gld-7 dsRNA

expressing veclor was generated in this shudy and conlains the sequence
comesponding to aa 131-305 of GLD-1 (WormBase release 156). In all ANAI
expemments, mock: ted animals were fed bactena harboning emply veclon
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was determined by 3'RACE and sequencing. To analyze the effect of cye-1
A'UTR on GFP:HZB expression, we cloned the cye-7 3'UTR (517 bp; Gene-
bank U&7184, 4438-8855 bp) plus an additional 80 bp of the downstream
genomic sequence. Standard technigues were applied to mutate GLD-1
censensus binding sites at positiens 46-51 (S1mt) and to delete nuclectides
283-348 (ASE-9). Microparticle bombardment was used to produce trans-
genic worms. We obtained the following rumbers of stable transgenic lines
{lines in which all worms expressed GFP in the gemm line): pie- 12GFP:
H2B::thb-2 (1), pio-1:GFRP:H2Bcye-1 (B), pie-10GRP:H2Bcye-1 S1mi+
A52-3 (1). In addition, we generated several fransiently expressing lines {in
which either some but net all worms had germline expression or genmline
expression became silenced over time): ple- 1GFPIH2Bcye-1 {4), pie
GFP:H2Beye-1 51mi+A52-3 (8). Both stable and transiently expressing pie- 72
GFP:H2B:cye-1 lines expressed GFP only in the distal and proximal, but not
medial, genm line. Among the trarsiently expressing ple-1:GFP:H28: cye-1
STml+452-3 lines, 4/8 showed GFP expression hroughoul the genm line,
similar to the stable line, while the remaining lines had either lower or no
GFP expression in the distal-most region. Although we cannot explain this
expression pattern at this ime, once expressed, the GFP intensity gradually
increazes through the medial gonad, thus showing no evidence of reprassion,

GLD-1
RNA Isolation
gid-1ig485); ozls2 fgid- 12:gfp:Rag] or wild-type (N2) worms were synchronized
and harvested as young adulis. Anfibodies used for immunoprecipitation —
mouse anli-GFP [Roche), moeuse anli-FLAG M2 (Sigma), or mouse anli-Myc
{9E10)—were prebound to protein A seph CL-4B {GE Health Big-
Sciences) in extraction buffer (30 mM HEPES [pH 7.4], 100 mM KOAz, 5 mM
Moac, 0.1% Triton X-100, 10% Glycerol [w/v]. 20 mM B-glycerophosphate,
3mgml ! complele EDTA-fres prolease inhibilor cocklail [Roche]). For prolein
extraction, the buffer was supplemented with 2 mM OTT, Pepstatin A, 1 mM
Phemylmethd sulforyfiuoride, 200 units ml ' ANAsin (Promega), and the
concentration of the protease inhibitor cocktail was increased to 7 mg ml 7.
‘Wonms were homogenized with Dounce homogenizer, 700 pg of a prec i
exlract inpul)was subjecled Lo immunop 1 The immuncpr
were washed thres times with extraction bufler,

For each western blot, total protein (corresponding to approximately 7% of
input) was loaded into the “TE" lane, and the equivalent volume (after anti
bod into the “DE" lane, To oblain IP samples, beads were healed

precipitation, Western ing, and C.

[derived from p129.36). For cye-7 or cak-2 RMAI, larvae were ito
RMAI feeding pla s L2 we wsed ANAL rather than mutafions because
CYE-1 is reguired for germ line preliferation (Fay and Han, 2000). For cdi-7
RMAL, larvae were Iransferred lo RNAI Teeding plates directly afler synchroni

zation. For gid-7 RNAJ, larvae were transferred to RMNAI feeding plates as Lés,
and worms were cullured at all stages at 2000, To allow the inilial genm line
proliferation and entry into meiosis in the gid-Tig485); cok-Tie22541s) strain,
worms were initially cultured at 20°C and shifted te 25°C as L4s. In all exper

iments, gonads were examined at indicated ages after the L&/adult melt.
Because in the fern-1(heT7is) background the loss of one copy of the gld-7
gene results in germ line feminization, all straing containing gia-T and fem-1
mutaticns were propagated by mating with iscgenic males.

Mutant Strains

The fellowing strains were described previously: gid- 1fg4851h T 2lgls43], gid-
(488N T iels48]: fern-1{he17ls) (Ciosk el al,, 2008), and gid-1{g485); ozis?
gt~ 1::gfe:flag] (Schumacher et al., 2005). The gid-1{g4850hT2jgis48]; fem-
1{he17is); ofislftbb-2::GFP] strain generated in this study was derived from
the strains gid-T(g485VNT 2fgls48]; fem-1ihei7is) and unc-11Hed3) rws32
fpie-1:GFPhis-13] I offsTfibb-2:GFP] (CGC TYA558). The ghd-1(g4a85)/
hT2{glsdd]; fern-1fhc1Tis); ojistfibb-2::GFF] and cdk-1{ne22571s) (Shirayama
et al., 2008) strains were used to generate the gid- 1(g488); cdic 1{ne22841s)/
hT2lgls48]; ferm-Tihei7is); offs1ibb-2:0GFP] slrain, We noliced thal the frac-
ficn of condensed chromosomes in gla-1; fern-1 gonads is lower in the strain
addifionally carrying ofs?, which suggests that either the GFP tag and/or the
higher B-tubulin levels delay the cell cycle.

Transgenic Constructs and Strains
For the 3'UTR reporter studies, most sequences were g ly p d by

in sample buffer, and one-hall of |P {corresponding e approximalely 50% of
input) was lcaded into “IP" lane. For protein detection, we used mouse anti-
GFP (Roche), mouse anti-actin (Chemicon), and the horseradish peroxidase
conjugated sheep anti-mouse (GE Heallheare) anlibodies.

RMA was exiracted from beads using TRIzol (Imalrogen). Precipilation eff
ciency was enhanced by addition of 10 pg total RNA from mouse brain (Stra-
tagens) to each sample.

RT-PCR Quantification of Col oprecip d
cOMNAs were generaled using random hexamers with the Superscript 11
reverse franscriptase system (Inwitrogen) from 1/4th of each 1P and 2.5 pg of
each input. Real-time PCR was pedormed in duplicate upen 1/20th of ob
tained |P cONA using Absolute QPCR SYBR green ROX mix (AbGene) on an
ABI PRISM 7700 syslem (Applied Biosyslems). PCR reaclions were perlormmed
with an initial activation step of 15 min at 85°C, then 40 cycles of 20 5 at 95°C
and B0 s al B0°C. Standard curves for guantification were generated from
a =senial diluticn of input cONA for each primer pair. The amount of target
presentin each |Pwas derived from the slandard curve; an average was calcu-
lated for the duplicates and then corrected by the corresponding input value,
The fold enrichmentin each GLD-1 |P was calculated relative to the control 1P,
At least one primer in each pair {except cya-2) is specific for an exon-exon
junction. Primer seguences are available upon reguest.

Quantification of Embryonic mRNAs in Dissected Gonads

RMA was extracled from 50 gonads per strain using e Picopurs ANA [sola-
tion ¥it (Arcturus). Two independent BT reacticns were performed with oligo
T and the lmProm [| Reverse transcription system {Promega) using 40 ng of

Geraldine Seydoux (Memill el al., 2008). The cye-7 3'UTR used in this study

{f ! AMA. 1/12th of the subsequent cONA was used for a guantitative
PCR, perfonmed as described in the previous seclion, Slandard curves for

362 Developmental Call 17, 355364, Septerber 15, 2009 ©2009 Elsavier Inc.
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every primer pair were generated using a serial diluticn of cDNA from wunc-30
embryos and were used to determine the amount of each transcript in the
gonads. All duplicate values were first averaged, and then values for a partic-
ular transcript were normalized by the mean of either the mock RNAI or cait-7
RMAI values from 1.5-day-cld animals. Erer bars show the SEM for at least
three biclogical i Primer seq) are i upon reguest,

Biotin-RNA Pull-Down

The assay was performed essentially as described (Lee and Schedl, 2001),
with the fellowing change: biotinglated RNA probes were generaled from
PCR-amplified and gel-purified DNA lemplales conlaining the T7 consensus
sequence in one DMA strand, 400 ng of bictinylated cye-7 RBNA was added
to the worm exiract, Shorter cye-7 fragments and deletion mutants were
added at equimolar amounts. The cye-7 3'UTR fragments F1-Fé comespond
o the Tollowing sequences: F1, nucleclides 1-166; F2, 117-283; F3, 235-
399; and F4, 350-514, where 1 is the first nucleotide after the stop codon,
Putative GLD-1-binding elements in the cpe-1 3UTR are as follows: in the
F1 fragment, S1 LUACULA); in the B3 fragment, 32 {CAAUUA or AACUILIA)
and 33 (JACUCA). In the STml mulation, the sequence UACUUA was mulaled
o CGUCUC.

Immunolocalization
Prirmary anlibodies are referenced inthe main lexl. Secondary anlibodies were
goat anti-mouse alexa-568, anti-rabbit alexa-568, and anti-rabbit alexa-488
[Molecular Probes). In most experiments, gonads were prepared essentially
as desorbed previously (Ciosk et al, 2004). For HIM-3 staining, gonads
were dissecled in phosphale-bulfered saline (PBS), frozen on dry ice, lixed
firstin 100% methanc {—20°C) for 5 min, and thenin 3.7% paraformaldehyde,
FBS, 0.08 M HEPES, 1.6 mM MgS0,, 0.8 mM EGTA (p= 6.9) at room temper-
ature (RT) for 5 min. Flucrescence and DIC ared with a Zeiss
IimagesZ1 microscope equipped with an AxiocamMRm [Zeiss). Images in
Figures 2B and 34-3D were acguired and deconvolved with the Delta Visien
Core System {Applied Precision). Imaris 6.1.3 (Bitplane) was used to create
the maximum intensity projection in Figures 30 and 64 anc Figures 524 and
55 indicaled olherwis ages were acquired wilh the same expo-
sure and processed in Adobe Photeshop CS2 inan identical manner, Because
expression of the ransgenic [-tubulin:GFP and GFP:H2B is whal vari
able, the imagesin Figures 28, 3A-3C. and 50-5F were individually adjusted to
a similar inlensily. As SPD-2 slaining in the gid-7; fern-7 nuclei wilth the
condensed chromosomes was much stronger than in the other nuclei, the
SPD-2 signal in the middle panel of Figure 30 was adjusted separately from
the other two panels.

To delermine tolal numbers of cells in the central gid-7; cye-TRNAY; fern-1
and gid-1; cat-TIANAY; fem-1 gonads, DAPI-stained ruclel were counted
within a 80 pm-leng fragment of a central gonad, and the value was mulliphied
by the total length of the central gonad/@0 pm.

s WeTe

BrdU Incorporation and Labeling

Bral) (Sigma, 50 mM in waler) was mixed 2:1 wilth M3 buffer. Worms were
soaked in the BrdU scluticn for 1 hr at RT, protected from light. Genads
were dissecled, rozen on dry ice, incubaled in methanel (-20°C) for 1 hr,
and washed in PBS with 0.1% Triton X-100 for 15 min. DNA was denatured
by i on in HCL M) for 45 min at AT, and neulralized in 0.1 M borax
(Merck) for 10 min. The staining procedure, using anti-BrdU antibody (Sigma),
was performed as described above,

RNA In Situ Hybridization

The vet-d RMA hybridizations were pedormed as described by Broitman-
Madure  and  Madure  (hilpefeewaw Tacully ver edu/ ~mmadure/resources,
htm). The prebes coresporded to the nuclectides 385-9°9 of vel-4. For
cye-1 RNA hybridization, dissected gonads were fixed in 0.25% glutaralde-
hyde, 3% formalcehyde, 100 mM KzHPO, (pH 7.2) and hybridized as
described [Jones el al, 1998, Lee and Sched, 2001). The probes comre-
sponded to the nucleoticdes 151-550 of cye-7. A Zeiss Axiclmager Z1 micro

socope equipped with AxioncamMRm REV 2 CCD camera was used to capture
images. All images were processed with Adcbe Photoshop 7.0 or G52 inan
idenlical ianner.
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SUPPLEMENTAL DATA

Supplemental Data include five figures and can be found with this
article  enline  at  hitpAwww.cell.com/developmental-cell/supplemental’
$1534-5807(09)00340-2.
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Figure S1.

GLD-1 associates with mRNAs encoding cvelin E and three B-type cvclins. (A) GLD-1::GFP:. FLAG
is specifically precipitated by anti-GFP and anti-FLAG antibodies, but not by an anti-MY C antibody.
Extracts from worms expressing a GFP-FLAG-tagged GLD-1 were subjected to immunoprecipitation
with anti-GFP, anti-FLAG, or anti-MY C antibodies. The western blot of total extracts (TE), depleted
extracts (DE), and immunoprecipitates (IP) was probed with anti-GFP antibody. (B) GLD-1 associates
with mRNAs encoding cyelins E and B. Enrichment of each candidate mRNA in the anti-FLAG versus
anti-MYC IP was determined by quantitative RT-PCR. Each bar represents the mean for three
independent IPs, and error bars correspond to the standard error of the mean (s.e.m.). *CYH-1/cyelin H
role in the cell cycle is not clear. Notice that the messages encoding cyclins E and B associate with

GLD-1 similarly to Figure 2D.
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Figure S2. Depletion of CYE-1 by RNAI has little effect on the initial germ cell proliferation in
the stem cell compartment or entry into meiosis in gld-1; fem-1 gonads

(A) The stem cell regions of 0.25 day-old gld-I; fem-1 gonads contain similar numbers of mitotic cells
in ¢ye-1 RN A1 and mock treated amimals. Shown are maximum intensity projections of distal gonads
(outlined). The gonads were stained with antibody to show PH3 modification (strong signal in the few
distal-most nuclei) and DAPI {dark circles in the background). Asterisks here and in the following
figures indicate the distal-most gonad. Scale bars: 20 pum.

(B) The eye-1 and mock RNAI treated, 0.25 day-old, g/d- 1; fem-1 gonads have similar numbers of
meiotic cells. Shown are fluorescence micrographs of DAPI and HIM-3-stained gonads (outlined).
Scale bars: 20 pum.

(C) Quantification of data shown in A and B. Each bar indicates the mean of cells per gonad and the
error bars represent the s.e.m. The mumbers of scored gonads were, from left to right: 50 and 54 (PH3);
37 and 45 (HIM-3).
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Figure §3. CYE-1 promotes tumor formation in the central gid-1; fem-1 germ line

(A) Shown are fluorescence micrographs of DAPI-stained gld-1; fem-1 and gld-1; cye- 1{RNAi); fem-1
gonads from 1.5 day-old animals. Notice that CYE-1 is required for tumor formation in the central
gonad. The proximal-most gonad contains undifferentiated germ cells whose proliferation is less
dependent on CYE-1; the eticlogy of the proximal tumor goes beyond the scope of this paper.

(B) Higher magnification of the areas boxed in A. Notice that the g/d-1; fem-I gonad contains mostly
small nuclei that are derived from meiotic cells that have re-entered mitosis. In contrast, the central
gld-1; cye-1{RNA:); fem-1 gonad contains mostly large arrested nuclei. Scale bars: 20 pm.
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" wild type

cye-1 (AS)

Figure S4. GLD-1 represses expression of CYE-1 through a post-transcriptional mechanism
(A) CYE-1 is de-repressad in the central gonad of gld-7 animals. Shown are maximum intensity
projections of selected optical sections of wild-type and gld-1{g485) gonads, extruded from about 0.5
day-old adults, that were immunostained for CYE-1. Scale bar: 20 um.

(B) Loss of GLD-1 did not result in increased cye-1 mRNA levels. In situ hybridization to eye-1
mRNA on extruded gonads. The left panel shows wild-type gonads that were hybridized with either
sense (S) or antisense (AS) ¢ye- I probes. In the gld- I{g483) mutant (right panel) overall levels of cye-1
mRNA appear lower, rather than higher, than in the wild type. Scale bars: 20 wm.

(C) The eye-1 3'UTR-mediated repression of the GFP::H2B reporter depends on GLD-1. The panels
show GFP fluorescence micrographs of partial gonads (ouflined) from young transgenic adults
subjected to either mock or gid-7 RNAI. The animals expressed the same GFP-tagged histone H2B
reporter fused to the eye-7 3’UTR as in Fig. SE. The control gonad shows a zone in which expression
of the reporter was repressed. This repression was eliminated upon g/d-7 RNAi. Scale bar: 50 um.
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Figure S5. Depletion of CDT-1 by RNAI has little effect on the initial germ cell proliferation in
the stem cell compartment or entry into meiosis in gld-1; fem-1 gonads

In edz1 and mock RNAI treated, 0.25-0.5 day-old, g/d-1; fem-1 gonads, the stem cell regions
contained similar mumbers of mitotic cells {(determined by PH3 staining), and the gonads had similar
numbers of cells in meiosis (by HIM-3 staining). Each bar indicates the mean of cells per gonad and
the error bars represents the s.e.m. The numbers of scored gonads were, from left to right: 34 and 33
(PH3), 21 and 23 (HIM-3).
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c. Promoting proliferation over transdifferentiation - GLP-1/Notch

the second driving force in the g/d-1 tumor.

Analyzing teratoma formation in the gld-1, fem-1 mutant showed us that the lack of
translational r epression o f cye-1 through G LD-1 leadst o ectopic expressiono f CYE-1
promoting re-entry into mitosis and cell fate change. Interestingly we observed that depletion
of CYE-1 mainly arrested cell proliferation in the central region o fthe gld-1, fem-1 gonad,
while tumor formation still occurred in the proximal region ofthe gonad. In 1-1.5 day-old
gld-1, fem-1 mutants 98% of the examined gonads (n=51) had an obvious proximal bulge that
contained o nly p roliferating ce lls, while inthe CYE-1-depleted animals such a b ulge w as

typically smaller and was present in only 60% of the gonads (n=55) (Fig.13A-B).

Fig.13) CYE-1 and GLP-1 redundantly promote tumor formation in the gld-1, fem-1 mutant.
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A-D) Gonads were stained for DAPI to visualize nuclei appearance at TP1.5.

A) In the gld-1 fem-1 mutant tumor formation occurs throughout the proximal region of the gonad.

B) Depletion of CYE-1 prevents proliferation in the central region, while tumor formation still occurs in the
most proximal region.

C) In the absence of GLP-1 tumor formation still occurs throughout the gonad.

D) Depletion of CYE-1 and GLP-1 prevents tumor formation.
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Before it had been reported that GLP-1/NOTCH, a GLD-1 target (Marin and E vans,
2003), promotes gld-1 tumor formation, but that GLP-1 is not essential, as tumor formation
still occurs in feminized gld-1, glp-1 animals (Fig.13 C). Feminization is required, as in gl/d-
1, gl p-1 animalsa llg ermc ellsd evelopa s sperm (Francise ta 1., 1995) . To a chieve
feminization we used the temperature-sensitive fem-1(hcl7) mutation in our experiments.

To ad dresst he q uestion, w hether ect opic e xpressiono fC YE-1a nd G LP-1
redundantly pr omote gl/d-1 tumor f ormation, w e d epleted b oth f actorsi nt he gld-1
background. I n gld-1, gl p-1, cye -1 RNAi a nimals w e found t hat t umor formation w as
completely prevented, all cells had an enlarged nucleus, and they had cea sed p roliferation
(average number o fcells/ gonad: 35 +/- 2.2 (n=21) (Fig.13 D)). Altogether, these findings
show that both, CYE-1 and GLP-1, independently promote tumor formation, while C YE-1
mainly promotes proliferation in the central region, and GLP-1 promotes proliferation in the
proximal region (Fig.13).

Aswe had foundt hat ect opic CYE-1 ex pression leadst o t umor formation a nd
transdifferentiation inthe central r egion ofthe gonad, an d k nowing t hat ect opic GLP-1
signaling can prevent transdifferentiation (Ciosk et al. 2006), we wondered whether ectopic
GLP-1 signaling is responsible for suppressing TD in the proximal region. To test this we
used the gld-1, m ex-3 mutant b ackground, instead o fthe gl/d-/ mutant, as it hasa higher
penetrance of TD (Ciosk et al. 2006). First to confirm our finding that TD depends on ectopic
expression of CYE-1, we depleted CYE-1 inthe gld-1, mex-3 mutant and assayed teratoma
formation by the abundance ofa neuronal-specific GFP reporter and by staining for muscle
myosin. Similar to the gld- 1, fem-1 mutant, we found by DAPI staining that the central gonad
of mock-treated animals contained many cells with small nuclei, but in the CYE-1-depleted
animals this part of the gonad contained fewer cells which had enlarged nuclei. Importantly,
in contrast to mock-treated gonads that contained many neurons and muscles, very few or no
muscles o rn eurons w ere p resent in C YE-1-depleted mex-3 gl d-1 gonads ( Fig.14A),
confirming our previous finding in the gld-1, fem-1 mutants. To test for the role of GLP-1, we
constructed a mex-3 gld-1; glp-1(2141ts) strain, in which GLP-1 activity can be inactivated at
a r estrictive t emperature. W e found that 75% (n=28) of mex-3, gld-1 gonads had alarge
proximal proliferative tumor, which in 24% contained some neurons or muscles. This is in
contrastt o 88% (n=32) of mex-3 gl d-1; gl p-1(2141ts) gonads which showed teratoma

formation in the proximal region, but did not form a proximal proliferative tumor (Fig.14B).
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This r esult s uggests t hat a ctivation o f N otch s ignaling in t he pr oximal t umor pr omotes

continuous proliferation while suppressing teratoma formation.

Fig.14 Ectopic GLP-1/NOTCH promotes proliferation and suppresses transdifferentiation.

neuron -

20pm

neuron

mex-3 gld-1, glp-1(ts)

A) Teratoma formation in the central region of the mex-3, gld-1 mutant depends on ectopic CYE-1 expression.
Extruded gonads of 1 day-old animals were stained with DAPI and muscle m yosin (red). The green cells
express a neuronal G FP reporter. The b racket indicates t he region w hich is filled w ith a heterogenous
population of cells, and which contains teratomatous cells. To facilitate alignment the distal region was cropped
which is indicated by the white line.

B) Loss of GLP-1 leads to teratoma formation in the proximal region. Extruded gonads of 1 da y-old animals
(shifted to restrictive temperature as L4) were stained with DAPI, and muscle myosin (red). The green signal
shows expression of a neuronal GFP reporter.
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d. Model:

i. Preventing tumor formation and germ line to soma transition — a matter
of translational control of the cell cycle and differentiation factors.

Our analysis showed that e ctopic e xpression o f GLD-1 targets, suchas CYE-1, GLP-1,
and P AL-1, promote various aspects o f the gld-1 tumor. The gld-1, fem-1 germ line tumor
consists o f two ma jor p opulations o fcells, central and proximal tumors, w hich are formed
due to the ect opic e xpression o f CYE-1 and G LP-1, respectively. E ctopic e xpression and
activation o f G LP-1 in t he pr oximal r egion pr omotes r e-entry i nto m itosis a nd leads t o
continuous p roliferation, w hile maintaining g ermline id entity and preventing germ line t o
soma transition. On the other hand ectopic expression of CYE-1 in the central region leads to
premature activation o f CDK-2, which promotes re-entry into mitosis, and e mbryonic gene
activation. We propose that the precocious activation o fan e mbryonic transcriptional s tate
allows t ranscription factors/somatic de terminants, i ncluding t he G LD-1 t arget P AL-1,to

promote germ line to soma transition.

Fig. 15) Model - GLD-1’s role as tumor suppressor.
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a. How could ectopic activation of CYE-1/CDK-2 promote re-entry
into mitosis?

The somatic cell cycle consists of 4 sequential phase. After duplication of the genome
in S-phase, cells enter the inter-G2-phase, then segregate a co mplete set of chromosomes to
each ofthe two daughter cells during the M -phase, and finally e nter the inter-G1-phase. In
the gld-1 mutant germ cells enter meiosis, but soon re-enter mitosis, w ithout an a dditional
phase of replication (Biedermann et al. 2009). As the cells in the g/ld-1 mutant enter meiosis
they went through the meiotic S-phase and entered the meiotic prophase, which corresponds
to the mitotic inter-G2-phase. Therefore re-entry into mitosis corresponds to the G2-M-phase
transition of the mitotic cell cycle. The main regulators of the cell cycle are cyclin dependent
kinases (CDKs), which become activated through their association with ¢ yclins. In addition
many more levels of regulation impinge on CDKs and cyclins, such as transcriptional control,
destruction of cyclins, activating and inhibitory phosphorylations and dephosphorylations, as
well as inhibitory proteins. The G2-M-phase transition is promoted by CDK-1 together with
the A- and B-type cyclins. In addition to the requirement of different cyclins, CDK-1 activity
is regulated by Weel and Mytl kinases, two inhibitory kinases, and by the dual-specificity
phosphatase CDC25, an activator phosphatase (reviewed in (van den Heuvel 2005)).

The ce ll ¢ ycle ist ightly linkedt o the cen trosome ¢ ycle. Centrosomes ar et he
microtubule-organizing centers (MTOC) and are important for spindle formation during the
mitotic cell cycle. They contain a pair of centrioles that duplicate once per cell cycle at the
beginning of the S-phase. The centrioles undergo maturation forming two centrosomes, each
of which consists of two centrioles and additional centrosomal proteins by the end of the G2-
phase. Atthe endo f the G2-phase the centrosomes u ndergo s eparation a nd migrate t o
opposite s ides d uring mitosis, w heret hey form mitotics pindles. A tt heen do f
mitosis/beginning o f't he G 1-phase cen trioles d isengage a nd t he ce ntrosome cy cle begins
again (reviewed in (Meraldi and Nigg 2002; Lukasiewicz and Lingle 2009)).

Different ce 1l ¢ ycle factors ar e involved int he r egulation o fd ifferent p rocesses
throughout the cen trosome ¢ ycle; for ex ample ¢ yclin E /CDK2 isr equired for cen triole
duplication as shown in X.laevis (Lacey et al. 1999), and Cdc25""™™ is essential for centriole
elongation as shown in Drosophila (Vidwans et al. 1999).

Althoughnot essential for mitosis, ce ntrosomes facilitate the timing o f mitosis and
function a s signaling p latforms, w hich integrate mitotic pr oteins (Basto a nd P ines 2007 ;

Hachet et al. 2007 ; Portier et al. 2007). Human cell line experiments s howed t hat s everal

56
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factors p romoting t he G 2-M p hase transition ar e r ecruited t o centrosomes, w here they are
activated at the end o f G2-phase/ beginning o f mitosis. Activated Aurora A kinase can be
detected in ce ntrosomes at the late G 2 p hase. I nterestingly Aurora A isrequired for the
recruitment of cyclin B/CDKI1 t o the ¢ entrosomes (Hirotaeta l. 2003) , w hich become
activated at centrosomes at the beginning of mitosis (Jackman et al. 2003). The activation of
Cyclin B/CDK-1 depends on Aurora A, and might be facilitated through Aurora A’s ability to
phosphorylate CDC25B at centrosomes beginning of mitosis (Hirota et al. 2003; Cazales et
al. 2005).

In the Discussion o f our publication we suggest that re-entry into mitosis could be
promoted through CYE-1/CDK-2 conserved function in centrosome d uplication/maturation
(Hinchcliffe et al. 1999; Lacey et al. 1999; Matsumoto et al. 1999; Cowan and Hyman 2006).
In C.elegans CYE-1/CDK-2 are required for recruitment of centrosomal proteins preceding
mitosis (Cowan a nd H yman 2006) . Among t hese p roteins is AIR-1/Aurora A , w hich is
essential for the timing of mitosis in embryos (Hachet et al. 2007; Portier et al. 2007). In wild
type germ cells c entrosomes ar e e liminated in maturing oocytes in the gonad (Kemp et al.
2004). Ino urs tudyw e foundt hat ect opic e xpression o fC YE-1 leadst o centrosome
duplication and maturation preceding re-entry into mitosis and tumor formation in the gld-1,
fem-1 mutant (Fig. 4D in (Biedermannetal 2 009)). Therefore o ne possible mechanism
leading t o r e-entry into m itosis ¢ ould be that ect opic C YE-1/CDK-2 act ivity leadst o
centrosome d uplication and t he c entrosomal r ecruitment o f mitotic factors such as AIR-1,

which then initiate the cell cycle machinery promoting re-entry into mitosis.

b. How c ould e ctopic C YE-1/CDK-2 a ctivity promote embryonic
gene activation (EGA)?

As discussed in our publication, we cannot distinguish whether ectopic CYE-1/CDK-

2 directly act ivates embryonic gene activation (EGA), or whether it is the consequence o f
premature activation o f the mitotic machinery. Although the fundamental m echanisms that
lead to the changes in the transcriptome during EGA are emerging, very little is known about,
how EGA is initiated an d co ordinated w ith o ocyte maturation and the first ce Il d ivisions
during e mbryogenesis ( reviewed in (Tadros a nd L ipshitz 2009) . Depletiono fC YE-1by
RNAI leads to embryonic lethality at the 100 cell stage in C.elegans, which shows that CYE-
1 perse is not required for early embryonic cell divisions (Fay and Han 2000). However

CYE-1 could have an additional role in early embryonic stages, such as inducing EGA. One
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link between the cell cycle and EGA was recently shown in mouse, where EGA first occurs
in t he o ne-cell-stage e mbryo (Hamatani et al. 2004). It was d iscovered t hat t ranslation o f
maternally provided cyclin A2 mRNA is required for EGA. The accumulation of Cyclin A2
leads to the activation ofa CDK, presumably C DK2, and to the p hosphorylation o fp RB.
Phosphorylation of pRB is known to modulate transcription, e. g. through the regulation o f
members of the E2F transcription factors. Therefore it is hypothesized that Cyclin A2/CDK-2
directly induces EGA in the one-cell-stage embryo (Hara et al. 2005). Similarly the e ctopic
activation of CDK-2 in the gld-1 germ cells could activate transcription factors, and in this
way directly induce EGA.

On the other hand it is also possible that EGA is initiated through a consequence o f
premature initiation o f the cell cycle machinery. In C.elegans it is not known, how EGA is
induced. Int hel - and 2 -cell-stage e mbryo general R NA p olymerase I Id ependent
transcription and degradation of maternally provided proteins is blocked (Seydoux and Dunn
1997; Shirayama et al. 2006). During theses stages maternally provided RNAs and proteins
are a symmetrically d istributed, w hich leads to the establishment o fa po larity w ithin t he
zygote/embryo (Seydoux and Fire 1994; Mello et al. 1996; Guedes and Priess 1997; Schubert
et al. 2000). The chromatino fallcells inthe 2-cell and 4 -cell stage e mbryo seems to be
transcriptionally competent, as shown by H 3meK4 presence (Schaner et al. 2003). Hence
asymmetrically localized ce 11 d eterminants ar e able t o p romote lineage f ormation (e.g.
(Robertsone ta 1. 2004) ),a sso ona s thet ranscriptional block isr elieved t hrougha n
unidentified me chanism int he 4 -cell stage e mbryo. As described int he introduction t he
CCCH-type zinc finger OMA-1 and -2 proteins, which are expressed by developing oocytes
and are maternally provided to the embryo, play a crucial role in suppressing transcription in
the 1- and 2 -cell-stage embryo (Guven-Ozkan et al. 2008). Moreover OMA-1 regulates the
temporal e xpression o f maternally provided proteins, as o verexpression of O MA-1 leads to
stabilization and mislocalization o f maternal proteins w hich regulate cell lineage formation
(Lin 2003). Interestingly the activation of OMA-1 and -2 as transcriptional repressors and its
degradation in the beginning of the 2-cell stage, is regulated through different kinases during
egg activation and the first mitotic cell division (Nishi and Lin 2005; Shirayama et al. 2006).
Phosphorylation of the OMA proteins by MBK-2, which is activated during the progression
through the meiotic divisions (MI-MII) (Pellettieri et al. 2003; Stitzel et al. 2006; Cheng et al.
2009), is required for OMA-1 and -2 activity as transcriptional repressors (Guven-Ozkan et

al. 2008) . F urthermore phosphorylationb y MBK-2 also primes O MA-la nd -2fo r
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degradation during mitosis (Shirayama et al. 2006), which is finally triggered through CDK-1
during the first embryonic cell division (Shirayama et al. 2006). Taken together the regulation
of OMA proteins shows an example of how cell cycle factors coordinate progression through
the cell cycle together with regulating factors required for development. This is also true for
MEX-5 and MEX-6, two functional redundant CCCH finger proteins, which are required for
establishing cell polarity and early cell lineage decision in the zygote and early e mbryo. In
the e arly e mbryo MEX-5and M EX-6 function int he a ctivation o f ubiquitin de pendent
degradation o f g ermline d eterminants in somatic b lastomeres (DeRenzo et al. 2 003). T he
activation of MEX-5, and probably also ME X-6, depends on two kinases, PLK-1 (polo-like
kinase) and MBK-2, which are both active during the meiotic division (Nishi et al. 2008).
Interestingly M EX-5 and -6 ar e ect opically e xpressed in the g/ld-I mutant tumor, po ssibly
leading to precocious degradation of germline determinants (Schubert et al. 2000; Mootz et
al. 2004).

Altogether this raises the possibility that ectopic activation of the cascade of cell cycle
factors, such as PLK-1, MBK-2, CDK-1, usually promoting progression through meiosis and
the first mitotic ¢ elld ivision, leads to premature germ linet os omat ransitiont hrough
premature protein t urnover of ge rmline de terminants, and the premature ex pression o f

somatic transcripts and proteins.

c. Do GLD-1 and the related quaking proteins have a conserved
function 1 n r egulating development through balancing cell cycle
and differentiation factors?

i. GLD-1 belongsto the S TAR ( signal t ransduction a nd a ctivation o f
RNA) family of RN A-binding proteins.

GLD-1 belongs to the STAR (signal transduction and activation o f RNA) family o f
RNA-binding proteins. This family is defined by a single, highly conserved, RNA binding
domain of approximately 200AS, the GSG/STAR domain. This domain was initially found to
be highly similar in GRP33 (brine shrimp), SAM68 (mouse), and GLD-1 (C.elegans), leading
to it s d escription as G SG d omain (Jones and S chedl 1995). Furthermore as the activity o f
STAR p roteins ¢ an be r egulated t hrough d evelopmental signals (Tayloretal 1995;D i
Fruscioetal 1999; Zhangetal 2003b), and hencet hese p roteins ar e ab le t o | ink ce 11

signaling and RNA metabolism, they are referred to as signal transduction and activation of
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RNA (STAR) proteins (Vernet and Artzt 1997). Both terms are used in the literature, and
both describe the same tripartite domain consisting of a maxi-KH RNA binding domain, and
two f lanking Q ua do mains. T he Q ual do main (N-terminal) isr equired for pr otein
dimerization, w hile the Qua2 d omain (C-terminal) is involved in R NA binding (Chen and
Richard 1998; Ryder et al. 2004; R yder and Williamson 2004). Inadditionto their R NA
binding do main, several S TAR pr oteins ¢ ontain a dditional functional do mains, s ucha s
tyrosine rich sequences, or a nuclear localization sequence (Vernet and Artzt 1997). Different
mechanismso f RNAr egulation,s wuchas t ranslational regulation, R NA
stabilization/destabilization, RNA splicing, or RNA localization have been described as mode
ofaction for d ifferent S TAR p roteins. And w hile s everal S TAR p roteins were found to
function a s t umor s uppressors, findings in mouse, Drosophila, and C.elegans showed t hat

these proteins also function as developmental regulators.

ii. GLD-1 belongs to the Quaking proteins, a STAR subfamily.

STAR proteins have been described in various o rganisms, such as in humans and
mouse (e.g. SAM68, Quaking, SF1, SLM-1 and SLM-2), in Drosophila (HOW, KEP1), or in
C.elegans (GLD-1) (Vernet and Artzt 1997; DiFruscio et al. 1998; Di Fruscio et al. 1999;
Lukong and Richard 2003; Volk et al. 2008). The STAR family consists of three subfamilies,
SAM-68, SF-1, and Quaking. GLD-1 is most similar to the Quaking proteins and shows the
highest identity within the STAR domain and the highest overall identity with human, mouse,
Xenopous Laevis, Zebrafish, Drosophila, and Arabidopsis Thaliana Quaking/Quaking-related
proteins (Vernet and Artzt 1997; Zornet al. 199 7) (Our bioinformatic analysis, T ab.1). A
BlastP se arch w ith o nly t he G LD-1 N - and C -terminal s equences e xcluding t he S TAR-
domain showed that the similarity between GLD-1 and its homologs results from the highly

conserved STAR domain.
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Tab.1 Calculated identity (in percentage) of the most relevant hits of a BalstP search with
GLD-1 as a query sequence.

Subfamily | Species Protein name/ % identity % overall
swissprot within the identity
identifier STAR domain

Quaking human Protein quaking/ 52.7 29.1
Q96PUS

mouse Protein quaking/ 52.7 29.1
Q9QYS9

Xenopous laevis Protein quaking-B/ 53.6 29.1
QO6IRN2
Protein quaking-A/ 53.6 26.9
Q32NN2

Zebrafish Protein quaking-A/ 52.4 26.6
Q6P0ODO
Protein quaking-B/ 53.0 28.2
Q6P104

Drosophila Protein held out wings/ 66.8 31.6
001367

Caenorhabditis ASD-2/ Q65CM6 67.6 32.2

elegans

Arabidopsis thaliana | Quaking-like protein 1/ 345 20.6
QOWLRI1
Quaking-like protein 3/ 42.6 17.8
Q9ZVI3
Quaking-like protein 5/ 33.5 17.8
Q8GWR3
Quaking-like protein 2/ 33.5 19.2
QI9FKT4

SAM-68 human hSLM-1/ Q5VWX1 37.4 19.6
Sam68/ Q07666 34.5 233
hSLM-2/ 075525 34.1 17.9

Mouse mSLM-1/ Q9WUO1 37.4 18.4
Sam68/ Q60749 34.5 23.9
mSLM-2/ Q9R226 36.7 17.7
SF-1 human Splicing factor 39.2 14.0
1/Q15637
Mouse Splicing factor 1/ 40 14.9
Q64213
Xenopous laevis Sfl protein/ Q7ZWT3 38.5 14.9
Zebrafish Sfl protein/ B3DKQ7 39.2 15.5
Drosophila Splicing factor 1/ 37.7 14.5
QI9VEIJ1
Caenorhabditis SF1 protein/ Q9U2U1b 37.7 16.4

elegans
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A phylogenetic tree formed by STAR proteins of various organisms from human to

plants, shows that GLD-1 clearly belongs to the subfamily of Quaking related proteins, which
are separated from the two other subfamilies formed by SF-1 and SAMG68 (Fig.16). GLD-1

fallsina group with h uman, m ouse, Xenopouse |l aevis, Z ebrafish Quaking, Drosophila

HOW, and C.elegans ASD-2, w hich is in close pr oximity t o the gr oup o f Arabidopsis

thaliana Quaking like proteins.

Fig.16 Gld-1 belongs to the Quaking proteins, a STAR protein subfamily.
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Fig.16 The most relevant hits of a NCBI BlastP (version 2.2.22) search against all human, mouse, X. Laevis,
Zebrafish, Drosophila, C.elegans, Arabidopsis UniprotKB sequences (rel. 15.11) with GLD-1 ( UniprotKB:
Q17339) as a query sequence were aligned by using Clustal W and the tree was generated by the neighbor-
joining method.

Interestingly mouse Quaking, Drosophila HOW, aswell as C.elegans GLD-1 were
found to regulate various developmental aspects through the regulation o f cell cycle factors
and d ifferentiation factors (Lietal 2000; Larocque et al. 2002 ; Nabel-Rosenetal. 2002 ;
Larocque et al. 2005; Nabel-Rosen et al. 2005), which suggest that Quaking proteins might
have a conserved function in regulating development through coordinating the cell cycle and

differentiation factors.

iii. GLD-1, a translational r egulator coordinating germ cell d evelopment
in C.elegans.
C.elegans has two members o f Quaking related proteins, ASD-2 (alternative splicing
defect) and GLD-1 (defective in germline development).
The asd-2 gene leads to the formation of two isoforms, asd-2a, and asd-2b, of which
ASD-2b was found to regulate alternative splicing in body wall muscles (Ohno et al. 2008).
The second C.elegans Quaking related gene is gld-1, which produces one isoform. As
mentioned i n the i ntroduction the characterization o f different gl/d-/ mutant p henotypes
indicated that GLD-1 functions as a t umor suppressor and regulates various aspects during
germ c ell de velopment in hermaphrodites, s uch a s e ntry into a nd pr ogression t hrough
meiosis, the spermatogenesis/oogenesis decision, and oogenesis (Francis et al. 1995a). GLD-
1 isa cytoplasm protein that shows strong expression in early meiotic germ cells (Jones et al.
1996), and in all studies so far, GLD-1 was found to function as a translational repressor. The
identification o f various G LD-1 t argets e xplains G LD-1’sr ole as a major r egulator of
C.elegans germ cell development. For example the temporal translational repression of RME-
2 (yolk r eceptor), and O MA-1, OM A-2 ( TIS11-like z inc fingers pr oteins), dur ing e arly
meiosis is importantt o allow proper o ocyte m aturation (Lee and S chedl 2 001; L ee a nd
Schedl 2004) , an dt ranslational r epressiono ft hes exd etermination factor T RA-2
(transformer: X X animals transformed into males, a transmembrane protein) explains GLD-
I’srole inregulating t he s perm/oocyte fate d ecision in hermaphrodites (Janetal. 1999).
Interestingly, in addition to TRA-2, GLD-1 also targets another signaling protein, lin-45/Raf,
which be longs to the M AP k inase p athway a nd regulates t he p achytenet o oogenesis
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transition (Lee and Schedl 2001 ; Hsu et al. 2002). And as shown in the results section, our
finding that GLD-1 represses cye-/ inadditionto glp-1/Notch explains its role as a tumor
repressor, as well as its function in maintaining germline identity.

Taken t ogether GLD-1 has a centralrole in c oordinating t he e xpression o f various
factors involved in cell c ycle r egulation and d ifferentiation during germ cell de velopment.
This central function in cell development has also been described for other Quaking proteins,

such as HOW in Drosophila, and the Quaking proteins in mouse and humans.

iv. How (held out wings) the Drosophila quaking homolog.

The Drosophila genome encodes 10 genes which are highly related to quaking (Lasko
2000). Ofthese homologs, #ow (held out wing) shows the highest similarity to quaking and is
also the best characterized member of the quaking related genes in Drosophila (Fyrberg et al.
1998). The how gene encodes for two isoforms, the short How(S), which is encode by a 4.5kb
zygotic transcript, and the long isoform How(L), which is encoded by 4.0kb maternal and
zygotic transcript (Lo and Frasch 1997; Nabel-Rosen et al. 1999).

The name How (held out wings) was derived fromthe characteristic p henotype o f
hypomorphic alleles producing viable flies, which fail to fly and keep their wings extended
horizontally (Zaffranetal 1997). A nalysis o f various Aow mutants s howed a r ange o f
phenotypes, such as defects in mesoderm, muscle, heart, tendon cell, glial cell, and imaginal
disc d evelopment, as well as embryonic lethality (Baehrecke 1997 ; Z affranetal 1997 ;
Nabel-Rosen et al. 1999; Nabel-Rosen et al. 2005; Edenfeld et al. 2006; Israeli et al. 2007).

The t wo isoforms, How (L) and How (S), bo th regulate mRNA levels t hrough t he
interaction with the 3’UTR of target RNAs. However How (L) and How (S) have an opposite
function. While H ow ( L) leadst o m RNA d ecay, H ow ( S) s tabilizes mRNAs, and can
counteract How(L) mediated degradation (Nabel-Rosen et al. 1999; Nabel-Rosen et al. 2002;
Israeliet al. 2007). In addition How proteins were also found to be involved in regulating
alternative splicing of target genes (Edenfeld et al. 2006; Volohonsky et al. 2007).

Various factors involved in d ifferentiation, or the cell ¢ ycle were defined as How
targets, s uch a s C dc25/String ( dual-specificity phosphatase), S tripe ( EGR ( early g rowth
response)-like transcription factor), Decapentaplegic (Dpp, TGFB homolog), Miple (heparin
binding domain protein), Falten (protein with GTPase activity), Lap (ENTH domain protein),
CG31638 (myosin homolog), and NeurexinlV (type I transmembrane protein) (Nabel-Rosen
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etal. 1999; Nabel-Rosen et al. 2005 ; E denfeld et al. 2006; Israeliet al. 2007 ; T oledano-
Katchalski et al. 2007; Volohonsky et al. 2007).

Ane xampleo fH ow’sr ole inco ordinating d ifferent factors to orchestrate
development has been demonstrated in mesoderm development. In Zow null mutant embryos
primordial mesodermal ce 1ls u ndergo p remature ce 11d ivisions leadingt oad elay in
mesodermal in vagination dur ing ga strulation. T his de fect i s r escued in how, c dc25/string
double mutant. Consistently with the idea, that How regulates the cell cycle during mesoderm
development, the mRNA levels o fthe mitotic a ctivator cdc25/string are increased in how
mutants, and How(L) was found to directly bind the cdc25/string mRNA (in vitro) and to
promote cdc25/string mRNA degradation in cell lines (Nabel-Rosen et al. 2005). This finding
suggests that HOW(L) functions as a repressor of cdc25/string to facilitate a cell cycle arrest,
which p recedes a nd is necessary for p roper m esoderm invagination (Nabel-Rosenet al.
2005). M esoderm invagination is followed by mesoderm s preading. D uring t his pr ocess
mesodermal c ells s pread o ver the ect oderm. How mutants ar e also d efective in mesoderm
spreading. Three direct How(L) targets were found to be upregulate in the mesoderm of how
germline clone mutant e mbryos ( miple, falten, CG31638), and its ect opic e xpression w as
found t o lead to m esoderm s preading d efects. H owever w hile t he molecular mechanism
leading to mesoderm spreading defects is not understood, it is interesting to note that ectopic
expression o f miple leads to ectopic act ivation o fthe M AP k inase p athway, w hich is also
observed in the how mutants. This finding might explain the mesodermal spreading de fect
and further s hows an e xample o f how Quaking r elated p roteins can impinge on conserved
signaling pathways through RNA regulation (Toledano-Katchalski et al. 2007).

As mentioned int he beginning H ow(S) can co unteract H OW(L) r epression. This
opposite function o ft he t wo H ow i soforms is c ritical for t he di fferentiation of t endon
precursor ce lls t o mature tendon ce lls (Nabel-Rosen et al. 1999; Nabel-Rosen et al. 2002)
Ectodermal d erived t endon ce lls ar e r equired for the at tachment o f muscle ce llst o the
exoskeleton. The i nteraction b etween m uscle an d tendon cellsi s essential f or proper
development of both cells types (reviewed in (Volk 1999)). How(L) and How(S) were found
to regulate t he t emporal e xpression o fS tripe, an EGR ( early growthr esponse) -like
transcription factor, and a k ey regulator of tendon cell differentiation. In vivo and cell line
experiments showed that How(L) and How(S) regulate Stripe levels through mRNA decay,
or stabilization, respectively, and this function is mediated by the stripe 3°’UTR (Nabel-Rosen
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etal 1999 ; Nabel-Rosenetal 2002). Thiss hows an example o f how Q uaking r elated

proteins can control the temporal expression of a differentiation factor.

v. The mouse Quaking proteins
The mouse ho molog o fH ow w as identified t hrough t he a nalysis o fa s pontaneous
mouse mutant (quaking'*"') that showed tremor and strong myelination defects in the central
and p eripheral nervous system (CNS and PNS) (Sidman et al. 1964; Ebersole et al. 1996).
Moreover the isolation o f different e mbryonic lethal mutations in quaking showed a v ariety
of developmental d efects and t he r equirement of Q uaking proteins in ear ly e mbryogenesis
before the establishment ofa functional nervous system (Justice and Bode 1988; Cox et al.
1999). S imilar t o Drosophila, t he mouse quaking gene e ncodes for d ifferent isoforms.
Through alternative splicing six different transcripts are formed, 5 kb-A, B, 6 kb, 7 kb-A, -B
and gkI **"'. T hese isoforms are d ifferent b y t heir car boxy-terminal sequence a nd t heir
3'UTR, but all contain the STAR domain sequence (except the gkI**") (Kondo et al. 1999).
Three QKI proteins, QKI-5 (encoded by the Skb-A transcripts),QKI -6 (encoded by the Skb-
B and 6kb transcripts), and QKI-7 (encoded by the 7kb-A transcripts) are described (Hardy et
al. 1996).
The molecular function of Quaking proteins is only partially understood and includes
RNA localization (Larocque et al. 2002), regulation o f alternative splicing (Wuetal. 2002),
as well as RNA stabilization (Larocque et al. 2005).

viable

Analysis o ft he hypomyelination p henotype int he quaking mice s howed t hat
Quaking pr oteins p lay a fundamental r ole in o ligodendrocyte d ifferentiation t hrough t he
regulation o f various t argets, s ucha s P 27 ( CDK inhibitor), M AG ( myelin-associated
glycoprotein), and MBP (Myelin Basic Protein).

The Myelin Basic Protein (MBP) is a myelin component that is required for myelin
assembly (Simons and Trotter 2007), and in mouse four MBP isoforms (21.5, 18.5, 17.2, and
viable

14 kD a) are produced via alternative splicing (de Ferraetal 1985). In quaking
brain three MBP mRNA isoforms (18.5, 17.2, and 14), as well as all MBP protein isoforms

mice

(21.5,18.5,17.2, 14kD a) are r educed dur ing po stnatal d evelopment. mbp transcription, a s
well as mbp translation, are normal, however cytosolic mbp mRNA levels are reduced and the
cellular mbp mRNA localization is altered in quaking'™“”™ mouse brain (Li et al. 2000).

In oligodendrocytes and Schwann cells, the myelin producing cells, QKI-5 is mainly

expressed in the nucleus, due to an ovel nuclear localization sequence. On the other hand
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QKI-6 and QKI-7, which lack this nuclear localization sequence, are primarily expressed in
the perikaeryal cytoplasm (Hardy et al. 1996; Wu et al. 1999). Overexpression of QKI-5 in
cell lines leads to the loss of mbp mRNA and protein in the processes o f o ligodendrocytes
and to the restriction of mbp mRNA and protein to the nucleus and to the perikaryon. Similar
in vivo overexpression of QKI-5 leads to loss of MBP protein in oligodendrocyte in the brain,
while o verexpression o f Q KI-6, and/or Q KI-7 p romotes MB P e xpression (Larocque et al.
2002; Larocque et al. 2005). Consistently in quaking””" mice, which lack QKI-6 and QKI-7
expression in o ligodendrocytes, mbp mRNAs a re s trongly r educed in myelin membrane

viable

fractions and are retained in membrane free polyribsome fractions of quaking mice brain

samples (Li et al. 2000). Furthermore no mbp mRNAs can be detected along oligodendrocyte

viable

axons in quaking mice (Larocque et al. 2002). Importantly overexpression o f Q KI-6 in

quaking”™" mice restores mbp mRNA and protein expression, and rescues the myelination
defect, as well as t he t remor p henotype (Zhao et al. 2006). T hese e xperiments s how an
opposite function o f Quaking isoforms and cell line experiments suggest that the interplay
between a 11t hree Q uaking isoforms is necessaryt o f ine t une p roper M BP ex pression
(Larocque et al. 2002).

Taken together, although the molecular mechanism of how Quaking proteins regulate
MBP protein expression is not completely understood, a major function of Quaking proteins
seem to lie in the stabilization of cytosolic mbp mRNAs, as well as in the localization of mbp
mRNAs to the periphery of myelinating cells, to facilitate the proper incorporation o f MBP
proteins into myelin sheaths.

In addition to its role in myelination, Quakings also function in the cell fate decision
between neuro, an d g lia cells. Quaking pr oteins a re specifically e xpressed in neuronal
progenitor cells which acq uiredt he characteristicso fg liace llp rogenitorsd uring
embryogenesis and postnatal development (Hardy 1998). Retroviral expression of QKI-6 and
QKI-7 in multipotential neuronal progenitor cells during embryogenesis drives the majority
of Quaking e xpressing cells into glia fate, o ligodendrocytes and a strocytes, d emonstration
Quakings pot ential in p romoting g liac ell fate d etermination. Moreover studiesi n rat
oligodendrocytes cu ltures showed t hat ectopic e xpression o fQ KI-6 and -7 leads to G /G
arrest and to an e nhancement o f o ligodendrocyte maturation. QKI-6 and -7 were found to
directly bind to and to stabilize p27 mRNA in oligodendrocyte cultures. In this way Quaking

proteins are able to directly regulate a target that is involved in bo th cell cycle control and
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oligodendrocyte di fferentiation (Casaccia-Bonnefil eta 1. 1997 ; T okumoto e ta 1. 2002 ;
Larocque et al. 2005).

Similar in primary rat co-cultures of Schwann cells and neurons, ectopic expression of
QKI-6 a nd/or Q KI-7 I eads ce 1l ¢ ycle ar rest, to ec topic expressiono fP 27, and to the
expressiono ft he Schwannce 11d ifferentiation marker M BP. Ont heo ther ha nd,
downregulation of gki by siRNA leads to strong reduction of mRNA levels encoding for mbp,
p27 and krox 20, a transcription factor that is critical for PNS myelination, demonstrating also

here a role for Quakings to coordinate the differentiation processe (Larocque et al. 2009).

vi. Different mechanisms of RNA regulation, but balancing cell cycle and
differentiation factors seemsto be a conserved function o f Quaking
homologs.

Taken t ogether different m echanisms of R NA regulation, s ucha st ranslational
regulation, R NA stabilization/destabilization, or RNA localization have been described for
the d ifferent Quaking homologs. However whether t he d ifferent Q uaking homologs h ave
adapted specific roles in RNA regulation in different tissues and organism during evolution,
or w hether t hese d ifferences o nly r eflect o ur incomplete u nderstanding o f their m olecular
function, a nd po ssibly Q uaking pr oteins po sses t he pr operties o f ge neral R NA r egulators,
which control many aspects of RNA regulation, cannot be said yet, as the molecular functions
of Quaking and Quaking related proteins are just being about to be resolved.

Forallt he species discussed, different ex amples w ere described, that show th at
Quaking and Q uaking related proteins are involved in the r egulation o f cell d evelopment
through the regulation of cell cycle and differentiation factors (Fig.17).

In mouse Quaking proteins were found to orchestrate the expression of various factors
involved in oligodendrocyte and Schwann cell differentiation. Such as p27, which is involved
in the regulation of the cell cycle withdrawal and in the actual oligodendrocyte differentiation
process (Casaccia-Bonnefil et al. 1997), as well as several other factors that are involved in
myelin formation.

In Drosophila How is required for the temporal control of mesoderm development.
First How is needed to arrest cell division, to allow p roper mesoderm invagination, and
second H ow is required to repress various maternal a nd z ygotic mRNAs t o a llow pr oper

mesoderm spreading.
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And finally in C.elegans GLD-1 isrequired to prevent ect opic expression of cye-
1/cyclin E and glp-1/Notch to maintain m itotic q uiescence during meiosis, and it isa Iso

required to regulate the expression of factors involved in oogenesis.

Fig. 17 The dual function of Q uaking and Q uaking r elated p roteins in regulating t he cell
cycle and differentiation factors to orchestrate development.
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vil. Quaking’s function as tumor suppressor.

Duet o their ¢ entral function Q uaking proteins s eem also to function a s t umor
suppressors. As already described, GLD-1 functions as a tumor suppressor in the C.elegans
germline, and mutations in human quaking, and alterations in human quaking expression,
were found t o correlate w ith t umor formation (Lieta 1. 2002 b; I chimura e ta 1. 2006 ;
Mulholland et al. 2006). A recent study showed that QKI-5 and -6 were greatly reduced in
human colon c ancer ce lls in co mparison t o the ad jacent n ormal ep ithelial ¢ ells. E ctopic
expression o f QKI-5 and -6 in HT29 colon cell line cells leads to the expression of various
differentiation markers, and QKI-5and -6 w ere foundt o stabilize p27 mRNA,andt o
negatively r egulate f-catanin activity in H T29 ¢ ells. T his r esult suggests, t hat Quaking
proteins balance the cell cycle and differentiation in a s imilar way as described before in
colon e pithelia cells, and it suggests a function of Quaking proteins as tumor su ppressors

(Yang et al. 2009).
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viii. Balancing cell cycle and differentiation factors isa central function to
regulate development.

In C.elegans loss of GLD-1 leads to ectopic expression o f Cyclin-E, which together
with CKD-2 promotes the re-entry into mitosis in meiotic C.elegans germ cells. Re-entry into
mitosis then leads to embryonic gene activation (EGA), and transdifferentiation. In general
during development stem cells and progenitor cells have the ability to undergo self-renewal
and, or to differentiate into lineage specific cell types. Central to self-renewal and cell lineage
decision is a complex network of cell cycle factors and differentiation factors which underlie
mutual r egulation. T his has been e xtensively s tudied dur ing neurogenesis ( reviewed in
(Cremisi et al. 2003; Ohnuma and Harris 2003)). Different cell cycle factors were found to
regulate n euronal fate ch oice independent o f't heir function r egulating t he ce Il cycle. F or
example P27 was found to promote the decision of neuroblast cells to acquire a neuronal fate
through the s tabilization o ft he helix-loop-helix transcription factor neurogenin in X.laevis
(Vernon et al. 2003). Or Cyclin E was found to represses the transcription factor Prospero
and to promote stem cell identity in Drosophila neuroblasts (Berger et al. 2009). Prospero on
the other hand is a cell-fate determinant that regulates various genes involved in neuroblast
self-renewal, differentiation, and the cell cycle on a transcriptional level (Choksi et al. 2006).
Duetoits function inregulating both t he cell c ycle and d ifferentiation, P ropero has been
described as a dual function molecule. Some m ore dual function molecule proteins w ere
described, e. g. G eminin w hich co ordinates p roliferation a nd d ifferentiation t hrough its
various e ffects o nr egulating t ranscription ( reviewed in (Seo a nd Kroll 2006) ). T he
fundamental importance o f't ranscriptional r egulation d uring d evelopment has been w ell
described. H owever r egulation of d evelopment is not restricted t o transcription, as many
more levels of regulation are involved, such as RNA regulation, as it has been show for the
regulation of heterochronic genes in C.elegans (Moss 2007).

Therefore various mechanisms are involved in the mutual regulation of differentiation
and cell cycle factors. Disturbing this balance can lead to various developmental defects, such
as defects in oogensis, or tumor formation in g/d-/ mutants. In this way Quaking proteins can
be a dded t o the gr oup ofdual function molecules due t o their de scribed functiont o
orchestrate development through the regulation o f differentiation and cell cycle factors, and
furthermore they e xtend the complexity o fthe regulatory network through their functionas
RNA regulators.
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The fertilization of an oocyte with sperm leads to the formation of a zygote, which has the
unique ability to differentiate into any cell type. This specific ability is defined as totipotency.
Germ cells differentiate into highly specialized cells, oocytes and sperm, but germ cells also
have an underlying totipotency, as totipotent cells can be derived from germ cells. However
the mechanismst hata llow g ermc ellst o e stablish/maintain g ermline identity andt o
specialize, while maintaining an underlying totipotency, are not understood.

In C.elegans, germ cells inthe gld-1, and gld-1, mex-3 mutants fail to progress through
meiosis and instead form a germline tumor. Recently Dr. Rafal Ciosk found that germ cells in
the gld-1, and gld-1, mex-3 germline tumor lose their germline identity and instead acquired a
somatic fate, a p henotype t hat is reminiscent t o a s pecial human g ermline t umor, c alled
teratoma. This finding provided us with a genetic model system that allowed us to investigate
the mechanisms that are required to maintain germline identity, and totipotency.

To address these questions, we first needed to understand how teratoma formation occurs
in C.elegans. What is the etiology o fthe cells undergoing teratoma formation? T o ad dress
this question we used a compound mutant background in which the major mitotic and meiotic
pathways were deleted and the gonad was lacking a distal to proximal orientation. As cells
within t his gonad showed a s ynchronized de velopment w e c ould follow t he d ifferent c ell
cycle stages preceding teratoma formation. After an initial phase o f proliferation germ cells
enter meiosis, however fail to progress through meiosis, r e-enter p roliferation a nd u ndergo
germ line t o s oma t ransition. This k nowledge a llowed usto reveal the cells that lead t o
teratoma formation int he s implest g enetic b ackground, the gl/d-/ mutant. T his a nalysis
showed us that the germline tumor in the g/d-/ mutant is formed by two major populations of
cells, a ce ntral and proximal tumor. As already the loss of GLD-1 alone leads to teratoma
formation we sought to identify G LD-1 targets. Int his a nalysis we could define core cell
cycle factors as new G LD-1 targets, namely cyclin E and Cyclin Bs. Genetic e xperiments
showed that ectopic expression o f Cyclin E together with CDK-2 promotes the re-entry into
mitosis and tumor initiation in the central region of the gld-1 gonad. This re-entry into mitosis
leads to loss of germ line identity and unexpectedly to a change in the transcriptional program
of the cells, preceding expression o f markers o f terminally differentiated cells. Furthermore
we found that ectopic expression of a known GLD-1 target, GLP-1, promotes proximal tumor
formation and suppresses germ line to soma transition in these cells.

Taken together this study revealed that different cell populations lead to the formation of

the h eterogeneous g ermline tumor inthe gld-1, or gld-1, m ex-3 mutant, and identified its
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major regulators. Further this study provides a first mechanism promoting germline to soma
transition. We propose that the loss of GLD-1 leads to ectopic expression of its targets, such
as Cyclin E and t he s omatic d eterminant P AL-1/Caudal. E ctopic e xpression o f C yclin E
promotes re-entry into mitosis and a ¢ hange in the transcriptional profile o fthe cell, which
creates an e nvironment t hat a llows a somatic d eterminant t o p romote germ lineto soma
transition. The importance of'this finding is that it is not only the loss of translational control
that leads to teratoma formation, but also a ¢ hange in the transcriptional co mpetence o f the
cells, and it emphasizes the importance of cell cycle control during meiosis as a fundamental

mechanism to maintain germline identity.
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a. Additional worm strains:
Following additional worms strains were used:

o gld-2(q497) gl d-1(q495);u nc-32(el189) gl p-1/hT2 ( qls48; ph aryngeal G FP),
[unc119::GFP, rol-6 (sul006)] >1labID: 48

o mex-3(0r20) gl d-2(q497) g 1d-1(g485), un c32(el189) gl p-1( ql75)/hT2 ( qls48
pharyngeal GFP), [unc-119::GFP, rol-6 (sul006)] > lab ID: 99

o gld-2 ( q497) g 1d-1 ( q485); u nc-32 ( e189) g Ip-1 ( q175)/hT2 ( qls48; p haryngeal
GFP+); integrated myo-3::YFP (Fire vector L 4671, pPD133.63) >lab ID: 45

o mex-3 (0r20) gld-2 (q497) gld-1 (q485); unc-32 (e189) glp-1/hT2 (qls48; pharyngeal
GFP); integrated myo-3::YFP (Fire vector L 4671, pPD133.63) > labID: 51

o gld-1 (g485); unc-32 (e189) glp-1 (q175)/ hT2[qls48]; fem-1 (hcl7ts) > lab ID: 120

o gld-1(q485)/ hT2[qls48]; fem-1 (hc17ts) (CGC: RAF-3) > lab ID: 121

o mex-3(0r20)/hT2[qls48], unc-119::GFP > lab ID: 1

o mex-3 (or20) gld-1 (q485); glp-1 ts (e2141); him-8 (e1489)/ h'T2 (qls48; pharyngeal
GFP); edIsb [unc119::GFP, rol-6 (sul006)] X > lab ID: 180

o mex-3 (or20) gld-1 (q485)/ hT2 (qls48; pharyngeal GFP); edlsb [unc119::GFP, rol-6
(sul006)] X >1abID: 14

b. Creation of transgenic lines
i. Injection.

Microinjection w asp erformed as d escribed in wormbook
(http://www.wormbook.org/chapters/www_transformationmicroinjection/transformationmicr
oinjection.html). T he bacterial ¢ lone car rying the Fire expression vector ( pPD133.63)
containingaY FPr eporteru nder theco ntrolo ft he muscle myo-3 pr omoter
(http://www.addgene.org/docs/fire/andrew/Vec99.pdf), w as grown ina 2 00ml LB medium
culture over night at 37°C and the vector was purified the next day using the Midi-Qiagen kit
(Cat. No. 12143). The purified DNA was diluted at a concentration of 100ng/ul in H,O and
injected with a pressure of 6094 h Pain into the gonads of adult wild type worms by using a
Zeiss A xiovert200M e quipped with a E ppendorf micro manipulator/ Transjector 5246. The
injection needles were pulled by Jacqueline Ferralli using a N eedle/Pipette Puller Model 720
from D avid Kopf I nstruments T ujunga C alifornia U SA. T he settings w ere, s olenoid: 1. 8,

heater: 10.8.
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ii. Integration of extra chromosomal arrays.

40 L4 animals w ere transferred on a N G2% p late, seeded with OP50 bacteria. T he
plate was irradiated with 2500 r ads (386s, 120V). The worms were cultured for 2d at 20°C
and ~500 F1 were singled on a new plates. After 3d 4-8 F2 worms were singled from plates
that showed a v ery high transmission rate, and the following F3 generation was scored for
100% transmission r ate. T he ex pression p attern o f favorite ¢ lones w as validated, and t he

worms were backcrossed to the wild type N2 strain.

iii. Bombardment protocol.
1. Worm culture.

unc-119 (ed3) worms were starved on 1-2 large (~15cm) peptone rich plates (2.5%
w/v Difco-Agar (BD 214530), 2% w/v Bacto-Peptone (BD 211677/BD 211820), 0.12% w/v
NaCL, 5pg/ml cholesterol, 1 mmol/l MgSO, 25mmol/l KH,PO,), which were seeded with
NA22 E.coli bacteria, at 20°C. The worms were transferred on 6-8 large NA22 peptone rich
plates, g rown till ad ult s tage, b leached, a nd s ynchronized o n p lates w ithout food ( Dauer
plates) at 20°C. The larvae were distributed on large N A22 peptone rich plates, cultured at
20°C, and used for bombardment as L4/young adults.

2. Gold particle preparation.

25mg o f go Id particles ( Chanpur, K arlsruhe, C at. No. 009150, 0.3-3 mic ron) were
weighed into a siliconized 1.5ml tube. 1 ml o f70% E thanol w as ad ded, the p articles were
agitated for 5Smin on a vortex machine, and the tube was put in a rack for Smin to allow the
beads to settle. After a short spin with the table centrifuge, the Ethanol was removed and the
same procedure was repeated 3 times with sterile distilled water. After the last washing step,
the water was removed and the beads were resuspended in sterile 50% glycerol (in ddH,0).
The beads can be stored for 4 weeks at 4°C.

To prepare the micro carrier, they were soaked in 100% isopropanol (Merck), dried,
and inserted into the bombardment holder. In parallel the worms were collected in M9 buffer,
washes, and plated in the center of two 10cm NG2% agar plates.

Toload D NA onthe gold p articles, beads w ere ag itated for 5 min o n t he v ortex
machine, 80ul were removed, and transferred into a siliconized 1.5ml tube. The beads were
mixed ona vortex again for 3min, and i mmediately 32ul of 0.1M spermindine was added.
The beads were agitated for Imin, and 8ul of DNA (0.5M) were added. Subsequently 80ul of
2.5M CaCl2, were added drop wise, while the beads were constantly agitated on the vortex
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machine. The tube was put in the rack to allow the beads to settle for 3min, the supernatant
was removed, and the gold particles were resuspended in 240ul 70% Ethnaol. As the gold
particles are sticky to the wall of the tube, it is necessary to scratch them of the wall with the
pipette tip. Finally the particle were spinned down for a few seconds, and resuspended in 801
100% E thanol. The go Id pa rticles w ere r esuspended by p ipetting, and mixed by using a
vortex for 3min. 10ul were loaded onto one microcarrier. T he Biolbalistic Particle Delivery
Sytem ( BioRad M odel P DS-1000) was used for bombardment with a pressure of 1350psi.
And the worms were shot twice per DNA construct.

After shooting the worms were kept at 15°C for 2h, then distributed on 5cm NG2%
agar plates, seeded with OP-50 E.Coli bacteria, and cultured at 25°C. A fter 2-4 weeks wild

type moving worms were singled on separated plates.

c. Insitu hybridization.
i. Insitu probe preparation
The in situ hybridization was basically performed as described byGina Broitman-Maduro

and Morris F. Maduro ( http://www.faculty.ucr.edu/~mmaduro/resources.htm). Total R NA

was extracted from ~500ul wild type worm pellet according to the Trizol protocol (Invitrogen
Cat. No. 15596-026), DNA contamination was removed by using the Ambion DNA-free kit
(AM1906), and cDNA was synthesized from 1.2g RNA using oligo d T primers and the Im
Prom-IT k it from P romega ( A3800). Two cDNA reactions (each 20ul) were pooled and
supplemented with 60ul DEPC H,O. 5-10ul cDNA were used in a 100ul PCR reactions to
produce the probe template DNA (Fast Start PCR, Roche, 12 032 929 001 ). The right length
PCR product was gel purified (Promega Wizard SV Gel and PCR Clean-Up System, A9281)
and additionally purified by a standard Ethanol precipitation. The pellet was dissolved in 20pl
DEPC H,O. 1pg ofthe purified PCR product was used for DIG RNA labeling according the
standard pr otocol, including the DNAse I digest (DIG RNA labeling Kit (SP6/T7) Roche,
Cat. No. 11 175 025 910). For purification, 2.5ul LiCI (4M), and 75ul 100% ice cold ethanol
were added, the probe was incubated at -80°C for 1h, centrifuged at 13000g for 15min at 4C°,
and the supernatant was decanted. Then the probe was washed in 50ul 70% ice cold ethanol,
centrifuged for 5min at 4 °C, the supernatant w as d ecanted and the p ellet was air dried at
room temperature. Finally the probe was resuspended in 50ul DEPC H,O, subdivided into
Sul aliquots, and stored at -20°C.
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To check for probe quality, it was run in a 2% agarose gel, and the labeling efficiency of
different probes was estimated by performing a dot plot as described in DIG Northern Starter
Kit protocol (Roche, Cat. No. 12 039 672 910).

ii. Gonad dissection, fixation, and hybridization.

Gonads were dissected in 40ul M9/Levamisol (c=1mM) buffer on a microscope cover
slip. Most of the liquid was removed, the cover slip with the worms was placed on a poly-L-
Lysin coated microscopy slide, and the slide was frozen on dry ice. For fixation the cover slip
was flipped o ff t he microscopy slide and the sample w as incubated in 100% Methanol (-
20°C) for Smin. This was followed by a hydration series, consisting of 90%, 70%, 50%, and
DEPC-H,0; the sample was incubated for 5Smin at each step. The sample was then fixed in
NTF (protocols for buffers and solutions, see original Maduro protocol) at 37°C for 1h (jar
was kept in the waterbath). Afterwards the sample was rinsed twice in DEPC-H,0, and twice
in 2 xSSC, each time for S5min atroom temperature. The s lides were placed in a humidity
chamber, and a 300ul drop of prehybridization buffer was added to the sample, the slides
were incubated for 1 hat 4 2°C. The probe was diluted at a concentration of 1ng/ul in
prehybridization buffer, heated at 65°C for Smin, and then chilled at room temperature. 60ul
probe were added per slide, which was then covered by a microscopy slide and sealed with
rubber g lue. T he p robe w as h ybridized o vernight at4 2°C. T he ne xt d ay t he s lides w ere
washed two times in 2xSSC, and two times in Formamide buffer (FB), eachtime 5 min at
42°C. This was followed by a second round o f washes, two times in 2xSSC, in T ris-NaCl,
and then in TN buffer, each time the washes were done for Smin at room temperature. A jar
containing blocking buffer was kept in the waterbath at 37°C and the sample was incubated
for 3 Omin. The a nti-DIG antibody was diluted 1:3000 in blocking buffer and 50ul were
applied per slide. The slides were covered with a glass slide, put in a humidity camber and
incubated for 3h at 37°C. Afterwards the slides were washed two times in TN buffer, and one
time in T NM b uffer for 1 Omin eachtime. T henthe s lideswereputina jar co ntaining
developer solution for approximately 4 h. A fter 2h the p ositive and negative c ontrols were
regularly controlled for signal development. At the time the sample showed a clear signal in
the positive control, the reaction was stopped by washing the slides in TN-EDTA. Finally the
samples were mounted with Vectashield (Vetor S1024).



iii. Image acquisition.

MATERIALS AND METHODS

The images were captured with a Zeiss ImagerZ1 microscope equipped with a 63x/1.4

oil lense and AxiocamMRm (Zeiss) camera. Images were acquired with the same e xposure

time and processed in Adobe Photoshop CS3 in an identical manner.

In situ primer sequences:

Primer Primer sequence

Primer target

name sequences and
orientation
BB61  gaagaatacaaggaaagaatgactg vet-1-AS fw
BB62 TAATACGACTCACTATAGGGAC cattttggagtgtttccttgatage vet-1-AS rev
BB63 TAATACGACTCACTATAGGGACgaagaatacaaggaaagaatgactg vet-1-SENSE fw
BB64  cattttggagtgtttccttgatage vet-1-SENSE rev
BB53  aatccgaatctgcttacgaatctg vet-2-AS fw
BB54 TAATACGACTCACTATAGGGACTttaacacctccaaatggtccgee vet-2-AS rev
BB55 TAATACGACTCACTATAGGGACaatccgaatctgcttacgaatetg vet-2-SENSE fw
BB56 ttaacacctccaaatggtcegee vet-2 SENSE rev
BB33 TAATACGACTCACTATAGGGACTtctcttttcattgtggtagegteg vet-4-AS rev
BB34 ttcatctacacccttgggetegg vet-4-AS-primer fw
BB35 tctcttttcattgtggtagegteg vet-4 -Sense rev
BB36 TAATACGACTCACTATAGGGACTttcatctacacccttgggetegg vet-4 -Sense fw
BB49  catatggttcgecgtteattege vet-6-AS fw
BB50 TAATACGACTCACTATAGGGACTatctctgcatactttgaagcacge vet-6-AS rev
BB51 TAATACGACTCACTATAGGGACTcatatggttcgecgttcattcge vet-6-SENSE fw
BB52  atctctgcatactttgaagcacge vet-6-SENSE rev
BB29 attatctcagatgttgatgcgatge pes-10-AS fw
BB30 TAATACGACTCACTATAGGGACTcaagttgtgcagcaagtcctgatte pes-10-AS rev
BB31 TAATACGACTCACTATAGGGACTattatctcagatgttgatgcgatge pes-10-SENSE fw
BB32  caagttgtgcagcaagtcctgattc pes-10-SENSE rev
BB37 TAATACGACTCACTATAGGGACTtggcgtaatccttgacaataacteg nhr-2-AS rev
BB38  tggtttgtggtgataactctactgg nhr-2-AS fw
BB39  tggcgtaatccttgacaataactcg nhr-2 -Sense rev
BB40 TAATACGACTCACTATAGGGACTtggtttgtggtgataactctactgg nhr-2-Sense fw
BB45 TAATACGACTCACTATAGGGACTagagtttcgccgacgeagateg hlh-1-AS rev
BB46  tgcacctaccactttctactcgg hlh-1-AS fw
BB47  agagtttcgccgacgeagatcg hlh-1-SENSE rev
BB48 TAATACGACTCACTATAGGGACTtgcacctaccactttctactcgg hlh-1-SENSE fw
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d. DNA fluorescent in situ hybridization (FISH)
The DNA was performed according to a protocol from Gyorgyi Csankovszki from the
Barbara Meyer laboratory (UC Berkeley, USA).
i. Probe labeling and purification.
The probe was labeled according to the Nick Translation Mix protocol (Roche, Cat.No.
11 745 808 910) and purified using the Promega Wizard SV Gel and PCR Clean-up system.
40ul salmon sperm (10mg/ml) were added and the DNA was additionally pur ified by a
standard ethanol precipitation. The pellet was resuspended in 160ul deonized formamide
(Merck) through vigorous pipetting. The probe was denatured at 72° for 10min, chilled on
ice, resuspended in 160ul 2xhyb buffer (1 part 20xSSC, 2 parts 10mg/ml BSA, 2 parts 50%
dextran sulfate), and was stored light protected at —20°C.
Probe templates:
> baf-1: cosmid containing the baf-1 coding sequence (wormbase: B0464)
> 5srRNA: the template DNA was PCR amplified from wild type N2 genomic DNA
and gel purified.
Primer sequences:
SG-2185: TACTTGGATCGGAGACGGCC
SG-2186: CTAACTGGACTCAACGTTGC

ii. Gonad dissection, fixation, and probe hybridization.

Gonads were dissected in 40ul sperm salt (50mM P IPES ph =7 ( dissolves o nly
completely, if ph is adjusted), 25mM KCL, 1 mM MgSo4, 45mM NaCl, 2mM CaCl,), mo st
liquid was removed, gonads were fixed in 8ul 1% PFA/ sperm salt buffer for Smin at RT, and
transferred on a poly-L-Lysin coated slide. The slide was frozen on dry ice, after at least Smin
the sample was cracked open and the slide was dehydrated in a series o f Ethanol dilutions,
70% (-20°C), 80% (RT), 95% (RT), 100% (RT) for 2min each. The sample was air dried and
20ul in situ probe were applied. For denaturation, the slide was placed on a 95°C heat block
for 3 min, and then put in a hu midity c hamber at 3 7°C o ver night. The ne xt day the s lides
were w ashed 3 x5min in 2 xSSC/ 50% formamide ( 39°C), 3x Smin in 2 xSSC (39°C), and
I1x10min in 1 xSSC (39°C). For D NA staining t he slides were p laced ina jar c ontaining
4xSSC a nd H oechst 34580 ( 1:10000, I nvitrogen H 21486) f or 10 mina t R T. T his w as
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followed b y 3 x5Smin w ashes in2 xSSCa ndt hes lides w ere mounted in P rolong g old

(Invitrogen P36930).
iii. Image acquisition.

Images were ac quired w ith a Zeiss C onfocal LSM510 M ETA, A xioplan2 microscope,
deconvolved by using the Huygens Remote Manager (Ponti A. et all. 2007). Imaris software

was used for image analysis.
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