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Summary

RNA modifying enzymes are an important part of the gene expression cascade in eukaryotic
cells. Especially, enzymes that directly modify mRNAs turn out to be potent post-
transcriptional regulators. A prominent mRNA feature that is often targeted in this context is
the homopolymeric adenosine stretch at its 3’, also known as the mRNA poly(A) tail. The
length of this structure is quite dynamic and can determine the fate of an mRNA. Short-tailed
MRNAs are envisioned to be unstable and inefficiently translated, whereas long-tailed mMRNAs
are stable and efficiently translated. In the cytoplasm, the length of the tail is modified by two
evolutionary conserved protein families known as deadenylases (DeAds), which shorten the
tail, and cytoplasmic poly(A) polymerases (cytoPAP), which elongate the tail. Although, DeAds
and cytoPAPs are important enzymes in RNA biology their biological roles in multi-cellular
organisms were only scarcely characterized. In the work presented here, Caenorhabditis
elegans is used as a model to investigate the roles of deadenylases and cytoplasmic poly(A)
polymerases in regulating gene expression programs of developing germ cells. By combining
classical genetic with biochemical and genomics approaches, | identified the cytoPAP GLD-2
and CCF-1, a DeAd of the Ccr4-Not complex as the key enzymes that are utilized for mMRNA
regulation in germ cells. My combined data suggests that these two factors control the level
of mMRNAs by modulating the length of poly(A) tails. The opposing activities of GLD-2 and
CCF-1 are employed by various gene-specific RNA-binding proteins to control mRNA
abundance and translation of their targets. In conclusion, this work establishes the enzymatic
framework that is used for poly(A)-mediated gene expression control in germ cells and
provides valuable insights into how RNA-modifying enzymes are utilized in development to

control specific gene expression programs.



Zusammenfassung

RNA-modifizierende Enzyme sind ein wichtiger Teil der Genexpressionskaskade in
eukaryotischen Zellen. Insbesondere Enzyme die direkt mMRNAs modifizieren, haben sich als
potente post-transkriptionale Regulatoren herausgestellt. Eine prominente mRNA-Struktur,
auf welche in diesem Zusammenhang oft abgezielt wird, ist der homopolymerische
Adenosinabschnitt am 3‘ Ende, auch bekannt als mRNA poly(A) Schwanz. Die Lange dieser
Struktur ist dynamisch und kann das Schicksal einer mMRNA beeinflussen. mRNAs mit kurzen
Schwanzen sind instabil und werden ineffizient translatiert. Im Gegensatz dazu, sind mMRNAs
mit langen Schwanzen stabiler und werden effizienter translatiert. Im Zytoplasma wird die
Lange eines poly(A) Schwanzes von zwei evolutionar konservierten Proteinfamilien verandert.
Deadenylasen (DeAds) verklrzen und zytoplasmatische poly(A) Polymerasen (cytoPAP)
verlangern diese Struktur. Obwohl DeAds und cyoPAP wichtige Enzyme in der RNA-Biologie
sind, wurden deren biologische Rollen bisher nur unzureichend untersucht. In der hier
prasentierten Arbeit wird der Modellorganismus Caenorhabditis elegans benutzt, um die
Bedeutung von Deadenylasen und cytoplasmatischen poly(A) Polymerasen fir die
Regulierung von Genexpressionsprogrammen in sich entwickelnden Keimzellen zu studieren.
Durch die Kombinierung von klassisch genetischen mit biochemischen und genomischen
Herangehensweisen konnte ich die cytoPAP GLD-2 sowie CCF-1, eine DeAd aus dem Ccr4-
Not-Komplex, als Schlisselenzyme fir die Regulierung von mRNAs in Keimzellen
identifizieren. Meine gesammelten Daten sprechen dafir, dass diese Faktoren mRNA-
Mengen kontrollieren, indem sie die Lange derer poly(A) Schwénze verandern. Dabei werden
die entgegengesetzten Aktivitaten von GLD-2 und CCF-1 von spezifischen RNA-bindenden
Proteinen benutzt, um gezielt die Menge sowie die Translationseffizienz von bestimmten
MRNAs zu kontrollieren. Zusammenfassend stellt meine Arbeit die Bedeutung des
enzymatischen Systems, welches fir die poly(A)-gestitzte Regulierung von
Genexpressionsprogrammen in Keimzellen genutzt wird, heraus und zeigt, wie RNA-

modifizierende Enzyme gezielt in der Entwicklungsbiologie eingesetzt werden kdnnen.



1. Introduction

1.1. Post-transcriptional gene expression control

The basis for all developmental processes is the ability of cells to control the spatial and
temporal production of proteins. An organism needs to produce the right set of proteins at the
right time in development. In general, gene expression can be controlled on the transcriptional
or post-transcriptional level. Transcriptional regulation takes place in the nucleus and controls
the production of mRNAs by regulating the access of RNA polymerase Il to genes. Post-
transcriptional regulation is much broader and can affect many different processes in a cell.
This type of regulation can affect mMRNA processing, splicing and export in the nucleus as well
as mMRNA degradation, storage and translation in the cytoplasm. The cytoplasmic events are
often commonly referred to as translational regulation. Although, transcriptional and post-
transcriptional regulation can be utilized in most cells some cell types such as germ cells are
dominated by post-transcriptional mechanisms. Especially, translational regulation is an
important aspect of germ cell development. Hence, germ cells provide valuable insides into

how complex gene expression programs can be controlled primarily in the cytoplasm.

1.2. RNA-binding proteins

RNA-binding proteins (RBPs) occupy a central position in cytoplasmic regulation of gene
expression. They are employed to regulate MRNAs on the global as well as on a gene-specific
level. This is achieved by the ability of an RBP either to bind to a general or specific structural
component of an mMRNA. The typical mRNA consists of a cap structure on the 5’ end, the 5’
untranslated region (UTR), the open reading frame (ORF), the 3’ UTR, and the homopolymeric
A-stretch at the 3’ end called the poly(A) tail. Proteins that bind either the cap or the poly(A)
tail are considered global RNA regulators as every mRNA contains these structures (KONG
AND LAsko 2012). Examples are the cap-binding protein elF4E or the cytoplasmic poly(A)
binding protein PABPC. On the cellular level, global regulators are important for stress

responses (Roux AND ToOPISIROVIC 2018). For example, elF4E activity is directly targeted
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under stress conditions to regulate global protein synthesis (MuUsA et al. 2016). RBPs that
regulate just a subset of MRNAS bind to specific sequence motives which are usually present
in the UTR regions. Many of these factors belong to evolutionary conserved protein families.
Prominent examples that control cytoplasmic mMRNAs are members of the PUF protein family
(PUmilio and EBF), STAR protein family (Signal Transduction and Activation of Ribonucleic
acid), Tis1ll protein family or TRIM-NHL protein family (TRIpartite Motif - NCL-1/HT2A/LIN-
41) (VERNET AND ARTzT 1997; BAouU et al. 2009; CONNACHER AND GOLDSTROHM 2020;
NISHANTH AND SIMON 2020). Specific regulators fulfill important functions during the

development of tissues by controlling the protein production of key developmental factors.

1.3. Translational regulation of mMRNAs

Protein synthesis, also known as translation, is often the process that is directly or indirectly
targeted to regulate gene expression in the cytoplasm. Translation itself is a multistep process
that can be divided into three phases: initiation, elongation and termination. During the
initiation phase, the two ribosomal subunits are recruited to the mRNA. During elongation, the
assembled ribosome moves along the mRNA and a polypeptide chain is produced. During
termination, the ribosome dissociates from the mRNA and is disassembled into its subunits.
Theoretically, translational control can be exerted in any of the three phases, however the vast
majority of regulatory mechanisms that have been described so far target the initiation phase

(GEBAUER AND HENTZE 2004).

Translation initiation is facilitated by the canonical mMRNA structures; the cap and the tail, as
well as multiple proteins. More than 20 proteins called eukaryotic translation initiation factors
(elFs) are involved in mRNA recognition and ribosomal subunit recruitment (MERRICK AND
PAvITT 2018). Of pivotal importance during early stages of initiation is the elF4 complex. This
multi-subunit complex consists of the scaffolding protein elF4G, which in turn serves as a
central binding hub, the cap-binding protein elF4E, the RNA helicase elF4A and the ribosomal

interacting complex elF3 (LAMPHEAR et al. 1995; MADER et al. 1995). Additionally, elF4G



contains binding domains for the cytoplasmatic poly(A) binding protein (PABPC) (TARUN AND
SACHS 1996). It is envisioned that elF4G bound to elF4E and PABPC on an mRNA leads to
the formation of a closed loop conformation bringing the 5’ and 3’ end of an mRNA in close
proximity, which in turn stimulates translation initiation (Fig.1). In general, the activity of many
specific RNA-binding proteins has been proposed to interfere with the formation of the close-

loop conformation of a target mMRNA (GEBAUER AND HENTZE 2004).
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Figure 1. Model of mMRNA closed loop formation and how this process can regulate translation. (A)
During canonical translation initiation the cap and tail structures of an mRNA are in close proximity
through the interactions of eukaryotic translation initiation factors (elF) with the poly(A) binding protein
(PABPC). (B) Deadenylases (DeAds) shorten the poly(A) tail dispel PABPC from the mRNA and disrupt
the closed loop formation. (C) Cytoplasmic poly(A) polymerases elongate shortened poly(A) tails
reestablishing PABPC interactions and stabilizing the closed loop formation again.

1.4. Poly(A) mediated gene expression control

Contrary to the rigid nature of the cap structure, the poly(A) tail is the most dynamic structure
of an mRNA. Nuclear polyadenylation is a co-transcriptional default process that liberates the
RNA from its site of transcription and assists MRNA export (SACHS AND WAHLE 1993). In the
cytoplasm, the homopolymeric A-tail is removed as part of the natural mMRNA decay pathway
(DECKER AND PARKER 1993). However, the poly(A) tail is also a platform for regulatory
translational control mechanisms that exploit its two cytoplasmic functions, enhancing mRNA
stability and translatability (MATHEWS et al. 2007). In particular, the length of the poly(A) tail is
an indicator of the mRNA'’s fate. A short tail makes an mRNA less attractive for translation
initiation and renders it rather unstable, whereas a long tail stimulates translation initiation and
stabilizes an mRNA (MUNROE AND JACOBSON 1990; DECKER AND PARKER 1993). It is
commonly believed that changes in tail length directly influence ribosome recruitment by
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changing the efficiency of the mRNA loop formation mediated by the elF4 complex.
Interestingly, many developmentally important RNA-binding proteins that regulate specific
subsets of mMRNAs have been proposed to recruit enzymes that actively change the length of

the tail (GOLDSTROHM AND WICKENS 2008).

1.5. Pol(A) modifying enzymes

1.5.1. Deadenylases
Enzymes that shorten the tail of MRNAs are called deadenylases (DeAds). They represent a
conserved class of exonucleases that specifically hydrolyze homopolymeric A-stretches
(GOLDSTROHM AND WICKENS 2008). In terms of gene expression control DeAds have a dual
role in mMRNA regulation. On one hand these enzymes are regulators of global gene
expression as deadenylation is part of the canonical cytoplasmic mRNA decay pathway
(DECKER AND PARKER 1993). On the other hand, DeAds can be utilized to control specific
subsets of MRNA by being recruited to a target via an RNA-binding protein (GOLDSTROHM AND

WICKENS 2008).

The most studied deadenylases are Ccr4 (carbon catabolite repressor 4), Cafl (Ccrdp-
associated factor 1), Pan2 (PolyA nuclease 2) and PARN. All are evolutionary conserved from
yeast to humans, only PARN might not be present in every organism, for example in budding
yeast and flies no gene could be identified that encodes this particular DeAd (BOECK et al.
1996; KORNER et al. 1998; DAUGERON et al. 2001; TUCKER et al. 2002; GOLDSTROHM AND
WICKENS 2008). In general, the strong evolutionary conservation of the different DeAds is an
indicator for the crucial roles these enzymes play in RNA regulation.

Ccr4 and Cafl are part of the multi-subunit Ccr4-Not complex. The two DeAds together with
the large scaffolding protein Notl form the central module of the complex to which a number
of auxiliary factors known Not proteins can bind to (WAHLE AND WINKLER 2013). Although the
components of the central module are broadly conserved, the number of additional Not

proteins was increased during evolution from six in yeast to seven in mammals (BAI et al.
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1999; BAWANKAR et al. 2013). Interestingly, the enzymatic balance between Ccr4 and Cafl
changed during evolution, with Ccr4 being the dominant enzyme in yeast and Cafl in
Drosophila (TUCKER et al. 2002; TEMME et al. 2004). In general, loss of Ccr4-Not complex
components leads to a strong accumulation of polyadenylated RNAs in yeast, fly and

mammalian cells (TUCKER et al. 2001; TEMME et al. 2004; YAMASHITA et al. 2005).

The Pan2-Pan3 complex consists of the single catalytic subunit Pan2 and its co-factor Pan3
(BOECK et al. 1996; BROWN et al. 1996). Despite the strong evolutionary conservation of this
complex, loss of Pan2-Pan3 function has little effect on cytoplasmic deadenylation in yeast
and fly (TUCKER et al. 2001; BONISCH et al. 2007). Intriguingly, PARN has a number of
properties that distinguish it from the Ccr4-Not and Pan2-Pan3 complex. First, PARN acts as
homodimer and binds the cap structure (DEHLIN et al. 2000). Second, while the two other DeAd
complexes are primarily cytoplasmic, PARN can be found mainly in the nucleus (YAMASHITA

et al. 2005; BERNDT et al. 2012).

In multicellular organisms Ccr4, Cafl, Pan2 and PARN are considered to be widely expressed.
However, in this regard just Ccr4 and Cafl have been analyzed in detail. Northern blot
analyses in mice showed that Cafl mRNAs are expressed in all tissues (ALBERT et al. 2000).
In Drosophila, CCR4 and CAF1 proteins are detected at all developmental stages (TEMME et
al. 2004). A similar observation was made in C. elegans. Here, the mRNA for the Cafl
homolog, CCF-1 is expressed during all developmental stages (MOLIN AND PUISIEUX 2005).
For Pan2 and PARN only data from tissue culture systems or specific cell types provide
indications into their expression pattern. Pan2 protein is detected in mouse fibroblast, monkey
kidney as well as human kidney, bone and epithelia cells (YAMASHITA et al. 2005; ZHENG et al.
2008; FABIAN et al. 2011; BETT et al. 2013). PARN protein is expressed in Xenopus oocytes
and retina cells, mouse brain tissue and myoblasts, human epithelia, blood and gastric cells
(COPELAND AND WORMINGTON 2001; BAGGS AND GREEN 2003; MORAES et al. 2006; LEE et al.
2012; MARAGOZIDIS et al. 2012; UDAGAWA et al. 2012; ZHANG AND YAN 2015). Collectively, this

argues that all four deadenylases, Ccr4, Cafl, Pan2 and PARN, are most likely expressed
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and active in every cell of an organism. Overall, the functionality of all four enzymes has been
primarily studied in a single cell context and little is known about the roles of Ccr4, Cafl, Pan2

and PARN in development.

1.5.2. Cytoplasmic poly(A) polymerases
Enzymes that elongate poly(A) tails of mMRNAs in the cytoplasm are called cytoplasmic poly(A)
polymerases (cytoPAPSs). Contrary to nuclear PAP, these proteins belong to the group of non-
canonical poly(A) polymerases that do not contain any domains that facilitate direct
interactions with RNAs. Two cytoPAPs have been described so far, GLD-2 and GLD-4 (WANG
et al. 2002; ScHMID et al. 2009; BURNS et al. 2011). Both enzymes belong to two distinct,
evolutionary conserved protein families that contain no sequence homology outside their
catalytic regions (MINASAKI AND ECKMANN 2012). GLD-2 proteins so far have only been
identified in nematodes, flies, frogs and mammals but not yeast (WANG et al. 2002; KwAK et
al. 2004; ROUHANA et al. 2005; BENOIT et al. 2008; Cul et al. 2008). GLD-4 belongs to the
TRF4 protein family which is conserved from yeast to mammals (MINASAKI AND ECKMANN
2012). In yeast, flies and mammalian cells TRF4 homologous proteins represent the catalytic
subunit of a nuclear RNA surveillance complex (SCHMIDT AND BUTLER 2013). However, the
worm TRF4 ortholog GLD-4 as well as the mammalian TRF4 paralog hGLD4/PAPD5 localize
predominantly to the cytoplasm (ScHMID et al. 2009; BURNS et al. 2011). This suggests that
cytoPAPs might have evolved specifically in multi-cellular organisms to fulfill the demands that

complex biological systems have towards RNA regulatory mechanisms.

In general, cytoPAPs by themselves seem to have weak polyadenylation activity. The best
understood and most studied enzymes of this class are GLD-2 and GLD-4 from nematodes.
Recombinant GLD-2 promotes poly(A) addition to a substrate only weakly, and substrate
polyadenylation can be stimulated by interacting proteins such as GLD-3 or RNP-8 (WANG et
al. 2002; Kim et al. 2009). Crystal structure analyses revealed that GLD-3 or RNP-8
interactions stabilize the fold of the GLD-2 catalytic domain, thereby stimulating the

polyadenylation activity of the enzyme (NAKEL et al. 2015; NAKEL et al. 2016). Similar
12



observations were made for GLD-4, as tethering assays in Xenopus oocytes have shown that
GLD-4 activity is stimulated by interactions with its co-factor GLS-1 (ScHMID et al. 2009). This
suggests that the activity of cytoPAPSs is tightly controlled via its interacting partners and that
these enzymes most likely can only gain their full enzymatic potential as part of larger RNP

complexes.

In development, cytoPAPs are particularly important in germ cells. Loss of GLD-2-type
proteins in worms and flies leads to severe defects during spermatogenesis as well as
oogenesis (KADYK AND KIMBLE 1998; Cul et al. 2008; SARTAIN et al. 2011). GLD-4 has only
been characterized in worms, where the loss of the protein results in a reduction in fertility and
smaller brood sizes (SCHMID et al. 2009). Interestingly, nematode GLD-2 and GLD-4 in germ
cells counteract each other during entry into meiosis and work synergistically during the
progression of meiosis (SCHMID et al. 2009; MILLONIGG et al. 2014). This nicely illustrates the
multi-layered relationship these two enzymes can have during germ cell development and
suggest that they promote similar as well as distinct gene expression programs. Unfortunately,
little is known about how GLD-2 and GLD-4 might regulate such programs on the molecular

level.

1.6. Germ cell development of the model organisms C. elegans

The germ line of the nematode Caenorhabditis elegans (C. elegans) has emerged as a model
tissue to study RNA regulation in the context of a developmental system (NOUSCH AND
EckMANN 2013). In general, the worm has two sexes, male and hermaphrodite. Whereas
males produce only sperm, hermaphrodites produce sperm at the last larval stage and switch
to the production of oocytes with the onset of adulthood. The gonad in both sexes is a tube-
like structure in which germ cells mature in a distal to proximal orientation. Germline stem cells
divide mitotically in the most distal part of the tissue and enter meiosis further proximal. During

spermatogenesis germ cells within the tissue go through all stages of meiosis and develop
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into fully differentiated functional sperm cells. During oogenesis germ cells within the tissue

arrest at the end of prophase | and finish meiosis after fertilization (Fig. 2).

The C. elegans germ line is a syncytium where many nuclei share a common cytoplasm.
Despite the lack of cellular membranes to partition cells distinct protein expression patterns
have to be established to guide germ cells through all the different developmental stages.
Interestingly, many protein expression patterns can be recapitulated by fusing their 3’ UTRs
to a GFP reporter protein (MERRITT et al. 2008). Furthermore, it has been shown that RNA
metabolism-associated factors are significantly more abundant in the germ line than in the
soma and that many of them are important for germ cell development (WANG et al. 2009;
GREEN et al. 2011). Collectively this argues that protein expression within this tissue is
primarily controlled on the post-transcriptional level. This makes the C. elegans germ line the

perfect tissue to study the biological roles and molecular mechanisms of RNA regulators.

PR L/Z Pachytene IDipIoteneJ Diakinesis

Figure 2: Cartoon of the adult hermaphroditic germ line. Germ cells develop in a distal to proximal
orientation. In the proliferative region (PR) germ cells divide mitotically. At the end of PR, cells enter
and subsequently go through the indicated stages of prophase | before arresting as fully developed
oocytes at the end of diakinesis. The star marks the distal end of the tissue. Sperm usually present at
the proximal end of the tissue is not shown. L/Z — Leptotene/Zygotene
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2. Aims of this work

Using the germ line of the nematode C. elegans as a model the following questions were

addressed:

Q)
(1
(D)
(V)

(V)

Which deadenylases are important for germ cell development?

Which roles do cytoplasmic poly(A) polymerases have in mRNA regulation?

Can cytoplasmic poly(A) polymerases have enzymatic-independent functions?
Can a tissue-specific ribosome purification method be adopted to analyze germ
cell translation?

How are opposing poly(A) modifying enzymes utilized during germ cell

development?
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3. Results

3.1. The Ccr4-Not deadenylase complex constitutes the main poly(A)

removal activity in C. elegans

Overarching guestion

Which deadenylases are important for germ cell development?

Svynopsis of the publication

Deadenylases have been studied quite intensively in unicellular organisms such as yeast or
tissue culture systems. For example, our knowledge about the roles of DeAds in the mRNA
decay pathway is based on studies using such systems (TUCKER et al. 2002; YAMASHITA et al.
2005; Y1 et al. 2018). However, little was known about DeAds in multicellular organisms in
general and C. elegans in particular. Especially, a comparative analysis of the biological roles
of the different deadenylases had never been done before in any model organism. Therefore,
| used a combination of genetics and molecular methods to investigate the roles of worm
homologs of the main DeAds, Ccr4, Cafl, Pan2 and PARN in C. elegans focusing particularly
on putative roles of the different enzymes in germ cell development. | found that all
deadenylases are strongly expressed in germ cells. Whereas ccr-4, panl-2 (the Pan2
homolog) and parn-1 mutants produce less offspring, the reduction of CCF-1 (the Cafl
homolog) results in complete infertile hermaphrodites. This shows that only CCF-1 is essential
for germ cell development. Furthermore, | found that the two deadenylases of the Ccr4-Not
complex CCR-4 and CCF-1 provide the major RNA deadenylase activity on the organismal
level. In general, this work provided the basis as well as tools and reagents that allow further

in-depth investigations into how deadenylases regulate gene expression in germ cells.
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Summary

Post-trunscriptional regulatory mechanisms are widely used to control gene expression programs of tissue development and physiology.
Controlled 3' poly(A) tail-length changes of mRNAs provide u mechanistic basis of such regulation, affecting mRNA stability and
translational competence. Deadenylases are a conserved class of enzymes that facilitate poly(A) tail removal, and their biochemical
uctivities have been mainly studied in the context of single-cell systems. Little is known about the different deadenylases and their
biological role in multicellular organisms. In this study, we identify and charactenze all known deadenylases of Caenorhabditis elegans,
und identify the germ line as tissue that depends strongly on deadenylase activity. Most deadenylases are required for hermaphrodite
fertility, albeit to different degrees. Whereas cor-d and cof~/ deadenylases promote germline function under physiological conditions,
pand-2 und parn-1 deadenylases are only required under heat-stress conditions. We also show that the Cerd-Not core complex in
nematodes is composed of the two catalytic subunits CCR-4 and CCF-1 and the structural sabunit NTL-1, which we find to regulate the
stability of CCF-1. Using bulk poly(A) tail measurements with nucleotide resolution, we detect strong deadenylation defects of mRNAs
at the global level only in the absence of cord, cof~/ and nel-1, but not of pant-2, parn-I and parn-2. Taken together, this study sugpests
that the Cerd-Not complex is the main deadenylase complex in O efegans germ cells. On the basis of this and as a result of evidence in
flies, we propose that the conserved Cerd- Not complex is an essential component in post-transeriptional regulatory networks promoting

animal reproduction

Key words: Germiine development, Poly(A) metabolism, Deadenylase, Translational regulation

Introduction

Deadenylases are a conserved class of enzymes that catalyze the
removal of poly(A) tails of mRNAs (Goldstrohm and Wickens,
2008). As part of cytoplasmic mRNA decay pathways,
deadenylation s a regulator of global genc expression by
initinting mRNA degradation (Decker and Parker, 1993), As
part of translational control mechanisms, deadenylation is
utilized in genc-specific  expression  conmtrol, leading W
translational repression of mRNAs (Goldstrohm and Wickens,
2008).

Much of our knowledge abour the biological roles of
deadenylases was primarily mferred from studies in yeast, or
tissue culture systems of flies and mammals (for recent reviews
see Goldstrohm and Wickens, 2008; Parker, 2012; Wahle and
Winkler, 2013). Because some deadenylases are essential, studies
of their biological roles in multicellular systems have been
hampered (DeBella et al,, 2006; Molin and Puisicux. 2005;
Neumiller et al, 2011). The deletion of u non-essential
deadenylase in Drosophila resulted in gametogenesis defects
(Morris et al,, 2005). A similar observation was made for another
deasdenylase in mice (Nakamurs et al, 2004), suggesting thit
deadenylases in general could have important functions in germ
cell development (Nousch and Eckmann, 2013). Over recent
years, the nematode model organism €' efegany became a
paradigm for studying mRNA regulation in connection with germ
cell development. The significance of poly(A)-mediated mRNA
control is substantinted by the germline requirements of

cytoplasmic polyiA) polymerases (Schmid et al, 2009; Wang
et al, 2002). However, the roles of deadenylases remain largely
unexplored in €' elegans or other multicellular orguntsms,

The best-understood cukarvotic deadenylases thus far are
CCR4 (carbon catabolite repressor 4), CAF1 (Cerdp-associated
fuctor 1), und PAN2 (PolyA nuclease 2), which arc conserved
across cukaryotes from yeast to human, and PARN (PolyA-
specific nibonuciease), which is not present in budding yeast and
fly (Boeck ct al,, 1996; Daugeron et al., 2001; Goldstrohm and
Wickens, 2008; Korner et al,, 1998; Tucker et al,, 2002), With the
exception of PARN, the other three enzymes are part of larger
protein complexes; CCR4 and CAFI belong to the Cerd Not
complex and PAN2 to the Pan2 Pund complex. The Cerd Not
complex 18 a multi-subunit deadenylase that is composed of
core module and auxiliary factors. Three protemns build the core,
the two catalytic subunits CCR4 and CAF1 (also known as Pop2)
and the farge scaffolding protein NOT1 (negative on TATA),
which anchors the auxiliary factors to the complex, The core of
the complex is broadly conserved. However, the number of
CCR4A und CAFI proteins expanded during evolution, While
yeast encodes one CCR4A and CAF1 variant each, mammalian
cells express two varnts of cither factor (Tucker et al,, 2002;
Yamashita et al., 2005). Additienally, the number of auxiliary
factors differs among organisms, Inmally, six auxiliary factors
were described in 8. cerevisiae: Not2p, Notdp, Notdp, NotSp,
Cafd40p (also known as Not9) and Caf130p (Liu et al, [1998).
With the exception of yeast Cafl30p, all are evolutionarily
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conserved and orthologs have been described in flies and
mammals (Demis and Chen, 2003; Temme et al, 2004),
Furthermore, the complex is extended i Trypanosomes by
NOT10, and in flics and mammals by NOT10 and NOTII
(Bawankar et al., 2013; Firber et al., 2013; Mauxion et al.. 2012;
Temme et al., 2010). The enzymatic balance between CCR4 and
CAF1 changed during evolution, While CCR4 is the dominant
enzyme in yeast (Tucker et al, 2002), CAF1 is the prevalent
deadenylase in Drasophila (Temme et al,, 2004), In general, loss
of Cerd-Not complex activity leads to strong cytoplasmic
deadenylation defects in yeast, flics and mammals (Temme
et al.. 2004; Tucker et al., 2001: Yamashita ct al., 2005).

The Pan2-Pan3 complex is an evolutionanly conserved
heterodimer consisting of the single catalytic subunit, PAN2,
and its co-factor, PAN3, in yeast and humans (Bocck ct al., 1996;
Brown ct al., 1996; Uchida et al., 2004 ). However, loss of Pan2-
Pan3 complex function has little effect on cytoplasmic mRNA
deadenylation in veast and fly (BOnisch et al., 2007; Tucker et al,,
2001). Interestingly, the less conserved deadenylase, PARN, has
u number of properties that distinguishes it from the Cord-Not
und Pan2-Pan3 complex. First, PARN acts as a homodimer and
binds the mRNA 5’ cap structure. While homodimerization of
PARN is essential for RNA hinding and deadenylase activity
(Wu et al,, 2005), its cap-binding ability stimulates its enzymatic
activity only slightly (Dehlin et al,, 2000). Second, while the two
lorger deadenylose complexes are primunly cytoplasmic, PARN
15 primarily localized to the nucleus (Bemdt eof al, 2012;
Yamashita et al., 2005),

With this study, we document the importance of deadenylases
for reproduction in the model organism C. ¢legany, using RNA{
knockdown experiments or deletion mutants. First, we identified
seven deadenylases in this nematode, including their associated
protein complex members. Second, we characterized the
expression of the five major deadenylase families in wild type
und deadenylase mutants, investigate their biological roles in
germling development and establish their global impuct on bulk
poly(A) tail metabolism. Third, we provide evidence that a
cytoplasmic CCR-4-CCF-1-NTL-1 core deadenylase complex
assembles in germ cells and is crucial for oogenesis. Intriguingly,
we find that the expression of the dominant deadenylase CCF-1
relies on the co-expression of NTL-1, the presumed scaffolding
subaunit of the Cerd-Not deadenylase complex,

Results

Using Blast scarches with all known yeast, fly und human
deadenylase factors against the C elegans genome (Wormbase
release WB233), we identified seven conserved deadenylases and
their known protein complex subunits, They either belong to the
Cerd-Not and Pan2-Pan3 complexes or classify as orthologs of
PARN (parn-1), Angel (angl-1) and 2' phosphodiesterase (pde-12)
deadenylase family members (Fig. 1: supplementary material
Table S1). Interestingly, no ortholog for the previously described
deadenylase nocturnin could be identified (Baggs and Green,
2003). We also note that by performing evolutionary distance
analysis, we found the CaflzTOE! deadenylase 10 be more
similar w0 PARN  than  w  Cafl/CNOT7  deadenylases
(supplememtary matenial Figo S1); hence, we named the C
elegans ortholog parn-2 (Poly A-specific ribonuclease homolog 2).

Components of the presumed Ccrd-Not complex in
C. el
The C. elegans ortholog of Cafl 15 encoded by a single genctic
locus on LG /7 and is termed c¢f-1 (yeast CCR4 associated factor
1) (Fig. 1B). The production of a single transcript from that locus
has previously been described (Fig. 2A) (Molin and Puisicux,
2008). The predicted protein translated from this mRNA s 310 aa
in length and contains 0 DEDD-type nuclease domain (Fig. 2B),
which is numed after conserved catalytic Asp and Glu residues
(Zuo and Deutscher, 2001 ). In order 1o characterize CCF-1 protein
expression. specific antibodies were raised against the full-leagth
protein, The isolated monoclonal antibody recognizes a single
band a1 ~36 kDa in western blots (Fig. 2F). Imporciantly, the
intensity of this band is decreased by cof-/(RNAD knockdown,
which confirms the specificity of the antibody (Fig. 2F). Further
unalysis of hermaphrodites and males showed that CCF-1 is
expressed mn both sexcs: a comparison of glp-J(ts) animals at
restrictive temperature 1o wild-type animals showed that CCF-1 is
stongly  expressed in the germ line (Fig. 2F). glp-l()
hermaphrodite adults lack a gemn line wher grown at a restricted
temperature and serve 1o assess the abundance of somatic versus
germline  expression. Moreover, CCF-1 5 present at all
developmental stages, albeit less abundant in embryos and Li-
stage animals (Fig. 2H).

The second catalytic subunit, Cerd, is encoded by o single
genetic locus located on LG /1 (Fig 1B). As in budding yeast,

C PAN (ke deodervlase comples memtserny
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mw td‘-u‘ Bl_} nk-1b -ask protein domain structure of Cord-Not core components shown in
m actin — A The different colors show the | of known & s
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L 55 expression analysis of poly{A)-enniched RNA of wild-type
H éy OIS e XN ﬁ hermaphrodites. (F) Western blot analysis of adult worms with
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the gene is dubbed ccr-4 (CCR homolog 4) in € elegans
(Fig. 1B}, According to biomformatc predictions, multiple
isoforms might be generated from that locus (WB233),
Expressed sequence-tag analysis confirmed the expression of
two alternative mRNAs, which are both SLI trans-spliced (data
not shown). The two transeripts, coerda and cor-#b, wilize o
different first exon that harbors u start codon, leading to a
difference of 72 nucleotides that primarily affect the S'UTR
sequence (Fig, 2A). Northern blot analysis revealed o single
wild-type mRNA band, which is likely a combination of both
RNA isoforms due to the limited resolution power of the agarose
gel (Fig, 2C). At the amino acid level, CCR-4a and CCR-4b
proteins are predicted to be 66 aa and 613 an in size,
respectively. The two proteins differ at their N-terminus;
CCR4a and CCR4b possess seven and 14 unique amino acids,
respectively, The remaining 599 amino scids are identical, and
contain N-terminal leucine-rich repeats and a C-terminal catalytic
domain, which belongs to the endonuclease-exonuclease-
phosphatase superfamily (EEP) (Fig. 2B). As both proteins are
highly similar to each other, and we lack tools to distinguish
them, we refer to both protein isoforms as CCR-4 throughout this

unknown anti-FLAG cross-reacting background band (G)

work. A monoclonal antibody, raised against the shared C-
terminmal two thirds of CCR-4 (Fig, 2B), recognized a single band
at 70 kDa in wild-type animals that is facking in cor-4(tmi312)
amimals. which carry a 500 nt deletion (Fig. 2AF). Although a
stable truncated out-of-frame mRNA is produced in cer-
(m1312) (Fig, 2C) no truncated protein form was detected
(data not shown). CCR-4 s expressed in both sexes, present in
the soma and the germline tissue, and is equally abundant
throughout development (Fig. 2F,H).

The presumed scaffolding protein NOT1 is encoded by the
genetic locus fer-71] on LG 1T (Fig, 1B) (DeBella et al., 2006).
Since in € elegans all NOT proteins are termed NOT-like
proteins, we refer to ler-741 as ml-1 throughout the rest of this
work. Onc transeript is predicted to be produced from the mil-!
locus (WB233). However, northemn blot analysis showed that two
distinct mRNA isoforms are generated; a prevalent ~6.6 kb and
a less abundant ~8.6 kb transcript. Both mRNAs are expressed
1w similar extent and ratios in wild-type hermaphrodites and
males (Fig. 2D). Either transcript is substantially reduced in glp-
Ifts) amimals, suggesting that arl-/ 1s strongly expressed in the
germ line (Fig, 2D). Intriguingly, both nel-] transcripts are even
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more abundant in embryos (Fig. 2

1), Our ¢DNA sequence
analysis confirmed the existence of two altemative transcripts,
wil-la and nel-1h. Both transcripts carry an SL1 sequence
unrm‘d:;llcl) upstream of the start codon, suggesting that they
are the product of two distinet trins-splicing events (Fig. 2A). At
the amino acid level, NTL-1a and NTL-1b are predicted to be
2641 an and |875 an in size, respectively, While NTL-1a has a
unique N-terminus of 766 au, both isoforms are identical in the
rest of the protein sequence, harboring & domain that shows
similanty to & MIF4G domain, which is important for binding
Cafl In yeast and human. and a C-terminal region that is
conserved among all described NOTI proteins (Basquin ¢t al,,
2012) (Fig. 2B). As our attempts to raise antibodies against NTL-
I were unsuccessful, we decided to analyze NTL-1 protemn
expression using a Coerminal LAP-tagged nel-/
(Fig. 2A). A LAP-ag is o chimera of GFP fused with three
FLAG epitope tags (Cheeseman and Desa, 2005)

fransgene

Three
transgenic lines were established and all three displayed similar
EXpression anti-FLAG  antibodies, blotting
experiments detected o major band of ~260 kDa (Fig. 2G) and
u mmor band at —330 kDa, which are lacking in non-trunsgemni¢
worms (data not shown) and are strongly reduced in transgenic
umimals treated with m/-J(RNAQ) (Fig. 2G). The shorter NTL-
1:LAP products detected by western blotting are presumabiy
degradation products as their existence 1s not supported by our
nrl-1 ¢cDNA and northern blot analysis

Taken together, these results show that the three core members

Using westem

of the putative C. elegany Cerd-Not complex are expressed in
either sex, abundant throughout hermaphrodite development, and
pre sting that the

deadenylase complex might function in germ cell development

ent in somatic and germiine tissues, sugg

Germline expression of C. elegans Ccrd-Not core
complex components
The expression analysis of cor<d, cofsl and asl-! sugges

ts that all
might be adult
hermaphrodites. The adult hermaphroditic germline tissue 15
composed of undifferentiated und differentiated germ oclls that
are stereotypically arranged in o lincar manner with temporl and
spatial resolution of cach step dunng cogencsis. Only m its most
distal part, germ cells divide miutotically. In the remaining

three profems present o germ cells of

proximal part, germ cells initiate gametogenesis and undergo the
meiotic program while differentinting into ooeyies. In the most
proximal part,
meiotic prophase and remain stored until ovulated

To test il all three presumed Cerd-Not complex components
are co-expressed at any specific stage of female germ cell
development, germ lines of adult hermaphrodites were extruded
and subjected o indireet immunofluorescence analysis. We
comparcd germ limes from wald type with mutant and control
RNAI with gene-specific RNAi-treated animals.

While endogenous CCF-1 protein is present throughout the
entire germ line, it is more abundant in germ cells that entered
meiosis and progress through the pachytene stge (Fig, 3A)
Endogenous CCR<4 and NTL-1:LAP are uniformly distributed
throughout the entire germ line with no apparent differences in
their expression (Fig. 3B,C). All three proteins are predommately
localized 1o the cytoplasm of all germ cells (Fig. 3A" C7), Taken
together, the cytoplasmic
components s consistent with the existence of a CCR4-CCF-

I-NTL-1 complex m all germ cells of adult hermaphrodites.

co-expression of all three core

fully-grown oocytes amrest in the last stage of

A

DAPY eyl DAPY

Fig. ). Germline expression of CCF-1L, CCR~4 and NTL-1. Epifluorcscent
oibite gonads stained with DAPI andd prinsary
1AL CCT-1, (B) CCRA, amed (C) antz-FLAG
gainst LAPtagged NTL«| protesn (INTL-1:LAP). Antl-GLH-2

A% used a8 3 bssue pengtration comtrol (data pol shawn b An astersk

staning
marks the distal cod of the gonal. Scale bars: 50 um. (A'-C") Magnifications
rm cells sained with DAPE (eft) and the antibodies

1), Scale bar: 5 pm

ol pachysene

vomresponxtimg o AL (s

suggesting a  likely common role in female germline

development

CCF-1, CCR-4 and NTL-1 form a protein complex in

C. elegans

The Cerd-Not complex has been biochemically characterized in
yeast, fly and human (Bai et al, 1999; Lau et al., 2009; Temme
et al, 2010). To assess if CCR-4, CCF-1 and NTL-1 associate
with each other to form a larger protein complex, we conducted
immunoprecipitation expeniments. To this end, we prepared
whole-worm extracts from the transgenic strain that expresses
LAP-tagged NTL-1, and wsed it as starting materal for two
different immunoprecipitation expeniments (Fig. 4A.B),

In the first pull-down experiment, we compared anti-GFP
pellets of trunsgenic and non-transgemic extracts. We observed an
enrichment of NTL-1::LAP with associated CCF-1 and CCR-4
from the transgemic extract only (Fig. 4A). Importantly, the
interaction between the three proteins is specific as no
enrichment was observed for tubulin (Fig, 4A). In the second
experiment, we compared immunoprecipitations with anti-CCF-1
untibodies to non-specific IgGs. Consistent with a specific
enrichment of endogenous CCF-1. endogenous CCR-4 and
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Vig. 4, COF-1, COR-4 and NTL-T form a stable Cord-Not core complex
In C dlegans, (A B) Co-immunoprecpitation experiments of CCF-1, OCR-4
and NTL-10LAP. Whole-worm extracts were prepared from mixed stage
wild-type and transgenic NTL-1LAP expressing animaols
Immupopeecipitatsons were performed with (A) anti-GFP ot (B) sat-CCF-}
antibodies and non-specific Igts Two mdependent experimental repeats
each, (C<E) OCF-1 abundance i lmked to NTL-1 abundance, (C.D) Wesiern
blot analysts 10 assess CCF-1, CCR-4 and NTL-1 proscin mierdependence in
wild-type or NTL-1:LAP trunsgenic adudrs. Loading control (1L.C) is in C
tubulin or (0 D an wunkovwn anti-FLAG cross-reacting background basml

(E) Extruded gonads of control or nef-/ RNAi-treated aduby were staned for
CCF-1. The ami-GELH-2 signal was used 45 2 tissue penetaation conteol. Distl
Is 1o the left il the region shown corresponds to late pachytene germ cells
Scale bar: 23 ym

NTL-1:LAP co-ennched to equal levels (Fig. 4B). Importantly,
the interaction between the three proteins is specific as no
enrichment was observed for dynamin (Fig. 4B). We chose this
control due 1o species incompatibility in the TP and western blot
experiments as the heavy chains of the IgG protein obstructed the
detection of tobulin. Taken together, the immunoprecipitation
experiments  suggest that a CCR-4-CCF-1-NTL-1 protein
complex is formed in vive in O elegans. Morcover, as we
observe a co-enrichment of both NTL-1 isoforms with CCF-1
precipitales, we assume that the MIFAG domun may mediate this
nteraction,

While testing for the specificity of our antibodies; we noticed
that the protein abundance of CCF-1 depends on NTL-1
expression, A reduction of NTL-1 protein levels by RNAi
caused a mild but consistent decrease of endogenous CCF-1 in
wild-type or NTL-1::LAP transgenic amimals (Fig. 4C.1D). No

changes of CCF-1 levels were detected in cor-d(tm1312) or cer-
SRNAL animals (Fig, 4C.D), Contrary to CCF-1, endogenous
CCR-4 levels do not change in case of ntl-] or cofs] RNAL
knockdown (Fig, 4C,D). Smmilarly, NTL-1 protein levels are
unaltered when CCF-1 is downregulated by RNAG, or CCR-4 i3
absent in cer-d(ml312) (Fig 4D). A NTL-1-dependent
abundance of CCF-1 s further corroborsted by comparing
extruded germ limes of mt/-1{RNAI) with control RNAS animals
stained for endogenous CCF-1 protein (Fig. 4E). Altogether,
these data suggest thnt CCF-1, CCR-4 and NTL-1 form the
enzymatic core of a Cerd-Not deadenylase complex in O
elegans. Moreover, a differential protein expression dependency
of one core component exists; CCF-| abundance depends on
NTL-1 presence, but not vice versa.

Ccrd4—-Not core components are important for fertility

To determine whether the Cerd-Not complex is importunt for
germlime function, we asked whether its core components arc
necessary for general fertility, by nssessing the brood size of self-
fentilizing hermaphrodites. The number of living self-progeny is
an indicator of germline integrity and functionality. We
compared wild-type with cer-dftm/312) mutant animals and
gene-specific RNAT (against cof-1 or mtl-l) with control RNA:
treated animals (Fig, 5). While strong RNAI of cof~! leads to a
pachytene arrest of germ cells, homozygote cof</ mutants show
strong lurval lethality (Molin and Puisicux, 2005). Homozygote
-l mutants are Jarval lethal, a phenotype that we could
recapitulate with mtl-f(RNAQ) (DeBella et al., 2006; Molin and
Puisicux, 2005). Therefore. we used an RNAI sctup that allows us
1w specifically address the biological relevance of CCF-1 and
NTL-1 proteins in late stages of female gamctogencsis (soc
Materials and Methods).

Wild-type or control RNA# animals produce on average ~320
viable offspring at 20°C (Fig. SA, dat not shown), Consistent
with previous data (Molin and Puisicux, 2005), animals with
reduced cof~/ activity were cither sterile with no viable offspring
(7 out of 26), or produced on average ~6 vuable progeny (19 out
of 26) (Fig. 5A). Animals without cor-4 activity were fertile but
produce a significantly smaller brood size, which 1s about one-
third smaller than that of wild type (Fig. 5A). Animats with
reduced nsl-1 activity produced on average — 13 viable progeny
(Fig. 5A). These results suggest that cof-/ and ntl-1 are crucial
for fertility, whereas cor-d activity contributes less strongly to
fertility. In combination, these data argue for a pivotal role of the
Cerd-Not complex in regulating reproductive capability and
suggest o role in adult germ cell development,

The Ccrd-Not complex Is important for germline tissue
organization

Since all three core members of the Cord-Not complex are
important for full reproductive capacity, we investigated potential
underlying gametogenesis  defects, Therefore, we  extruded
gonads  from adult hermaphrodites and characterized their
germline tissue organization by immunostainings (Fig. 6), We
studied germ cell morphology by visualizing the actin cell cortex
with antibodies against Amillin  (anti-AIN-2), the nuclear
envelope with antbodies ngainst the nuclear pore complex
(NPC) epitope recognized by mAb414, und the organization of
the chromosomes via DAPI staming (Fig. 6A), Moreover, we
analyzed oocyte-specific markers that reveal the progress of
©ogenesis In connection to meiotic progression (Fig. 68).
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Fig. 5, Deadenylase mutants display o redoced focundiry, The femliy of
parental bermaphrodites (n) was unalyzed by counting hatched FI larvae
(progeny ) (A) AL20°C, core Cord-Not comples compovents are required for
forily. An RNAY knockdown of cof-! or mtl-1 induces sterility. The brood
sz of cor-dmd S121 mumants 15 also sgnificamly reduced, (B) A1 28T,
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2 mutamts, A suppression of puen-/ stenlity is observed upon additional prem-
incresse m embryonic kethality was observed for

2 removal. No detectab
cor-diaml 3120, the pand mutants and pore-f (data not shown) Segnificance
was coloulated by two-tniled student's raest **£ =001, ***F=000]

The overall germ cell organization in the distal region of the
germ line 15 similar between wild-type, control RNAL cof-
HRNAL), cor-ditml!312) and ni-1(RNAH snimals (data not
shown), However, small differences in the mitotic region und
entry into meiosis were seen, affecting mostly the starting point
of meotic entry (data not shown), The maost striking
abnormalities. were present in the proximal region of cof-7- or
ntl-1-compromized anmimals. In contrast to wild-type germ lines,
which harbor in their proximal region ococytes that are armanged in
a singlecell row, oof-/(RNAY and ntd-I(RNAH) germ lines
possessed several cell rows of oocyte-like germ cells (Fig, 6A)
While these cells still resemble diakinetic oocytes, they are much
smiller in size. Morcover, Anillin is less prominently localized to
the cell cortex and appears more diffuscly cytosolic (Fig, 6A),
indicating a defect in cellular organization. When combined,
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Fig. 6, CCF-1 and NTE-1 are essential for germiine organization and
ougenesis. (AB) Extruded gonads of given genotypes were stumed for cather
(A) muclear pore compleaes (NPC) and the cell conex (amill), or (B) P
granules (GLIL2) or an pocyte-enriched maturation marker (OMA). Meiotic
stages are revealed by chromosome stasneng (DAPI), Scale bar i (A) 20 pm,
(B) 10 pm. (C) Brood size analysis of feminized wikl-type oe corditmi3/2)
animals that were crossed each with 2 single wild-type virgin male
Significance was calculated by two-tailed student’s ~iost. ***# > 0.001

these data suggest that the melotic program of oocytes completes
prophase [, but the normal ococyte differentiation process fails
upon CCF-1 or NTL-1 knockdown

The degree of cellular disorganization was the strongest in ntl-
JRNAIQ) germ lines (Fig. 6A). The proximal oocyte-like cells are
much smaller in size than i control RNAT germ lines, and many
more nucler are present in the proximal region of mel- [{RNAQ)
germ lines, indicating that multiple cell rows are formed. While
the DNA diakinetic  nuclel, the
perinuclear NPC staining 18 lost m the most proximal cells and
is strongly granular, resembling nucicar envelope fragmentation
reminiscent of maturing oocyies. Surprisingly, no obvious
morphological defects were found in cor-#tml1312) germ
lines (data not shown) Therefore, we conclude thmt
differentiating oocytes are abanormal i animals compromised in

configuration  resembles

ccf=! and ml-1, but not cor-f activity

To assess if the vogenic differentiation program 1s affeoted by
the absence of Cord-Not core components, we tested for the
presence of ocogenic fate markers by immunofluorescence
Extruded germ lines were stained with @ pan-OMA antibody
that recognizes OMA-1 and OMA-2. Both proteins are essential
for oocyte maturation and gradually accumulate in the ¢ytoplasm
of growing oocytes (Detwiler et al, 2001); therefore, they
indicate late stages of oogenic differentiation (Fig. 6B). While
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OMA accumulation in proximal germ lines of control RNAJ is
essentinlly identical to developing wild-type oocyies, cof-
HRNAD germ lines show two defects. OMA protein expression
is delayed and its subcellular localization 18 more granular
(Fig. 68). Conversely, the granular pattern of GLH-2 15 lost in
ccf-H(RNAi) oocytes (Fig, 6B). Interestingly, while the granular
GLH-2 protein expression pattern s maintained in o= (RNAZ)
oogenic cells, no OMA expression was detected (Fig. 6B). In
germ lines of cor-f(tml1312) animals, OMA and GLH-2
expression pattern resembled wild type (Fig. 6B). These data
suggest that cof~! and ntl-/ activities are important for late
oogenesis, however, the molecular pathologies are distinet upon
the reduction of the two complex components. A direct
involvement of the Cerd-—Not complex in OMA  expression
regulation remains an open question

Although cer-4fmi312) was compromised in  progeny
production, no morphological defects were detected (Fig. 6B).
Thus, we tested oocyte quality as a likely reason for the partial
infertility. Feminized wild-type or cor-4(rml3/2) animals were
crossed with wild-type virgin males and the resulting brood size
was analyzed. Wild-type mothers (n=17) produce on average
=400 offspring in this assay, whereas cor-d(tmi3l2) mothers
(n=13) produce on average only ~ 170 offspring (Fig, 6C). This
fertility assay indicates that a defect in cer-¥(tm/ 312} animals is
associated with either oogenesis or 4 somatic part of the
hermaphroditic gonad.

Components of the presumed Pan deadenylase complex in
C. elegans

The Pan2-Pan3 complex consists of two proteins, Pan2 and Pan3,
cach encoded hy a single gene on LG /I in the C. elegans
genome (Fig. 1A.C). The locus panl-2 (pan-like 2) expresses a
single SL1 spliced transcript (Fig, 7B), which is highly abundant
in germ cells as confirmed by northem blotting (Fig. 7F). A
predicted PANL-2 protein is 1131 aa i size, carrying in its C-
terminus the putative catalytic domain that belongs to the RNase
T exonuclease family, The pani-2(tm/575) deletion mutant
produces a truncated panl-2 mRNA and ts expected to produce
no functionnl protein (Fig. 7AF),

The locus pani-3 (pan-like 3) expresses a single SL1 spliced
ranseript (Fig. 7A), which is atso highly abundant in germ cells
(Fig. 7F). A predicted PANL-3 protein is 634 aa in size and has a
putative poly(A}-binding protein-interacting motive (PAM2) in
the N-terminus and is most similar to other Pan3 proteins in its C-
terminus, The panl-3amlI82) deletion mutant produces a
truncated panl-3 mRNA and 15 expected to produce no
functional protein (Fig. 78B.F).

Pan-complex components affect fertility at elevated
temperatures

As a putative Pan2-Pan3 complex may assemble in germ cells,
we tested its impact on fertility,. A brood size analysis was
conducted using single and double mutant pan/-2(tm1575) and
pant-3(tmi 182} alleles. Although both deletions are expected to
be strong less-of-function mutants, they are maintained as
homozygote amimals and o minor reduction of fertility was
observed at 20°C (data not shown), Therefore, we challenged the
animals by rinsing them at elevated temperatures. At 25°C, wild-
type animals produce on average —~260 offspring, whereas pan/-
2(tmi575) und  panl-3(tmrlI182) single mutants  have a
significantly reduced number of offspring, which ts similar to

A panal-2 s M m
e — 55 ot o e
—
B
ponl-3 T HIE o
L ) 182 00t of hamel

Fig. 7. Genomic locus, mutunts and expression products of pani-2, pani-3,
parn-I and parn-2. (A-D) Gene and mRNA stroctares are shawn of (A} panl
2, (8) paad-3, (C) parw- 1 amd (D) prarw-2. Colors indicate procein domains, as
given in E. Deleted regions in mutants and iheir effect on the coding potential
are mdecated below the genomie loctes. Darker Tines nbove the exons
correspond 1o the 7 of the hern blot probes. (E) The protein domain
structure of PANL-2, PANL-3, PARN-1 und PARN-2. Colors iisdicate the
position of putative domains as predicted by PFAM or by protem sumilarity to
human bomologs: RNaseT excouchesse similarsty (Plmi0929, violet);
PABP-mtesacting motil PAM2 (Plam07 145, brown); catalytie domain of
protesn Kimases (PK6, MamOi69, yellow): conserved roglon |n Pand
bomologs (Pand, orange). deadenylase domum DEDD (PFO4SST, red)
Conserved C3H zinc-finger (blue) and predicted basic noclear localization
signal (green) present m PARN-2 homologs, (F.G) Northern blot analyses of
total mRNA. Tramsenpts encoding (F) compooents of the putative Pan2-Pand
complex and (G) the two different PARN proteins are stroogly expressed
the germ line

panl-2 pani-3 double mutants (Fig, 5B), This suggesis that the
putative Pan2 Pan3 complex is important for robust germline
function at elevated 1emperature.

PARN-like proteins in C. elegans

Two pam-genes, parn-1 and parn-2, show similarity to the
DEDD deadenylase PARN and are located on LGV oand /7,
respectively (Fig. 1A.D), Either gene produced o single mRNA
wranscript, as confirmed by ¢DNA analysis and northern blotting,
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which is highly enriched in germ cells (Fig, 7C.D.G). While
PARN-1 contains only a DEDD-type catalytic domain in its N-
terminus, PARN-2 contains also a C3H-zine finger and a
predicted nuclear localization signal in its C-terminus (Fig. 7E),
Either deletion mutant, pam-1(tm869) of parn-2(tmi339),
produces a truncated mRNA specics and is expected to produce
1 non-functional protein (Fig. 7C,D.G).

parn-1 but not pam-2 activity affects fertllity at elevated
temperatures

As both parn-like genes are strongly expressed in germ cells, we
tested their impict on fertility in brood size analysis. Similar to
pani-genes (Fig. SB), only a minor defect was observed at 20°C
for the parn-1(tm&69) single mutant, while the parn-2(tm1339)
single mutant was not affected (data not shown). Hence we
repeated our analysis at 25°C. Again, the parn-I{tm869) single
mutant showed a significant reduction in fertility, whercas the
parn-2{tm1339) single mutant did not (Fig. 5C). Interestingly, an
climination of pern-2 in combination with parn-l restores
fertility of the parn-! parn-2 double mutant 1o wild-type levels
(Fig. SC), This suggests that the parn-{-associated fertility defect
might be caused by the activity of parn-2. In summary, both C.
elegany PARN genes, parn-1 and parn-2, are expressed in the
germ hine and loss of parn-/ results in reduced fertility.

The Ccr4-Not complex comprises the main deadenylase
activity in C. elegans

Finally, we characterized the molecular function of either €
elegans deadenylase activity in respect to global poly(A) tail
metabolism, To reveal in vive enzymintic activity of the Cerd-Not
core complex, the Pan2-Pan3 complex and the two PARN-hke
proteins, we conducted bulk poly(A) tail measurements from
wild-type. mutants or RNAj-treated adults (Fig. 8). With this
method, global poly(A) tail-length chunges ure detected (Temme

et al., 2004), To this end, total RNA was isolated from whole
worms, labeled on the 3° end and partially digested to remove
non-pol¥(A) RNA sequences. The remaining poly(A) matenial is
size-separnted on high-resolution polyacrylamid gels (Fig, 8A).
mRNAs from wild-type or control RNAi-treated animals
passess poly(A) tails from 20 to 80 nt in length, with the
length distribution peaking around 30 nt (Fig, 8B, lane | and 6,
Fig. 8D-F). Thss distnbution is different in cor-4(tm i 312) mutant
or cor-4(RNA{ ammals. Bulk poly(A) tails increase in length and
an enrichment of poly(A) tails in the 60-70 nt rnge is observed
(Fig. 8B, lanc 2 and 3, Fig. 8D, and supplementary material Fig.
S2A.B). Interestingly, a similar peak at 60-70 nts is observed
when cofs activity is downregulated by RNAI (Fig. 8B, lane 4,
Fig. 8E). Additionally, a significant population of mRNAs
containing poly(A) 1ails longer than 70 nt appears (Fig, 8B,
lane 4, Fig SE). In mu-/(RNAi) an abundunce of extra-long
poly(A) tmls is even more pronounced (Fig, 8B, lane 5, Fig. 8F).
Together, our results suggest that all Cerd-Not core components
are important for deadenylation, albeit to different extent.
Contrary 1o results with the Cerd-Not components only mild
poly(A) tml-length changes were detected i panl-2(tmi$75),
panl-3(tmi182), parn-1{tm869) md parn-2{tmi339) single
mutants. Neither extra-long poly(A) tails, nor the prominent
60-70 nt peak, which is detected n cor-4 and cof-7 compromised
ammals, are present (Fig. BC, and supplementary material Fig.
S2C-F), However, in comparison to wild type, a mild reduction
of short poly(A) tils below 30 nt in length was detected
(Fig. 8C, and supplementary material Fig, S2C-F), In summary,
our bulk poly(A) tail measurements indicate that the Cerd-Not
complex may carry the min desdenylution activity in C. elegans,

Discussion
With the exception of nocturnin, we identificd seven conserved
deadenylases in the developmental model organism C. elegans,

e WT
— iy d
ftm1372)

Fig, 8. Bulk poly(A) tail length measurements
of total RNA, (A) Scheme of the expenmental
procedure. Total RNA was soluted from adult

animals, fabeled with mdoactive condycepn,
degestod by RNases A and T1, and size-separared
on 4 sequencing pel. Undigested RNA of wild-
type amimals wis louded 1 control the efficiency
of the digest and size markers were inchaded
(B.C) Analyses of the lengrh of bulk polyt A) wils
of the indicased samples. Each sample was
annlyzed at keast i three indepencient
experiments; repressnitative gels are shown,

(B) A restuction of core Cord-Not complex

~30 45 -65 ms

t1otal RNA isolation - dhgestion of - L-resoiut Ds-‘:
ang 3 end-labeling noarpoly(A)l oot analysis ;
— v — A 4
—e MMM €
B e T §‘
—AA e 30m E
—en MMM e
4
B . "
Y- ‘i 3 48
HHHL 3
FLEEE z
R 24
| ad g}
o
= ~05 0t
p= =55 ‘ 33'
——L p-
A5 é,
e <3001 b 3008 gl
g2
" go

components extends bulk poly(A} lengths.

(C) Slighe changes of bulk polytA) il lengths in
Pan2 Pan3 complex component mutants and
PARN mutants. |D-F) Line scans of wiki-type
(WT), corditmiil2), cof-JIRNAD anid nol-
{(RNAL) lanes of (B), The relative intensity signal
of the lane is shown and given in arbitrary units
(au) Red Ime represents o vissal aid

-3 45 -65 My

24



4282 Joumal of Cell Science 126 (18)

We found that the cored, panl-2, parn-1, and parn-2 genes are
non-essential for life and reproduction. By contrast, cof-! is
essential and RNAi-mediated protein knockdowns cause severe
oogenesis defects in adult animals. CCF-1 protein associates with
CCR-4 and NTL-1, forming a core module with enzyvmatic
function of a presumably larger Cerd-Not deadenylase complex
that requires NTL-1 for the optimal abundance of CCF-1,
Consistent with an abundant expression of all five deadenylases
in the sdult germline tissue, four enzymes are important for
germline function, albeit to different degrees; cef~/ and cor-4
uctivities are required for fertlity at normal temperature, whereas
pant-2 and parn-I are only required for fertility at clevated
temperature. The prevalent biological roles of CCF-1 and CCR-4
are also apparent at the molecular level. By contrast to the other
three  enzymes, the two Cerd-Not  complex-associated
deadenylases are required for bulk mRNA  poly(A) tail
shortening, suggesting that the full Cerd-Not complex may
constitute the main deadenylase for mRNA metabolism in €
elegans.

Components of the C, elegans Ccrd-Not complex and its
general role in mRNA deadenylation

The Cerd-Not complex is 2 multi-subunit protein assembly that
15 structurally  organized around its  largest subunit, the
scaffolding component Notl {Bai et al,, 1999). We found that
all but one (ie. CNOTIO) of the human Cerd-Not complex
subunits arc evolutionanly conserved in C. efegans. Overll, the
nematode Cerd-Not complex is more similar to flies and humans
than to yeast {Bawankar et al., 2013; Mauxion et al,, 2012). In
parallcl to humans and flies (Albert et al., 2000: Temme ct al.,
2010), the two yeast paralogs, Not3p and Notip, are represented
by only one gene in C elegans, ie. NTL-3. Morcover, the
organization of the core complex is preserved in worms; NTL-1,
CCF-1 and CCR-4 are found in a stable complex with each other,
whereby CCR-4 15 most hkely assocuted with NTL-1 vin an
interaction with CCF-1, based on the conserved leucme-rich
region i CCR-4, which 1s the mapped micraction domamn n
yeast and human Cerd orthologs (Clark et al.. 2004; Dupressoir
et ul, 2001), Intriguingly, RNAi-mediated reduction of NTL-1
led w0 a reduction of CCF-1 but not the CCR-4 subunit. This
specific unidirectional dependency of CCF-1 on NTL-1 suggests
that CCF-1 exists mainly as part of a NTL-1 complex, and that
CCRA nught also exist outside of the Cerd-Not complex.
Morcover, the correlated expression relationship of the CCF-1
deadenylase with the scaffolding subunit NTL-I resembles. at
least partially, the interaction dynamics of the complex observed
in Drosophila S2 cells (Temme ¢t al,, 2010),

The deadenylase activity of the Cerd Not complex is provided
by the two Notl-associated deadenylases. Cafl and Cerd
(Goldstrohm and Wickens, 2008). While the EEP domain
protein Cerdp is the major catalyst of mRNA deadenylation in
yeast, the DEED domain protein CAFI s the predominant
enzyme in flies and humans (Chen et al,, 2002; Mauxion et al,
2008; Sandler et al,, 2011; Temme et al, 2004; Tucker et al.,
2002), In €. elegany, we find that both enzymes, inciuding NTL-
1, have a role¢ in global mRNA deadenylfation, The defects of
mRNA poly(A) tail extension in the absence of deadenylase
uctivity are more severe for cof-{ (RNA) than cor-<(tm{312), This
1s especially more striking when keeping in mind that feeding
RNAI of cof-7 15 incomplete. as we detect about forty percent of
CCF-1 remaining i these animals. As CCF-1 sbundance depends

on NTL-|, the simifarly strong effects of c¢f~J and md-1 RNA}
knockdown on bulk mRNA poly(A) tail extension can be
interpreted as # primary reduction of CCF-1 function in -
1(RNAE) animals, This functional correlation suggests that CCF-|
is the major deadenylase of the nematede Cerd-Not complex, and
that CCR-4, which does not reduce CCF-1 or NTL-1 expression,
has a minor but clearly detectable role in bulk mRNA
deadenylation,

The biological roles of Ccrd-Not complex in animal
development
Deadenylation of mRNAs 15 viewed as an essential part of gene
expression regulation i cukaryotes (Gamesu ¢t al, 2007).
Importantly, both 5° and 3’ decay puthways are initinted vin
mRNA deadenylation (Gamcau et al, 2007), Besides post-
wanscriptional roles of the Cerd-Not complex. transcriptional
roles have been suggested that are independent of deadenylase
activity and strongly linked to promoting arrested transcription
clongarion (Collart, 2003; Kruk et al,, 2011), In this context it is
interesting to note that only Notlp is an essential gene in yeast,
whereas Not] and Call are essential in flics (Maillet et al,, 2000;
Neumiller et al,, 2011), perhaps reflecting a dual vole of the
Cerd-Not complex mediated by this scaffolding protemn, In C
elegans, mutations in ad-1 (DeBelln et ul., 2006) or ccf-{ (Molin
and Puisicux, 2005) but not in cor-4 (this work) are lethal, This
lethality is primarily duc to failed embryonic development or
mid-larval amest (DeBella et al,, 2006; Molin and Puisicux,
2005), suggesting a common role for arl-/ and cef~F in carly
developmental processes that may reflect transcriptionnl and
post-transcriptional  roles of the Cord-Not complex. The
overlapping biological roles of Cafl and Notl and their shared
molecular defects at the mRNA level in nematodes and flics,
suggest that deadenylation by the Cerd-Not complex 15 an
essential process in a multicellular organism and that Cafl
deadenylases may be the predominant enzymes involved in
mRNA decay

These combined roles appear distinet from a developmental
requirement  for cor-4, which seems limited to female
reproductive  capucity. Moreover, as documented m  bulk
poly(A) tail measurcments of an cnzymatically dead cor-
J(emi312) mutant, cor-4 deadenylase activity is importunt for
mRNA deadenylation, which is consistent with a likely and o
more exclusive post-transcriptional role of CCR-4 deadenylase.
However, it remains & formal possibility that this mutant
produces o truncated CCR-4 protemn  that is  negatively
mflugncing the activity of CCF-1, as the leucine-rich region
remins intact, and the truncated mRNA is stable. We regard this
as unlikely, as cor-4(RNAQ) is quite effectively downreguluting
CCR-4 protein levels and a similar extension of pely(A) tails is
observed. While downregulation of CCR4 in Drasophila S2 cells
has no conseguence on bulk mRNA poly(A) tails, mutations in
the Drusophila gene twin, which encodes CCR4, affect female
reproductive capacity (Morrns et al., 2005; Temme et al., 2004).
Moreover, it appears that Ceord deadenylases of cither species
have a minor role in general mRNA deadenylation and that Cerd
orthologs might be used for gene-specific mRNA regulation.
Taken together, this picture contrasts strongly with the unicellular
organism S, cerevisiae and suggests that a situation simifar 10
nematodes may have been preserved in flies and humans,

An organ that is very susceptible to the Joss of Cerd—Not
complex activity is the gonad. For example, Drosophila CCR4 15
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crucial in oocytes for early stages of oogenesis (Morris et al.,
2005; Zaessinger et al, 2006) and one of the two mammalian
CAF-1 homologs, CNOT7, is essential in Sertoli cells to support
mouse spermatogenesis (Berthet et al,, 2004; Nakamura ¢t al,
2004). In € elegans, genetic elimination of ecfsJ or ml-1 aetivity
preciudes an assessment of gonadal defects in the adult,
However, we find that RNAQ knockdown of ccf-/ or nrl-}
uctivity in hermaphrodites leads primarily to strong female
gametogenesis defects, resulting in very small brood sizes or
sterility. While elimination of the CCR-4 deadenylase causes a
smaller brood size than wild type, we did not observe
morphological oogenesis defects similar to cof~J{RNAQ) or ntl-
IRNAL animals. By contrast, mating tests suggested that a
reduction of fertility might be linked to later stages of oogenesis,
such as oocyte ovulation or fertilization. Even unrecognized
defects in somatic cells of the gonad may be causal. Although an
mvolvement of cof~1 and cor-4 in post-transcriptional regulation
of mRNA-specific gene expression has been suggested in C
elegans (Schmid et al,, 2009; Subh et al., 2009; Zanetti et al.,
2012), it remained unclear how prevalent Cerd-Not complex-
meduted deadenylation is wt the global level. The combined
biological and mofecular results of this study argue for an
evolutionarily conserved need of regulated mRNA polviA) tail
shortening in female germ cells that is provided broadly by CCF-
I of the Cerd-—Not complex, and probably fine-tuned by CCR-4
deadenylase activity. In paraile] to a general requirement of the
Cerd-Not deadenylase complex, gene-specific deadenylation us
part of translational control mechanisms may underlie observed
vogenests defects, as desenbed in other organisms (for u recent
review see Richter und Lasko, 2011),

The role of additional deadenylases in C. elegans
reproduction

The other three deadenylases characterized in this work, panl-2,
parn-I and parn-2, have no obvious role in the general
development of C. elegans. Mutants of a potential Pan2-Pan3
deadenylase complex, and double mutants of both PARN
enzymes, are homozygous viable with no obvious somatic
phenotypes. This Inck of an apparent biological need for the
Pan2-Pan3 deadenylase complex or PARN deadenyleses n
nematodes is consistent with observation from veast (Brown etal,,
1996; Reverdatto et al., 2004), suggesting that these deadenylase
cnzymes may have specialized biological roles in physiology,
rather then during animal development. Consistent with this idea,
we observed smaller brood sizes foe pani-2 and parn-] mutants
grown at clevated temperatures, indicating & demand for the
Pan2-Pan} deadenylase complex and PARN-1 under stress
conditions,

How could PANL-2 and PARN-1 function at the molecular
level 1o promote stress resistance? While mammalian PAN2 15
mainly evtoplasmic, PARN is pnmanly nuclear in tissue culture
cells (Berndt et al., 2012; Yamashita et al, 2005). As part of the
mRNA decay pathway, Pan2 is proposed to initinte deadenylation
of mRNAs, which is then followed by CCR4-mediated poly(A)
shoetening (Brown and Sachs, 1998; Yamashita et al., 2003), This
process may not be conserved in C ¢legans for global mRNA
degradation, as we did not detect anticipated bulk mRNA poly(A)
metabolism changes in Pan2-Pand complex mutants. However,
under stress conditions the need for poly(A) tail shortening and
mRNA degradation might be increased and mRNA deadenylation
may have to be as efficient as possible, Therefore, pani-2 could

facilitate eflicient cytoplasmic mRNA turnover at elevated
temperntures together with the Cerd-Not complex, Altesnatively,
bulk deadenylation vin Cerd-Not may be inhibited under certain
stress conditions (Bonisch ¢t al, 2007), At the funcuional level,
PARN was assocuted with nuclear degradation of mRNAs in
response 1o DNA damage in humans and osmotic stress in plants
(Cevher et al, 2010; Nishimura et al, 2005). By analogy, €.
elegany parn-1 could be involved in nuclear deadenylation and
degradation of mRNAs at elevated temperature to coordinate
cellular stress response, However, this role of PARN-1 may be
antagonized by PARN-2, given the genetic interaction in regard to
festility. Future work will have to clanfy the biological roles and
relationship of nuclear deadenylases.

In summiry, the largest and most conserved Cerd- Not complex
15 also the most importiant deadenylase for general mRNA poly(A)}
tail removal in C. efegans. The strong correfation between mRNA
deadenylation and germline developmental defects suggests that
Cerd-Not-mediated polyt A) tail shortening is an essential process
for the reproduction  of  multicellular  organisms.  Other
deadenylases play only minor roles for general development, if
at all. Their biological importance is only apparent in
environmental stress situations in € elegany, indicating o
functional diversification of the enzymatic class of deadenylases,

Materials and Methods

n - fns and g .

Wonmns were g fo s and grown at 20°C unless
otherwise suited |Heenner, [974), The N2 stran was wsed as 4 reference foe wild
type. Straing used i this study: LG I pavn- 200 i 339), LG 11 glp-1(q224), paml-
20omI5750, pand-3 (el I82); LG V- condiimi312), Wi 8eel 289); LG ¥ parne
md6Y) . All parwer and pantor alleles wete oml crossed theee times, cos-
Artm 131 27 was outcrossed nine times. Based om our cDONA analysas, no funchional
protein s produced from smy parnac and poslx deletion alkele and they are
expecwed o ropresent enzymatie mull alleles, Adult germline phenotypes of
homozygnte amimals wese scored 24 b past L4, For additionad informabaon see
spplementary matersal Tabde 82,

The NTL-L:LAPAsgeed fosmid wis obaised from the ¢ elopans
TemnageneOrme platfortn (Sarav et al., 20125, Trasgenic animals were croated by
micropanticle bombardment us described (Prasis et al., 2001) Theee independent
Bines (EVE6S 467) were established and EVS65 was used for funher analysis.

For brood size analysis. L4 animals wese singlod and passaged 1o a new plate
every 24 hrs until the mother stopped laying embryos. Living levae wene counted
to assess brood sz,

handlead 4 trd

ANAJ feeding ts and proced:

The feeding construct aganst cor-d aned -/ were desenbed proviously (Schmid
et al. 2009). Full-length oot/ or ot 58687584 from anl /) were amplified from
whole-worm ¢DNA and clooed into pLA4-0, The plasmids were transformed oo
HYLIS(DE) bacteria and indhoced with [FTG s described (Kamath and Ahnnger,
03). For fop-f, ver<4 and cof-f RNAszreatment, wildaype or NTL-LoLAP
tramsgenic animals werg fod from L1 stage onwards aod asalyzed 24 hes past L4
Far mel HRNAL, wilddaype or NTLLGLAP tnosgenic ammals were placed oa
RN A plutes ar the L4 stage aod analyzed 24 hrs later.

Primacy antibodies

Primary antbodies agaiost the following proteins were esed: mbbit ann-ANI-2
[Maddox et al., 20051, a gift from Antoay Hymman|, goat anti-GEFP (2 gift from David
Direchsel), chidken anti-GLH-Z [(Gruidl et al,, 1996), 2 gt from Karen Bennctt],
anty NPC (A 14, Covance) aod snti-FLAG M2 epitope (Sigma-Aldrich). The
guinga pag sall-OMA (SACIE) sowm wiss nased agiinst the following peptades,
NVNGENNEKIDEHHLC (OMA-1) and ETVPEEQOKPISHIDC (OMA-2) af
turogentee (Belgium). Monoclonal amtibodses were generated at MPERCHG by
mmuniang mice with 4 boctenally expeessod fusson-peptide that conmespomsied
cither 10 fisll-length CCF-1 (aa 1-310) or the C-terminus of CCR-4 (an 202 606)
The following clones were used im this work: ant-CCF-1 (mo2448-G25-1) and ami-
CCR (mo2483-877-1)

Immunocytochemistry
Indiroct immunocyiochomistry of extruded and 196 PFA-fixed gonds Wi carned
out m sobation as described (Rybandia et al., 2009). Images were taken om o Zeiss
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Trsoger M1 equipped with an Axiccam MRm (Zetss) and procezsed with AxioViswa
(Zetssh and Fhotoshop CS3 { Adobe ), Secomdary aatibodies coupled %0 Aoorochromes
FITC, CY3 and CYS were parchased from Jackson Labormones (Dianova),

Western blotting and immunoprecipitations
For stanitard westzrn blotting experiments, we collected individual woems by and
and bodled them in protewns semple ading buffer pror to gel separation, Woem
protem exteacts foe protein co-mmmusoprecipdations were made s desenbed
(Jodamzik und Fekmann, 2009), with & mmor modificatiom of the procedure; to
it pen-frozen wonm powder we ssed o MRIOT mill st 30 heres
chllhD For the mmmumoprecipstation procedure we cosplod goat ant-GFP and
mowe anti-CCF.l antibodies to Protein G oc A Dynabeads (Invitrogen).
respextively. AN precipitales were g | and analyzad by wesiem
bianmg with ECL detection of HRPO-coupled socoedtry antibodies {Jackson
Laboestonies) ax desonbed (Jedamzik and Eckmann, 2009),

RNA isolation and nocthern blotting

Total RNA was wsolated from whole worms by wsing Trizol (lavitrogen). For
northern blontiag, 10 pg of woaal RNA from wild-type h:mmphmdue: or Mu-
Sled8¥) males were weated with  Ter S'-Phasph

Exomockase (Epacentre) %o reduce nboxonmal bnd;mmd R\A mﬁ:r was
performed according to lard ts, Memb hvbridizaticn was done
using DIC Easy Hyb suspension (Roch: #11796895001). For detection we used
the DIG Wash and Hlock Buffer Set (Roche #11385762001), a 1:10,000 diluted
wnti-ING anubody (Rocke, #1005274) and 025 mM COP-Sur (Roche ¥1685627)
RNA ustisense peobes were prodocal i an in witro iramscnigrion seaction using
diaxigenin-labeled (DEG) fNTPs acconting o the mamafbctures protocol (Roche
AL2T073910). Templ were g d by PCR form ¢DONA. Pramer
sequonces are avallable upon mpm

Bulk poly(A) tal-length measurements
Oue pg of el RNA was used w0 perform bulk poly(A) tall measurements
fnlkmmu 2 mvm\nly dnmbcd protocol (Temme el al,, 2004), with the only
un. T d o™ Pcondycepin sriphosphate (Perkin Elmer) was
mnmm! uuu Mumi Quick Spin Columes (Roche). Each sample was amalyzal
from teve independent biological repents. The size markers were aynthesized
RNA oliges of 30 asd 45 pucleondes in length and o Joading dve bund that
cutresponds W 65 s
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3.2. The cytoplasmic poly(A) polymerases GLD-2 and GLD-4 promote

general gene expression via distinct mechanisms

Overarching question

Which roles do cytoplasmic poly(A) polymerases have in mRNA regulation?

Synopsis of the publication

Cytoplasmic poly(A) polymerases are important enzymes for germ cell biology. For example,
in C. elegans the two cytoPAPs GLD-2 and GLD-4 are crucial for processes such as meiotic
entry and progression (KADYK AND KIMBLE 1998; WANG et al. 2002; ScHMID et al. 2009). Based
on the severity of the defects that are observed in the absence of these two enzymes it has
been envisioned that GLD-2 and GLD-4 are important regulators for mRNAs in germ cells.
However, little was known about how these enzymes influence mRNA fates and promote gene
expression in these cells. Therefore, | combined whole-genome RNA analysis with polysome
profiling to explore the molecular mechanisms of GLD-2 and GLD-4 mediated RNA regulation.
| investigated the impacts that a reduction of GLD-2 and GLD-4 has on abundances and
translational efficiencies of germ cell mMRNAs. Interestingly, the analysis showed that GLD-2
primarily affects mRNAs abundance, whereas GLD-4 affects general translation. Additionally,
general RNA polyadenylation is strongly promoted by GLD-2 and only mildly by GLD-4. The
overall data suggest that GLD-2- and GLD-4-type cytoPAPs influence gene expression with
fundamentally different mechanisms. Furthermore, this work establishes GLD-2 as the main

enzyme that is utilized for polyadenylation-mediated mRNA regulation in germ cells.
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ABSTRACT

Post-transcriptional gene regulation mechanisms
decide on cellular mRNA activities. Essential gate-
keepers of post-transcriptional mRNA regulation are
broadly conserved mRNA-modifying enzymes, such
as cytoplasmic poly(A) polymerases (cytoPAPs). Al-
though these non-canonical nucleotidyltransferases
efficiently elongate mRNA poly(A) tails in artificial
tethering assays, we still know little about their
global impact on poly(A) metabolism and their indi-
vidual molecular roles in promoting protein produc-
tion in organisms. Here, we use the animal model
Caenorhabditis elegans to investigate the global
mechanisms of two germline-enriched cytoPAPs,
GLD-2 and GLD-4, by combining polysome profil-
ing with RNA sequencing. Our analyses suggest
that GLD-2 activity mediates mRNA stability of many
translationally repressed mRNAs. This correlates
with a general shortening of long poly(A) tails in g/d-
2-compromised animals, suggesting that most if not
all targets are stabilized via robust GLD-2-mediated
polyadenylation. By contrast, only mild polyadeny-
lation defects are found in g/d-4-compromised ani-
mals and few mRNAs change in abundance. Interest-
ingly, we detect a reduced number of polysomes in
gld-4 mutants and GLD-4 protein co-sediments with
polysomes, which together suggest that GLD-4 might
stimulate or maintain translation directly. Our com-
bined data show that distinct cytoPAPs employ dif-
ferent RNA-regulatory mechanisms to promote gene
expression, offering new insights into translational
activation of mRNAs.

INTRODUCTION

One of the unifying features of living organisms is their abil-
ity to regulate gene expression programs. Prior 1o protein

production, many regulatory possibilities exist that operate
at the transcriptional or post-transcriptional level, which
are mediated by mechanisms that target DNA or RNA, re-
spectively. The global importance of these two distinet reg-
ulatory modes appears to differ between tissues. Many so-
matic cell types primurily use transcriptional control mech-
anisms, whereas numerous examples in neurons and germ
cells highlight a prevalence of post-transeriptional control
mechamsms. However, the underlying functional mecha-
nisms and their contribution to the global level of post-
transcriptional gene expression regulation remain to be de-
termined.

Messenger RNAs (mRNAS) mature in the nucleus and
serve as lemplates for ribosome-mediated protein syn-
thesis in the cytoplasm., However, mRNAs subjected to
post-transcriptional control are withheld from entering the
translational pool via targeted degradation or translational
repression. Although both processes result in the down-
regulation of protein levels, they are mechanistically dis-
tinct: mRNA degradation results in the final destruction of
the mRNA template and is irreversible; translational repres-
sion stabilizes the target and is reversed in a process termed
translational activation. Due to the flexibility of transla-
tonal control, mRNA repression and activation mecha-
nisms provide an immediate mode of gene expression regu-
lation in dynamic biological systems.

An mRNA intrinsic feature that registers repressive and
active translational control mechanisms is its poly(A) tail,
Originally added in the nucleus (1), this homopolymer of
adenosines at the ¥end 15 subject to distinet length changes
influencing cvtoplasmic mRNA fates. Especially inanimals,
poly(A) tail shortening is a key step in the mRNA de-
cay pathway (2), establishing a clear relationship between
longer poly(A) tail lengths and increased stability. Poly(A)
tail length is also correlated with translational efficiency.
Longer poly(A) tails enhance protein synthesis in many
in vitre translation extracts (3). Furthermore, in develop-
mental contexts gene expression regulation is strongly con-
nected to poly(A) tail extension. For example, during early
Drosophila embryogenesis or Xenopus oocyte maturation,
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gene-specific poly(A) shortening or elongation correlates
with the protein amounts needed in the following develop-
mental stage (4.5). This leads to the generalization that mR-
NAs with long poly(A) tails are better translated than short
ones. However, no global correlation between poly(A) tail
length and translation efficiency is observed in somatic tis-
sue culture systems or during late stages of embryonic devel-
opment (6). Only during early developmental stages, when
transcriptional regulation is not present yet. a strong corre-
lation between long poly(A) tails and high translational effi-
ciency is detected (6). This suggests that global mechanisms
of gene expression regulation, involving mRNA poly(A)
tail-length changes, are best revealed in systems where post-
transcriptional control is the dominant mode of gene ex-
pression,

Cytoplasmic poly(A) polymerases (cytoPAPs) repre-
sent a class of enzymes that are proposed to post-
transeriptionally clongated poly(A) tails of mRNAS Two
cyloPAPs have been described so far in animals, GLD-2
and GLD-4 (7-9). Both proteins belong to two distinct,
evolutionary conserved protein families of non-canonical
nucleotidyltransferases that contain no sequence homol-
ogy outside their enzymatic regions (10) (Figure 1A and
B). Moreover, both lack predictable RNA-binding domains
and, therefore, are hypothesized Lo rely on interactions with
RNA-binding proteins to establish efficient contact with
mRNA targets (7,8). For GLD-2, strong polyadenylation
activity has been detected in tethering assays when probing
the nematode, fly. frog and mammalian homologs (11.12),
For GLD-4, only the enzyme of the nematode Caenorhab-
ditis elegans was tested in such an assay: polvadenylation
depended on its intact nucleotidytransferase domain and re-
quired the species-specific co-factor, GLS-1 (8). The in vivo
function of either GLD-2 or GLD-4 as cytoplasmic poly(A)
polymerases is apparent from the polvadenylation defects
of specific mRNA targets in the corresponding mutants or
RNAi-mediated knockdowns (9.13-19). Although it was
recently suggested that GLD-2 might target numerous mR-
NAs in C elegansand Drosophila melanogaster (14,18), very
few mRNA targets have been reported for C elegany and
human GLD-4 (8,9,15,19), The global role(s) and func-
tional mechanism(s) of either cytoPAP still remain(s) un-
clear,

In this work, we address the role of C efegans GLD-
2 and GLD-4 in global mRNA regulation. We combine
polysome profiling with RNA sequencing to identify GLD-
2- and GLD-4-dependent changes in mRNA abundance
and translation. We find that GLD-2 primarily stabilizes
mRNAs that are translationally repressed. Furthermore,
GLD-2 strongly promotes bulk polyadenylation. Surpris-
ingly, these functions of GLD-2 seem to have little impact
on stimulating efficient target mRNA translation. By con-
trast, we find that GLD-4 promotes bulk polyadenylation
only mildly and has no major role in promoting general
mRNA stability. However, GLD-4 is needed for efficient
polysome formation and general mRNA translation, Taken
together. our data indicate that GLD-2 and GLD-4 use two
distinct mechanisms to promote genc expression in germ
cells,

MATERIALS AND METHODS
Strains and RNAI feeding

Worms were handled according to stundard procedures and
grown at 20°C unless otherwise stated (20), Mutations used
inthisstudy: LG I gld-2(q497 ), gld-41 ¢f13 ), gis-1(ef8 ), LG
I glp-1 1 ¢22415 ). With the exception of the glp-7 mutation,
all others were kept as heterozygotes over the h72[qls48 ]
IIIT balancer and homozygote F1 progeny was analyzed.
Bristol N2 served as the reference wild-type strain. For all
analysis, we synchronized L1 animals by starvation and har-
vested them after growing on feeding plates 24 h after the
mid-L4 stage. The feeding constructs against cor-4, cof-1,
gld4 and fem-3 were described previously (8,21.22). The
empty pL4440 vector represented control RNAL The plas-
mids were transformed into HT115(DE) Escherichia coli
cells and double-stranded RNA production was induced
with TPTG according to standard methods.

Immunoblotting and antibodies

Primary antibodies against the following proteins were
used: anti-GLD-2 (19), anti-GLD-4 (8), anti-a-tubulin
(T5168, Sigma), rabbit anti-GLS-1 (22), anti-elF2« (23)
and anu-GST (MPI-CBG, antibody facility), Polyclonal
antibodies agamnst the two similar proteins PAB-1 and PAB-
2 were generated by immunizing rabbits with a recombi-
nant GST-tagged fusion peptide of PAB-2 (aa 517 to 692),
The serum’s specificity and cross-reactivity was verified by
comparing pab-1{ RNAi) or pab-2( ok 1851 ) mulanl extracts
with that of wild-type. Horseradish peroxidase-conjugated
secondary antibodies were purchased from Jackson Im-
munoResearch.

Sucrose gradient centrifugation

Whole worm extracts were prepared from age-matched
adult worms as previously described (24). Equal amounts of
total cellular protein (20 mg) were resolved through a 10 ml
17 50% sucrose gradient (25). The gradients were spun for
210 min at 30000 rpm and 4°C ina SW40Ti rotor { Beckman
Coulter). The fractionation was conducted bottom up while
the absorbance profile at 260 nm was recorded. For RNA
isolations, the samples were fractionated directly into three
volumes of ethunol, and 150 pg of in vitro transcribed firefly
luciferase mRNA (FFlug) was added to each fraction. No
FFlue spike-in mRNA was added to the input samples. For
protein analysis, 50 ng of purified GST peptide was added
to each fraction as a proxy to survey sample precipitation
efficiency. GST-protein purification was conducted as pre-
viously described (235).

RNA handling and bulk poly(A) tail length measurements

The ethanol/gradient mixture of input and gradient ma-
terial was incubated overnight at —20°C and pelleted in
a benchtop centrifuge for 20 min at 16 000 x g and 4°C,
The pellets were TRIzol (Invitrogen) extracted following
the manufacturer’s protocols. The resulting RNA was ei-
ther sequenced by the Dresden Genome Center on an
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HiSeq2000 (Mumina) platform or reverse transcribed us-
ing random hexamer primers and RevertAid Premium re-
verse transcriptase (Fermentas), according to the manufac-
turer’s protocols. Quantitative PCR (qPCR) was conducted
on a Mx3000P gPCR system (Stratagene) using the ABso-
lute QPCR SYBR Green mix (Thermo) and gene-specific
primers (sequences available upon request). All gradient
data were normalized to the FFluc spike-in mRNA con-
trol, For bulk poly(A) tail measuremients, total RNA was
isolated from hand-picked adults using the TRIzol method.
One microgram of total RNA was used in the 3’ end label-
ing assay and processed according to the published meth-

ods (26), with the only exception that un-incorporated o P-
Cordycepin (Perkin Elmer) was removed using Mini Quick
Spin Columns (Roche).

Library preparation and next-generation sequencing (NGS)

mRNA was isolated from 2 ug of total RNA by poly-
dT25 enrichment using the NEBNext Poly(A) mRNA
Magnetic Isolation Module according to the manufac-
turer’s instructions and eluted in 15 ul 2-times first-strand
¢DNA synthesis buffer (NEBNext, NEB). After chem-
ical fragmentation for 15 mun at 94°C, the sample was
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directly subjected to the workflow for strand-specific
RNA-Seq library preparation (Ultra Directional RNA
Library Prep. NEB). After ligation of custom adaptors,
unused adapters were depleted by a I-times XP-bead
purification (Beckman Coulter): adaptor-oligol: -
ACACTCTTTCCCTACACGACGCTCTTCCGATCT-
3, adaptor-oligo2:  S-P-GATCGGAAGAGCACAC
GTCTGAACTCCAGTCAC-3.  Indexing was done
during the following PCR enrichment (15 cycles)
using custom amplification primers, carrying the in-
dex sequence indicated with 'NNNNNN: primerl:
AATGATACGGCGACCACCGAGATCTACACTCT
TTCCCTACACGACGCTCTTCCGATCT, primer2: GT
GACTGGAGTTCAGACGTGTGCTCTTCCGATCT,
primerd;  CAAGCAGAAGACGGCATACGAGATNN
NNNNGTGACTGGAGTT. After two more |-times
XP-bead purifications, libraries were quantified using the
Qubit dsDNA HS Assay Kit (Invitrogen). For Tlumina
floweell production, samples were equimolarly pooled
and distributed on all lanes used for 75-bp single-read
sequencing on Hlumina HiSeq 2000,

Analysis of NGS data

The quality of the NGS data was analyzed using the
fastqe software (htep:/Awww.bioinformatics.babraham.uc.
uk/projects/fastqe/). TruSeq adapter were removed using
cutadapt (version 1.2.1)(27). The fastq files were mapped to
the C. elegans genome downloaded from Ensembl (WS220)
using the TopHat2 algorithm (version v2.0.10) allowing
only unique mapping (28), Using the featureCount algo-
rithm from the SubReud software package (version 1.4.0),
the reads were counted from the bam files (tophat2 out-
put) on exon-level based on the gene annotation from En-
sembl, resulting in a read count for each gene (29). Using
the DESeq package (R 3.0.2, DESeq version 1.14.0), the
count data were normalized by the size factor to estimate
the effective library size {30). After calculating the gene dis-
persion across all samples, the comparison of two different
conditions resulted in a list of differentially expressed genes.
Genes with a normalized read count smaller than 100 were
ignored in the final analysis. A pre-filtering step was used
to calculate the number of genes showing a high probabil-
ity of being differentially regulated. In this step, genes witha
probability (unadjusted P-value) above 0.003 were excluded
from the differential expression analysis. Genes with a fold-
change higher or equal to two, as well as an adjusted P-value
of < = 0.05 was then defined as differentially expressed, The
P-values are being adjusted to the multiple testing hypothe-
ses 1o reduce the false discovery rate (FDR), For the anal-
ysis of the translation efficiency, we needed to correct the
analysis for the bias between the non-polysomal (NP) and
polysomal (P) fractions We calculated a correction factor
based on the amounts of FFluc spike-in to adjust the NP
and P data for each sample,

RESULTS

GLD-2, but not GLD-4 activity stabilizes mRNAs

The animal model, C. elegans. is a well-established organism
10 study post-transcriptional gene regulation in germ cells

(31). The adult animal is a self-fertile hermaphrodite and its
fully developed germline tissue constitutes a large propor-
tion of its biomass, allowing for the detection of germiine-
specific gene expression changes even in whole animal ex-
tracts, GLD-2 and GLD- are predominantly but not ex-
clusively expressed in the germ ling, and are present at al-
most all stages during germ cell development (7.8). To assess
and compare the influence of the two cytoplasmic poly(A)
polymerases on general mRNA abundance, we performed
RNAi-knockdown experiments followed by RNA sequenc-
ing. The technique of RNAI feeding was uSed because large
quantities of synchronized animals were needed for our ex-
periments, which is difficult to obtain from gld-2 and gld-4
homozygote mutants.

We analyzed young adults that were fed with either con-
trol RNAL, gld-2( RNAi) or gld-4{RNAi). A strong cy-
toPAP protein knockdown was observed by western blot
analysis: less than ~10% of both GLD-2 (Figure 1C and
Supplementary Figure S1A) and GLD-4 (Figure 1D and
Supplementary Figure S1A) remained in RNAi-treated an-
imals. In agreement with previous studies, gld-2( RNA{j-
treated animals were sterile with somewhat less severe
germline phenotypes compared to the genetic null mu-
tant glg-2{¢497) (data not shown) (14). The milder gld-
2{ RNAi) phenotype is considered an advantage for the ex-
pression analysis as it presumably reduces indirect effects
arising from developmental changes during late oogenesis.
In comparison to the strong-loss-of-function mutant gld-
4(efl15) und consistent with previous observations (8,19),
the germline defects of gld-4/ RNAi) animals were less se-
vere and the animals were fertile. No overt somatic defects
were apparent in cither cytoPAP RNAi-treated animals,

Next, we measured mRNA levels by isolating total RNA
from RNAi-treated animal extracts, followed by mRNA
enrichment and non-strand-specific RNA sequencing. In
eld-2( RNAL), reads could be mapped to 15 620 genes.
In gld-4( RNAi). 11 791 genes could be detected (Supple-
mentary Data S1). Both gene lists were combined, and
after removal of low expressing genes, 7649 high confi-
dence genes were used for further analysis (Supplemen-
tary Data S1), When comparing gld-2{ RNAi} to control
RNAI, widespread RNA changes in abundance were ob-
served: 1188 mRNAs were reduced and 522 mRNAs in-
creased upon GLD-2 reduction (Figure 1E). By contrast,
overall mRNA abundance changes in gld-4( RNAi) were
much less frequent and less strong in amplitude: 118 mR-
NAs were reduced and 22 mRNA are increased (Figure
1F and Supplementary Figure S1B), The overlaps between
the gld-2( RNAi) and gld-4{ RNA{) expression changes were
quite small (Figure 1G and Supplementary Figure SIC-E),
suggesting that distinct mRNA populations are affected by
the reduction of either cytoPAP protein. This view is fur-
ther supported by a Gene Ontology (GO) annotation anal-
ysis of down-regulated mRNAS in gld-2( RNAi) and gid-
4/ RNAi) showing that different biological processes are af-
fected (Figure 1H). A GO-term analysis of the gld-2( RNAi)
up-regulated genes yielded as the top-scoring term pseu-
dopodium (GO:0031143) (data not shown), pseudopod for-
mation is the final process of spermatogenesis, suggesting
that many of these genes might be increased duc 1o indirect
effects,
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To focus our analysis on mRNA expression changes in
the germ line. we conducted the same analysis on 2243
previously defined germline-enriched genes (32) (Supple-
mentary Data S1), Similar to the entire dataset, germline
genes show broad expression changes in gld-2( RNAi) with
444 mRNAs down and 283 up-regulated (Supplementary
Figure S1F), and only mild changes in gld-4{ RNA{) with
54 mRNA down and 7 up-regulated (Supplementary Fig-
ure S1G). We find that the majority of up-regulated mR-
NAs in the gld-2( RNAi) are functionally connected to sper-
matogenesis (237 out of 283 genes). This is consistent with
gld-2 null mutant defects (33), and the observed sterility
i gld-2( RNAi) amimals, which is puartly due to spermato-
genesis arrested germ cells, By contrast, wild-type germ
cells complete spermatogenesis in the last larval stage be-
fore adulthood to produce fertilization-competent sperma-
tozoa, Therefore, the increase of spermatogenic mRNAs
in gld-2( RNAi) amimals s likely due (o later developmen-
tal arrests that are sccondary to an initial molecular re-
quirement of GLD-2 during earlier stages of spermato-
genesis. Alternatively, indirect effects may also arise from
GLD-2% function to promote a negative regulator of RNA
stability, as documented for hGLD2 (9). Moreover, some
down-regulated mRNAS are likely indirect due to changes
in female germbine development, However, we also noticed
that gld-2-dependent mRNAS are enriched for previously
dentified GLD-2-associated mRNAs; of the 538 GLD-2-
associated mRNAs, 272 are significantly reduced in our
complete dataset (Figure 2A and Supplementary Figure
SIH) (14), arguing that they likely represent direct tar-
gets of GLD-2 control. Hence, throughout the rest of this
work, we will refer to them as GLD-2-stabilized mRNAs
To test whether the decrease in mRNA abundance is due
10 a bias in the RNA sequencing procedure, we analyzed
the mRNA levels of 18 exemplary genes via quantitative
RT-PCR (gRT-PCR). using random hexamers for reverse
transcription. Most down-regulated mRNAs (12/14) and
none of the negative controls (4/4) were significantly re-
duced in gld-2-compromised animals (Figure 2B), Taken to-
gether, these data suggest that gld-2 but not gld-4 activity
is important to maintain or up-regulate the abundance of
miny mRNAs

GLD-2 but not GLD-4 promotes strong bulk poly(A) tail
elongation

The poly(A) tail status of several developmentally and post-
transcriptionally controlled germ cell mMRNASs depends on
gld-2 and gld-4 activity (13-15). To assess whether these
findings are also detectable on a global scale, we performed
bulk poly(A) tail measurements. To this end, total RNA was
isolated from different genotypes or RNAI-treated young
adults, radioactively end-labeled with cordycepin, partially
digested with RNases A/T1 and the remaining poly(A) se-
quences were analyzed on sequencing gels (21). Due to the
sensitivity of this method, we also included genetic muta-
tions of gld-2 and gld-4 to strengthen our analysis.

In the wild-type. bulk poly(A) tails extended on aver-
age from ~20 up to ~100nt in length (Figure 3A and B,
lane 1). As previously described (21), this distribution is
shifted toward longer tails in deadenylation<ompromised

Nucleie Acids Research, 2014 §

cer-41 RNAI) or cef-1{ RNA{) animals (Figure 3A, lane 35
and 6). The opposite cffect was observed in gld-2(¢497)
mutants and gid-2( RNAi) animals: bulk poly(A) tails were
shortened to ~20-40 nucleotides (nts), und poly(A) tails
above ~40 nts were strongly reduced in abundance (Figure
3A, lane 2 and 3, and 3C). An obvious difference between
gld-2-compromised animals to wild-type is the absence of
embryos (33). To exclude that a lack of embryos may have
biased our measurements, we analyzed fem-3( RNAi) ani-
mals that produce no embryos, due to the lack of sperm
(34). However, the overall poly(A) tail profile of feminized
animals was comparable 1o wild-type (Figure 3B, compare
lanes 1 and 3, and Supplementary Figure S2C), suggest-
ing that the observed dramatic gld-2-dependent poly(A) tail
shortening is not a consequence of sterility.

In gld-4{¢f15) mutants and gld-4/ RNAi) animals, only
a mild overall reduction of bulk poly(A) tails was detected
(Figure 3A, lane 4, and 3D; data not shown). In compari-
son to wild-type, the overall gld-4 poly(A) profile primarily
differed in a reduction of lengths below ~35 nts. Compared
to gld-2, poly(A) tails beyond ~40 nts were less severely af-
fected. Last, as GLD-2 and GLD-4 are mainly expressed in
germ cells, we assessed the contribution of the germline tis-
sue to bulk poly(A) profiles by comparing wild-tvpe to glp-
I{224ts) animals, which at the restrictive temperature do
not develop a germ line (35). In germline-less gip-1( ¢2241s)
young adults, only a mild reduction of bulk tails was ob-
served compared to wild-type at the non-permissive tem-
perature (Supplementary Figure S2A and B), affirming that
our assay in general detects poly(A) changes that primar-
ily originate from the germiine tissue. Taken together, our
bulk poly(A) measurements reveal that GLD-2 strongly and
GLD-4 mildly promote general mRNA polyadenylation in
germ cells.

GLD-2 stabilizes poorly translated mRNAs

An important aspect of translational control is the regu-
lated access of mRNAS to ribosomes. The translational sta-
tus of mRNAS can be analyzed by polysome profiling. This
technique measures the distribution of mMRNAS in a sucrose
gradient where ribosomes are separated into active and in-
active fractions, based on their density and shape (36), We
performed this analysis with extracts prepared from syn-
chronized young adults and compared the known transla-
tionally regulated gld-/ mRNA to the presumably unregu-
lated rpl-25.2 mRNA, The majority of gld-1 was present in
the non-polysomal region, whereas rp/-25.2 was mainly de-
tected in the polysomal region of the gradient (Figure 4A),
This demonstrates that mRNAs subjected to translational
control can be clearly separated from unregulated mRNAs,

To analyze the translational status of mRNAS at the
global level, we performed RNA-sequencing analysis of
mRNAs from pooled fructions of the gradient that corre-
spond to non-polysomal (NP) and polysomal (P) regions
(Figure 4A) and mapped 15 849 genes in the control RNAI
sample. The relative number of NP- to P-enriched genes is
indicative of how many mRNAs are translated with low
or high efficiency. In control RNAL a4 comparison of the
NP- to the P-dataset for all us detectable defined 7649 mR-
NAs shows that 537 mRNAs arc at least 2-fold enriched in
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the NP-fraction, and 2406 mRNAs in the P-fraction giv-
ing an NP/P ratio of 1:4.5 (Figure 4B and Supplemen-
tary Data S1). suggesting that the majority of all mRNAs
are well translated. A different distribution 1s observed for

germline-enriched mRNAS: 289 versus 404 mRNASs are en-
riched in the NP- and P-fraction, respectively, resulting in
an NP/P ratio of 1:1.4 (Figure 4B and E). This indicates a
shift toward non-polysomal enrichments for germline mR-
NAs This trend is even more distinct for GLD-2-stabilized
germline mRNAs: 133 versus 13 genes are enriched in the
NP- and P-fraction, respectively, resulting in an NP/P ra-
tio of ~10:1 (Figurc 4C and E). By contrast, GLD-4-
stabilized germline genes do not show this behavior; six ver-
sus six genes are enriched in the NP- and P-fraction. respec-
tively. With an NP/P ratio of 1:1, they follow the trend of
all germline genes (Figure 4D and E). This suggests that
germline mRNAs are poorly translated in general, More-
over, only GLD-2 but not GLD-4 preferentially stabilizes
germline mRNAs that are translated with low efficiency.

mRNASs that accumulate in the NP fraction might be tar-
gets of translational repression, Hence, we compared the
overlap of less abundant germline mRNAs in gld-2( RNA{)
and gld-4( RNAi) to published whole-genome interaction
studies of two well-characterized translational repressors
in C. elegany germ cells, GLD-1 and FBF-1 (37-39). We
found that a large number of GLD-2-stabilized mRNASs are
also putative GLD-1 and FBF-1 targets (Figure 4F), This is
not the case for GLD-4-stabilized or gld-2-insensitive mR-
NAs (Figure 4F), suggesting that GLD-2 but not GLD-4
cytoPAP preferentially sustains the levels of translationally
repressed mRNAs,

GLD-4 promotes general translation efficiency of mRNAs

The poly(A) tail serves to stabilize mRNAs and is impli-
cated in the efficient recruitment of ribosomes (3). To test
whether any of the two cytoPAPs has a role in promot-
ing translation, we conducted a gradient analysis of gld-
21 RNA;) and gld-4{ RNAi) mRNAs and compared it to
control RNAI datasets. We could map reads for 15 907
genes in the gld-2( RNAJ) sample and 15 899 genes in the
gld-4{ RNAi) sample, We started the analysis with the 7649
genes that were classified as expressed in the input analy-
sis. In gld-2( RNAi 1, only minor translational changes could
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Figure 4, pld-2 promoies abundance of poorly translated germline mR-
NAs. (A) The relaive gradicnt disuibution of ypl-252 and gld-/ mRNA
m wrtimils treated with control RNAG s analyzed by RT-qPCR. Shown
is the mean (£SEM) from 10 fructions in three independent experiments.
(B-D) The gradsent distribution of different groups of mR NAx was ana-
lvzed between polysome (/) and non-polysome (NF) fructions for control
RNAi-reated animals. Shown are (B) all detected genes (dotted line 7649
mRNAs) (B, C and D) germline-enriched genes (solid black line 2243
mRNAxs) (C) germiine genes thut are less ubundant in ght-27 RNAL) (solud
red fine-444 mRNAS) und (D) germbine genes that are kess abundant in
g3/ RNAI ) (solid green line-54 mRNAs), (E) P/NP distribution of the
mdicated groups of germbine mRNAs. Significance was calculated with a
Student's r-test: ***P < 0.001; n.s, nor significant. (F) A large percent-
age of GLD-2-stabilized germiine mRNAs are also GLID-1 and FBF-]
targets. The pereent overdap between GLD-2-regulated mRNAs and pu-
utive GLID-1 and FBF-1 target mRNAs are given. mRNAs thit are not
decreased in gld=2/ RNAI) are labeled as unchanged,

be detected: 74 mRNAs were increased in the NP-fraction,
and 54 mRNAs in the P-fraction (Figure SA and C). In-
terestingly, in gld-4( RNAi{) the overall translation status of
mRNAs is shifted toward lighter fractions with 901 mR-
NAs being significantly enriched in the NP-fraction (Fig-
ure 5B and C), suggesting that many mRNAS are less well
translated, Similar trends were observed in gid-2{ RNAi)
and gld-4{ RNAi) for the 2243 defined germline-enriched
genes (data not shown), A GO-term analysis of less well-
translated mRNAs suggests that different groups of mR-
NAs are affected in gld-2- and gld-4-compromised animals
(Figure 5D). Taken together, this analysis argues for a po-
tentially broader role of GLD-4 in promoting mRNA trans-
lation than for GLD-2.
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Figure & glid-4 promotes general translation. (A andB) Translationa] effi-
ciency changes of all 7649 detcctable genes in (A) gld-27 RNAL) and (B)
pld-4( RNAL}, (C) Statistical analysis of translational efficiency changos
(D) GOterm analysis of NP-ennched mRNASs in g2 RNAi) and gl
JLRNAL). Student’s r-test: *** P < 0.001,

To investigate whether mRNAs might rely on a poten-
tial combined activity of both cytoPAPs, we ask how many
mRNAS are less abundant in gld-2/ RNAi#) and at the same
time less well translated in gld-4/ RNAi ), We found a moder-
ate overlap of 137 mRNASs between these two datasets (Sup-
plementary Figure S3A). A GO-term analysis ol these genes
revealed an enrichment of genes connected to chromatin or-
ganization, the cell cycle and embryonic development (Sup-
plementary Figure S3B), suggesting that a small subset of
mRNAs might rely on the combined activity of GLD-2 and
GLDA for efficient protein expression.

GLD-4 promotes polysome formation

To further corroborate a potential role for either cytoPAP
in the process of translation, we used sucrose gradient cen-
trifugation to separate initiation from post-initiation ri-
bonucleoprotein complexes and assessed a potential co-
sedimentation of GLD-2 and GLD-4 with either fraction
(Figure 6). To reveal the distribution of specific proteins
across the gradient, we probed for cytoplasmic poly(A)-
binding protein (PABPC), translation initiation factor 2a
(¢1F2«), both cytoPAPs and the GLD-4-specific cofactor,
GLS-1. PABPC 15 part of mitiation and post-initiation
mRNA complexes while bound to the poly(A) tail (40).
In C. elegans, two genes encode PABPC, pab-I and pab-
2 (41,42). elF2u mediates the association of the initiator
tRNA with the small nibosomal subunit and serves as a
marker for translation initiation complexes (43), In C e/
egans, elF2o s encoded by Y37E3. 10 (23).

After gradient centrifugation, proteins from individual
fractions of wild-type animals were isolated (Figure 6A).
To monitor the efficiency of protein precipitation, we added
a purified GST peptide that also served as a loading con-
trol. Consistent with PABPC as part of initiation and post-
initiation complexes, both C. elegans PAB proteins were
abundantly detected in light and heavy fractions (Figure
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Figure 6. GLD- co-seduments with polysomes and promotes polysome
formation. (A und B) Typical ubsorbance profiles of i wild-type polysome
gradient (A) without or {B) with prior EDTA treatment (n = 3). The posi-
tons of major ribonucleoprotein complexes are indicated. (C and D) West.
emn blot analysis of fractionited materinl from (A }und (B). Equal exposure
times for euch untibody in (C) and (D) for GLD-2. also 1 longer expo-
sure of the same blot & shown; asterisk marks an unspecific background
band. (E and F) Representative absorbance profiles from extracts of RNAI-
trented animals (n > 4). The numbers indicate the position of polyribosome
peaks that are clearly detected in the control RNA) sample

6C). By contrast, elF2a (Y37E3.10), which is expected to
function only during translation initiation, is more abun-
dant in non-polysomal than polysomal regions of the gra-
dient (Figure 6C), The cytoPAP GLD-2 is highly abundant
in non-polysomal regions and only a small fraction of the
total protemn is detected in polysomal regions (Figure 6C),
The cytoPAP GLD-4 is also abundantly present in non-
polysomal regions but, interestingly. an additional accumu-
lation of the protein is detected in polysomal regions (Figure
6C). A similar observation is made for its cofactor GLS-1
(Figure 6C), Together this suggests that GLD-4 and GLS-
1, but less so GLD-2, might associate with post-initiation
complexes.

To gain further support that the polysomal migration
pattern of GLD-4 and GLS-1 depends on polysome for-
mution, we analyzed protein distribution in EDTA-treated
extracts (Figure 6B). Under these conditions ribosomies arc
disassembled into 408 and 60S subunits, and all signals in
the heavy fractions for both PABs, GLD-4 and GLS-1 dis-
appeared (Figure 6B and D), Although EDTA treatment
may also affect mRNP assemblies other than polysomes,
this result is consistent with a likely association of GLD-4
and GLS-1 with post-initiation complexes.

To test whether the differentiul enrichment of both cy-
10PAPs in polysomal fractions has any functional relevance

on polysome formation, we compared general ribosome
distribution profiles from staged wild-type, control RNAI,
gld-2{ RNAi}, gld-4( RNAiJ, gld-4{ef15) and gls-1(ef8 ) an-
imals, No significant difference was detected by comparing
wld-2¢ RNAi) with control RNAi (Figure 6E), However, in
gld-4-compromised animals, a clear decrease of the polyso-
mal signal was detected (Figure 6F and Supplementary Fig-
ure S4A), and this defect was also observed in gls-/(ef8)
mutants (Supplementary Figure S4B). Taken together, these
data suggest that GLD-2 has a minor role in promoting
general translation. By contrast, GLD-4 may actively pro-
mote general translational efficiency, most likely together
with GLS-1.

DISCUSSION

Cytoplasmic poly(A) polymerases represent an ancient
class of nucleotidyltrunsferases that function as activators
of post-transcriptional gene expression, We found that in
C elegans, the two cytoPAPs, GLD-2 and GLD-4, sumulate
gene expression at the global level through distinet mecha-
nisms. To a large part in germ cells, GLD-2 promotes the
abundance of many translationally repressed mRNAs and
facilitates bulk polyadenylation, whereas GLD-4 supports
polysome formation. Our combined findings suggest that
cytoPAPs globally employ diverse mechanisms to promote
robust mRNA translation.

GLD-2 is a bulk mRNA poly(A) polymerase that stabilizes
translationally repressed mRNAs

Across species, GLD-2 polyadenylates specificmRNAS that
encode genes important for germ cell development and neu-
ronal function (10). Initially restricted 1o a handful of mR-
NAs targets (12,13,18,44 46), the list of potential GLD-2
targets was recently expanded by two microarray studies
in worms and flies (14.18). As both studies used PAT as-
says to measure gene-specific poly(A) tail-length changes.
global changes in poly(A) lengths remained unclear. More-
over, PCR-based PAT assays notoriously underestimate the
true length of poly(A) tails and exact measurements are dif-
ficult (15), Therefore, we used a method that allows bulk
polv(A) measurements free of any amplification bias (26).
Our analysis documented a strongly reduced bulk poly(A)
tail profile in gld-2-compromised animals. The most preva-
lent change was associated with primarily germline-derived
mRNAS and revealed that GLD-2 is responsible for main-
taining bulk poly(A) tail lengths beyond ~35 nucleotides
up to ~90-100 adenosines. This magnitude of GLD-2 ac-
tivity and a similar reduction to ~40 nucleotides was also
reported from other organisms. In Drosophila, the GLD-2
ortholog Wispy promotes tail extension of many mRNAs
during late stages of oogenesis and carly stages of embryo-
genesis ( [8), This argues that at least in germ cells GLD-2-
type enzymes are major contributors to global evtoplasmic
poly(A) metabolism,

Consistent with our bulk poly(A) measurements, our
study also identfies a large set of GLD-2-stabilized
germline mRNAS, and potentially expands a previous list
of putative GLD-2 target mRNAS significantly. A previ-
ous study reported 538 GLD-2-associated mRNAs (14),
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of which 272 mRNAs are significantly stabilized in our
study, representing an overlap of ~50%, Yet, when focusing
on germline-cnriched RNAs (32), the number of GLD-2-
associuted mRNAs drops to 236 und the number of GLD-
2-stabilized mRNAs among these drops further to 56, rep-
resenting an overlap of ~24%, However, we found that
444 germline-enriched mRNAs are less abundant in gld-
2{ RNAI). Extrapolating from these numbers, we assume
that the number of direct GLD-2 mRNA targets in the
germ line may be much larger. Several possible explanations
might account for this difference, First, the previous work
was based on RIP-chip analysis (14). Therefore, itis possible
thut the co-immunoprecipitation procedure was not com-
prehensive. Furthermore, it is likely that our germline filter
15 too stringent and potential targets are consequently ex-
cluded from our analysis. Finally, although there is a strong
positive correlation between GLD-2 expression and GLD-
2 target mRNA abundance in our experiments, we cannol
exclude that our extended hist of GLD-2-regulated mRNAS
might also contain mRNASs that are indirectly changing as
a consequence of developmental changes, such as late sper-
matogenesis and oogenesis genes. Nonetheless. we propose
that our list of GLD-2-stahilized germline genes is highly
enriched for direct targets, which together with the previ-
ous data represents a more complete resource for studying
GLD-2-regulated mRNAS,

GLD-2-mediated mRNA regulation is important for var-
ious aspects of germ cell development. Although not the fo-
cus of this study. we noticed that genes functioning carly
in prophase | are significantly reduced in gid-2{ RNAi ). So
far the only known gene in this category was gld-/ (13). We
suggest that mRNAs, such as syp-1, him-3, hip-1 or da=-1,
might also be GLD-2 targets On a more global scale, an
mRNA stabilizing function late in prophase I was proposed
for a GLD-2 sub-complex (14). By analogy, we would like
to extend this thought and propose that GLD-2, most likely
as part of other sub-complexes, targets also a broad range
of mRNAS during early stages of prophase 1. This suggests
that GLD-2 impacts mRNAs at all stages of germ cell de-
velopment past meiotic entry.

The regulated balance between translational repression
and activation supports germline organization and func-
tion across species. GLD-2-type cytoPAPs are broadly ex-
pressed during germ cell development and likely activate
gene expression (7.45). In the adult C efegans germline tis-
sue, germ cells are organised in a strict spatial and tempo-
ral manner of gametogenesis, and several translational re-
pressors promoting germ cell development are stage specif-
ically expressed: the PUF-protein family member FBF-1 in
pre-meiotic cells, the STAR protein family member GLD-
1 in carly meiotic prophase and the TIS!1 zinc-finger pro-
tein family member OMA-1 in late meiotic prophase (47—
49). By comparison, GLD-2 protein expression is much
broader: it is low in pre-meiotic cells, steadily increases dur-
ing carly meiotic prophase and is most abundant in late
meiotic prophase (7,19). Therefore, our finding that ~77%
of GLD-2-stabilized germline mRNAs are suggested tar-
gets of all three translational repressors (38.39,50) (C. Spike
and D, Greenstein, personal communication) is intriguing.
Given the low translational efficiency of GLD-2 1argets, this
observation further suggests that GLD-2 activity s primar-

Nucleie Acids Research, 2014 9

ily important for translationally repressed mRNAs, Hence,
GLD-2's broad protein expression across the adult germline
tissue paired with the strong mRNA target overlap of the
local translational repressors indicutes that GLD-2 might
polyadenylate mRNAs during almost all stages of germ cell
development. This argues for a central role of GLD-2-type
cvtoPAPs as global positive mRNA regulators that may op-
pose many translational repressors across species.

Beyond 3end poly(A) extension to promote mRNA
stability, the precise molecular mechanism and timing of
GLD-25 enzymatic activity remains speculative. Many
translational repressors are known to recruit poly(A) short-
ening enzymes (deadenylases) as part of their repressive
function (51). prime examples are PUF proteins that as-
sociate with deadenylases from yeast to human cells (51),
As deadenylation can initiate mRNA decay, GLD-2 might
counteract this directed poly(A) shortening to promote
mRNA stability during repression. In this scenario, a con-
stant battle between deadenylation and polyadenylation
could be envisioned, similar to the proposed antagonistic
mechanism in Xenopus oocytes between the deadenylase
PARN and xGld2 (44). Alternatively, GLD-2 activity may
stabilize mRNAs after the switch from repression to activa-
tion, as short-tailed mRNAS released from repression are
most likely prone to mRNA degradation, In either case, di-
rected or globally occurring GLD-2-mediated polyvadenyla-
tion is expected 10 protect mRNAS subject to translational
control. In general, we suggest that GLD-2 represents a po-
tent counterbalance to deadenylases employed by transla-
tional repressors.

Could GLD-2 have a role beyond mRNA stabilization?
Long polv(A) tails are also important for translation effi-
ciency (3,52). Throughout our global analysis, we find no
major influence of C efegany GLD-2 on the translatabil-
ity of target mRNAs. However, the resolution power and
the sensitivity of our analysis have to be taken into con-
sideration here. In our genome-wide analysis, we split the
gradient samples only into two fractions that allowed us
to detect coarse redistributions from the polysomal to the
non-polysomal regions, and vice versa. Certainly, we would
have missed shifts occurring within the polysomal fractions,
which would account for a more graded change of trans-
lational efficiencies, reflecting a high or lower translational
initiation rate. Moreover, the majority of GLD-2 targets
were low in abundance in the polysome region to begin with,
arguing that the use of more sensitive techniques, such as
higher resolution sucrose gradients paired with ribosome
footprinting (36), might reveal a potential role of GLD-2
in stimulating mRNA translation. Hence, it remains pos-
sible that the primary effect of glt-2 loss is translational re-
pression combined with an enhanced secondary stimulation
of mRNA degradation that overshadows positive transla-
tional regulation effects of GLD-2 function.

GLD-4 promotes general translation

The non-canonical nucleotidyltransferase GLD-4 is evolu-
tionarily most closely related to members of the conserved
TRF4 family (10). In yeast, flies and mammalian cells,
TRF4 homologous proteins represent the catalytic subunits
of a nuclear RNA surveillance complex that adds short
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poly(A) tails of ~10 nts to its RNA substrates (53). More-
over, the mammalian TRF4 paralog, hGld4/PAPDS, local-
izes to the cytoplasm where it forms a complex with the
RNA-binding protein CPEB, promoting polyadenylation-
induced translation of the tumor suppressor p53 (9). In C.
elegans, the TRF4 ortholog GLD-4 predominantly local-
izes to the cytoplasm where it forms a protein complex with
the nematode-specific protein GLS-1 to promote the trans-
lation of the germ cell-specific tumor suppressor GLD-1
and the Notch receptor GLP-1 (8.19). Despite these few ex-
amples, surprisingly little is known about additional mRNA
targets and the global roles of eytoplasmic GLD-4-type nu-
cleotidyltransferase in poly(A) il metabolism and post-
transcriptional mRNA regulation.

Consistent with gene-specific poly(A) tail measurements
in gld-¢ mutants (15), we found in our bulk poly(A) tail mea-
surements that many mRNAs in gld-4-compromised ani-
muals have slightly shorter tails. This observation is in sharp
contrast to the strong polyadenylation defects of gld-2-
deficient animals at the bulk and gene-specific level (15,16),
This suggests that GLD-4 seems (o have retained the en-
zymatic properties of the nuclear TRF4 proteins, adding
rather short adenosine stretches to its targets, A subcellu-
lar relocation of GLD-4-type nucleotidyltransferases cou-
pled to novel interactions with additional cytoplasmic fac-
tors might therefore represent alternative ways to regu-
late gene expression in evolution, It will be interesting to
see whether the enzymatic activity of C elegany GLD-4 is
similarly weak among other cytoplasmic TRF4-type nu-
cleotidyltransferases reported from other organisms (9). Al-
though we cannot exclude that cytoplasmic GLD-4 pro-
motes strong polyadenylation of specific targets, our bulk
poly(A) tail measurements argue that GLD-4 contributes
little to overall poly(A) tail metabolism. This suggests that
GLD-2 and GLD-4 have different enzymatic activities in
vivo, promoting strong or weak poly(A) addition, respec-
tively, which may result from potential structural differences
in their catalytic domains and distinct protein interactions
to additional factors.

The functional consequences of GLD-4-mediated
polyadenylation are less clear, Nuclear TRF4-mediated
poly(A) addition is a prerequisite for RNA substrate
degradation (54). However, in GLD-4-depleted animals,
we detect no major changes in mRNA abundance. arguing
that tail extension via GLD-4 cytoPAP does most likely
not influence mRNA degradation. Instead, our overall
data indicate that GLD-4 has a4 potential role in promoting
translation. We find that GLD-4 cytoPAP and its co-factor
GLS-1 is assoctated with putative trunslating ribosomes,
and the loss of either protein leads to a strong reduction
in polysome formation. Although it remains to be shown
whether GLD-4-mediated mRNA  polyadenylation is
required for polvsome assembly, it is attractive to speculate
that GLD-4 could promote translation re-initiation by
counteracting the proposed crosion of the poly(A) tail
during active translation (55). Certainly, we find it less
likely that a reduction of translation factor expression may
indirectly affect polysome formation cfficiency, as we did
not find their mRNAs strongly reduced in gld-4/ RNAi)
animals. Alternatively, GLD-4 may aid the translation of

mRNAS in a poly(A) polymerase-independent manner by
a yet to be identified mechanism.,

Different ¢ytoPAP mechanisms may represent @ functional
bhasis for robust and distinet gene expression control

The € elegans germ line 1s a complex tissue that regulates
its protein production primarily at the post-transcriptional
level. Hence, efficient protein production 1s achieved via
mRNA regulation. In order to satisfy the differential pro-
tein expression needs of germ cells during their developmen-
tal stages, we propose that a distinct utlization of GLD-2
and GLD-4 mechanisms would make it casy to combine or
separute their activities in gene expression regulation. For
example, different mRNAS could be more susceptible to one
or the other mechanism. Alternatively, the combined GLD-
2 and GLD-4 mechanisms might ensure that protein pro-
duction is highly efficient, promoting the synthesis of large
amounts of proteins in a short period of time. Such syn-
ergism is evident by the requirement of the two cytoPAPs
to maintain high levels of GLD-! protein in the germ line
to ensure meiotic commitment (8). Furthermore, the over-
Tap between gld-2( RNA{ )-decreased and gld-4( RNAi )-less
translated genes suggests that the combined activity of both
cytoPAPs might be important for a specific set of mRNAs,
In order to get a decper understanding of the relationship
between the GLD-2 and GLD-4. more work is needed to
reveal their precise mechanisms, In general, we suggest that
the diversification of ¢cytoPAP mechanisms represents an
additional regulatory asset to all biological systems that uti-
lize post-transcriptional gene regulation.
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3.3. Polyadenylation is the key aspect of GLD-2 function in C. elegans

Overarching guestion

Can cytoplasmic poly(A) polymerases have enzymatic-independent functions?

Svnopsis of the publication

Many enzymes fulfill important cellular functions by catalyzing biochemical reactions.
Interestingly, a growing number of enzymes contribute to cellular biology also in a catalysis-
independent fashion (VIVANCO et al. 2014; MASON et al. 2019; BERGE et al. 2020; JANISIW et
al. 2020; SzIGETY et al. 2020; Zou et al. 2020). Noncanonical poly(A) polymerase facilitate the
addition of adenosine to the 3’ end of a target RNA. Intriguingly, the enzymatic activity of yeast
Trf4-type PAP in the nucleus is dispensable for its role in regulating RNAs (SAN PAOLO et al.
2009). This suggests that PAPs might be able to support cellular functions in an enzymatically
independent manner. It had never been tested whether this is also true for any member of the
GLD-2-type PAP family. The nematode C. elegans is the perfect system to reveal enzymatic
independent functions of GLD-2. Initially discovered in the worm, the importance of C. elegans
gld-2 for the development of germ cells is well documented and characterized. Loss of the
protein leads to a delayed entry into and subsequence arrest of meiosis (KADYK AND KIMBLE
1998; WANG et al. 2002; ECKMANN et al. 2004). Additionally, GLD-2 on the molecular level
promotes poly(A) tail extension of mMRNAs and stabilizes specific mMRNAs (SuH et al. 2006;
NOUSCH et al. 2017). In this work, we identified a gld-2 allele that carries a point mutation in
the catalytic domain of GLD-2. Animals that express catalytically-impaired GLD-2 present the
same phenotypes on the physiological as well as the molecular level as gld-2 alleles which do
not express any GLD-2 protein. Hence, we show that GLD-2 fulfills its functions in germ cell
development and RNA metabolism exclusively via its polyadenylation activity. In general, this
work corroborates the importance of GLD-2-type enzymes in poly(A)-mediated RNA

regulation.
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Polyadenylation is the key aspect of GLD-2 function
in C. elegans

MARCO NOUSCH, RYUJI MINASAKI, and CHRISTIAN R. ECKMANN
Developmental Genetics, Institute of Biology, Martin Luther University Halle-Wittenberg, 06120 Halle Saale;, Geanany

ABSTRACT

The role of many enzymes extends beyond their dedicated catalytic activity by fulfilling important cellular functions in a catalysis-
independent fashion. In this aspect, little is known about 3'-end RNA-modifying enzymes that belong to the class of nucleotidyl
transferases. Among these are noncanonical poly(A) polymerases, a group of evolutionarily conserved enzymes that are critical
for gene expression regulation, by adding adenosines to the 3’-end of RNA targets. In this study, we investigate whether the
functions of the cytoplasmic poly(A) polymerase (cytoPAP) GLD-2 in C. elegans germ cells exclusively depend on its catalytic
activity. To this end, we analyzed a specific missense mutation affecting a conserved amino acid in the catalytic region of
GLD-2 cytoPAP. Although this mutated protein is expressed to wild-type levels and incorporated into cytoPAP complexes, we
found that it cannot elongate mRNA poly(A) tails efficiently or promote GLD-2 target mRNA abundance, Furthermore, germ
cell defects in animals expressing this mutant protein strongly resemble those lacking the GLD-2 protein altogether, arguing
that only the polyadenylation activity of GLD-2 is essential for gametogenesis. In summary, we propose that all known
molecular and biological functions of GLD-2 depend on its enzymatic activity, demonstrating that polyadenylation is the key
mechanism of GLD-2 functionality. Our findings highlight the enzymatic importance of noncanonical poly(A) polymerases and

emphasize the pivotal role of poly(A) tail-centered cytoplasmic mRNA regulation in germ cell biology.
Keywords: poly(A) polymerase; poly(A) metabolism; translational regulation; germline development

INTRODUCTION

Gene expression programs are profoundly influenced by
RNA-modifying enzymes. The catalytic activity of such
proteins is often used to facilitate covalent RNA-structure
changes, thereby providing a mechanistic basis for post-tran-
scriptional gene regulation. Besides the obvious importance
of the catalytic activity of enzymes per $e, an increasing num-
ber of examples shows that enzymes also perform critical
catalysis-independent functions. This is nicely exemplified
in the field of signal transduction where fundamental nonca-
talytic roles are attributed to kinases such as scaffolding or
allosteric regulation (Kung and Jura 2016). However, in the
field of RNA research, it is currently unclear to which degree
the molecular or biological functions assigned to many en-
zymes are dependent on their RNA-modifying activity.

A developmentally important class of RNA-modifying
enzymes are noncanonical cytoplasmic poly(A) polymerases
(cytoPAPs). The most prominent member of this class
is germline development defective (GLD)-2 (Minasaki and
Eckmann 2012). Originally discovered in the nematode
Caenorhabditis elegans (Kadyk and Kimble 1998; Wang et al.
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2002), numerous homologs of GLD-2 have been described
in other invertebrates and vertebrates (Kwak et al. 2004;
Rouhana et al. 2005; Benoit et al. 2008; Cui et al. 2008).
Among the different species, GLD-2-type cytoPAPs are
most commonly and predominantly expressed in germ cells
{Rouhana et al. 2005), and in the case of nematodes and flies,
it was found that this expression is essential for the formation
of functional gametes (Kadyk and Kimble 1998; Benoit et al,
2008; Cui et al. 2008; Sartain et al. 2011), Therefore, this class
of enzymes comprises important evolutionarily conserved
regulators of germ cell development.

All members of the GLD-2-type cytoPAP family contain a
nucleotidyl transferase domain (NTD) that is embedded in a
large central domain, The crystal structure has been solved
for C. elegans GLD-2 (Nakel et al. 2015). NTD and central
domain are separated by a pronounced cleft that harbors
the catalytically active site, whereby the catalytic domain itself
is composed of a five-stranded f-sheet flanked by two a-he-
lices (Nakel et al. 2015}, Interestingly, the central domain, in-
cluding its NTD, constitutes the main part of GLD-2 proteins

© 2017 Nouosch et al.  This article is distributed exclusively by the RNA
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in vertebrates (Kwak et al. 2004; Rouhana et al. 2005), where-
as large protein extensions are found in nonvertebrates, such
as flies and worms (Wang et al. 2002; Benoit et al. 2008; Cui
et al. 2008), making nonvertebrate GLD-2 proteins prime
candidates to investigate potential noncatalytic functions.

The isolated GLD-2 protein itself has only weak enzymatic
activity in vitro, The purified human GLD-2 protein, al-
though highly specific for the addition of adenosines, can
only monoadenylate a wide set of RNA substrates (Chung
et al. 2016). Interestingly, the activity of GLD-2 is stimulated
by interacting proteins that bind to the catalytic domain
(Wang et al. 2002; Kim ct al. 2009), The crystal structure of
worm GLD-2 in a complex with such binding partners shows
that these interactions reduce the flexibility of the catalytic
center, stabilize the fold of the catalytic domain, and extend
its positively charged surface area for RNA interaction
(Nakel et al. 2015, 2016). This suggests that GLD-2 has to
be part of a protein complex in order to facilitate efficient
polyadenylation.

It is envisioned that GLD-2-type cytoPAPs function as
post-transcriptional activators by elongating mRNA poly(A)
tails, thereby promoting mRNA stability in the cytoplasm,
This idea is supported by several observations, made in differ-
ent systems, In Caenorhabditis elegans, loss of GLD-2 protein
correlates with a shortening of mRNA poly(A) tails as well asa
decrease in abundance of many germline mRNAs (Kim et al.
2010; Nousch et al. 2014), Similar observations have been
made in Drosophila melanogaster, where putative mRNA
targets of the GLD-2 homolog, WISPY, are not polyadenyl-
ated in its absence, leading to inefficient protein synthesis
during oocyte formation (Benoit et al, 2008; Cui et al. 2013).

The catalytic activity is not essential for the function of all
noncanonical paly(A) polymerases. This is nicely illustrated
by the functional requirements of Trf4-type PAPs. Most
members of this protein family are nvolved in nuclear
RNA quality control as part of the TRAMP complex, by oli-
goadenylating target RNAs that subsequently are degraded by
the nuclear exosome (LaCava et al. 2005; Vanacovi et al.
2005; Wryers et al. 2005). Loss of Trf4-type protein leads to
an increase of many noncoding and nonfunctional RNAs
(Kadaba et al. 2004; LaCava et al. 2005; Vandcovi et al.
2005; Wyers et al, 2005; Davis and Ares 2006; Egecioglu
et al. 2006). Interestingly, the overexpression of catalytically
inactive Trf4 protein in yeast can restore many of these
mRNAs back to wild-type levels (San Paolo et al. 2009}, dem-
onstrating that the enzymatic process of oligoadenylation is
not essential for Trf4-mediated RNA degradation.

To date, all studies on gld-2 function were made in the
absence of full-length GLD-2 proteins, making it impossible
to distinguish between catalysis-dependent and -independent
functions. In the work presented here, we investigate the
importance of the poly(A) polymerase activity GLD-2 with
regard to its molecular and biological functions by studying
a missense mutation that resides in the catalytic domain of
C. elegans GLD-2,

RESULTS AND DISCUSSION

Description of gld-2 point mutations

Several alleles of the gld-2 gene have been reported in
C. elegans {Kadyk and Kimble 1998). We sequenced these
alleles to identify mutations that are predicted to produce
full-length protein but inhibit the enzymatic activity of
GLD-2. Our search settled on the allele gld-2(q540), a mis-
sense mutation that results in the exchange of proline 652
to leucine (P652L), which is located within the nucleotidyl-
transferase domain (NTD) (Fig. 1A). According to the
recently described crystal structure of C. elegans GLD-2
(Nakel et al. 2015), proline 652 maps to §-sheet number 4
of the catalytic domain, which 1s part of the cleft that harbors
the active site of the enzyme (Fig. 1B). Importantly, the high
degree of evolutionary conservation from worm to humans
of proline 652 (Fig. 1B) suggests structural and/or functional
importance,

To test whether GLD-2(P652L) protein is stably ex-
pressed in gld-2(q540) worms, we performed Western blot
analyses, comparing the mutant protein to wild-type and
two other gld-2 alleles: gld-2(q497), which is considered to
be a strong loss-of-function allele producing no full-length
GLD-2 protein (Fig. 1A; Wang et al, 2002), and gld-2(h292),
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FIGURE 1. The GLD-2(P852L) protein is robustly expressed and inter-
acts with GLD-3 and RNP-8. (A) Cartoon of GLD-2 protein domain
structure. Position and impact of ¢497, ¢540, and #1292 mutations on
GLD-2 protein are indicated. The hlack, thick bar indicates the region
that was used to raise all antiboddies against this protein. (8) A protein
sequence alignment comprising the second half of the nudeotidyl trans-
ferase domain (NTD) from Caenorhabditis elegans (Ce), Drosophila miel-
anogaster (D), Danio renio (D), Xenopes Lievis (X1), and Homo sapiens
(Hs) GLD-2. On top of the alignment, the secondary structure clements
of the C elegans protein are shown (a, a-helices; P, p-sheet). The con-
served proline in B-sheet number 4 is highlighted in red. (C) Western
blot analysis of the indicated proteins in the different ghd-2 mutants,
(D) Immunoprecipitation of GLD-2(P6521)-containing complexes
from adult animal extracts, tested for a coenrichment of both known
GLD-2-interacting proteins. The star indicates a background band
that is detected by the mouse anti-GLID-2 antibody.
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a missense mutation that replaces glutamic acid 875 with an
arginine (E875R) in GLD-2 (Fig. 1A; Wang et al. 2002).
Consistent with previous results, no full-length GLD-2 pro-
tein could be detected in 497, and an equally robust GLD-
2 signal was present in wild-type as well as gld-2(h292)
voung adults (Fig. 1C; Wang et al. 2002). Importantly, a
comparably strong GLD-2 signal was detected in extracts
of gld-2(q540) animals, showing that in 540, full-length
GLD-2(P652L) protein is present in similar amounts
compared to wild-type GLD-2 or h292 full-length GLD-2
(E875R).

To test whether germ cell-enriched GLD-2 mutant vari-
ants have an influence on the abundance of GLD-2-associat-
ed proteins, we analyzed the expression of GLD-3 and RNP-8
in the different gld-2 mutant backgrounds. Both proteins
have previously been shown to physically bind to GLD-2
(Wang et al. 2002; Eckmann et al. 2004; Kim et al, 2009;
Nakel et al. 2015, 2016). In germ cells, two variants of
GLD-3 are expressed via alternative splicing: GLD-3 long
(GLD-31) and GLD-3 short (GLD-3S) (Eckmann et al.
2002). In the different GLD-2 mutants, the abundance of
GLD-3L is unchanged compared to wild-type (Fig. 1C).
Contrary to the long isoform, GLD-3S is nearly absent in
497 and slightly reduced in 4292, which is also true for
G540 (Fig. 1C), RNP-8 levels are comparable among all tested
genotypes (Fig. 1C). Together, this shows that only the ex-
pression level of GLD-3S, but neither GLD-3L nor RNP-8,
is dependent on the presence of GLD-2. The differential re-
quirement of both GLD-3 isoforms on GLD-2 protein pres-
ence suggests that GLD-3S might be stabilized by its
integration into a GLD-2 complex.

To test whether GLD-2(P652L) protein can still establish
known protein interactions in vivo, we conducted immuno-
precipitation experiments from hand-picked homozygous
gld-2(q540) adult worms, GLD-2(P652L} was cfficiently en-
riched in pull-down experiments with specific anti-GLD-2
antibodies, whereas no GLD-2 protein was detected in pull-
downs from the same extract with unspecific antibodies (Fig.
1D). Importantly, both isoforms of GLD-3 as well as RNP-8
were specifically coimmunoprecipitated with GLD-2
(P652L), whereas tubulin was not (Fig, 1D). As GLD-3 and
RNP-8 occupy the same interaction surface on GLD-2,
both proteins bind to GLD-2 in a mutually exclusive manner
(Kim et al, 2009; Nakel et al. 2015, 2016), and our observa-
tions suggest that both proteins are able to bind to GLD-2
(P652L), presumably forming two distinct GLD-2(P652L)-
containing mRNP complexes in gld-2(¢540). Although it
cannot be excluded that the g540 mutation disturbs the asso-
ciation of unknown GLD-2-interacting factors, it is unlikely
that, judging from the structural position of p-sheet number
4, Proline 652 participates in intermolecular interactions
(Nakel et al. 2015). Regardless, based on the robust enrich-
ment of GLD-3 and RNP-8 with the mutated enzyme, we
concluded that GLD-2(P652L) cytoPAP is incorporated
into protein complexes in vivo.

1182 RNA, Vol. 23, No. 8

The enzymatic activity of GLD-2(P652L) cyloPAP
is strongly compromised in vivo

Loss of GLD-2 protein causes a decrease in mRNA poly(A)-
tail lengths at the gene-specific as well as global level (Suh
et al. 2006; Minasaki et al. 2014; Nousch et al. 2014). To
test whether the GLD-2(P652L) enzyme polyadenylates
mRNAs in vivo, we measured poly( A)-tail lengths of individ-
ual mRNAs and of bulk RNA in gld-2(¢540) worms, Using
the sPAT method (Minasaki et al. 2014), we concentrated
our gene-specific analysis on two previously described
GLD-2 target mRNAs: gld-1 and oma-2 (Suh et al. 2006;
Schmid et al. 2009; Kim et al. 2010). Consistent with previous
results (Suh et al. 2006; Kim et al. 2010; Minasaki et al. 2014),
the average poly(A)-tail length of gld-1 and oma-2 mRNAs is
shorter in the putative protein null allele gld-2(9497) than in
wild-type (Fig. 2A). Interestingly, we made similar observa-
tions in gid-2(q540) animals, where both tested mRNAs
also have shorter poly(A) 1ails (Fig. 2A). This suggests that
gld-1 and oma-2 mRNAs are not efficiently polyadenylated
by the GLD-2(P652L) enzyme. Still, small poly(A) tail differ-
ences are detected in gld-2(¢497) and gld-2{q540) for gld-1
mRNA, which might reflect a differential sensitivity of differ-
ent mRNAs toward GLD-2 activity. To test how prevalent the
polyadenylation defect is in gld-2(540) animals, we conduct-
ed bulk poly(A)-1ail measurements. For this assay, we isolat-
ed total RNA, labeled it with radioactive cordycepin, removed
everything that is not a poly(A) stretch by RNase digestion,
and visualized poly(A) distribution on a sequencing gel. In
wild-type, the majority of poly(A) tails is distributed between
30 and 60 nucleotides (nt) (Fig. 2B,C). In gld-2{4540) ani-
mals, poly(A) tails of 40 nt and longer are significantly less
abundant, and the overall poly(A) profile is similar to the
one detected in the protein null allele gld-2(q497) (Fig. 2B,
C). However, with the assays used in this study, we cannot ex-
clude that the GLD-2(P652L) protein still possesses some re-
sidual polyadenylation activity, as indicated by the small
differences between gld-2(q497) and gld-2(¢540) detected
in the bulk poly(A) measurements (Fig. 2C). Nonetheless,
our results show that a large number of mRNAs is inefficient-
ly polyadenylated in gld-2(q540) animals, indicating that
GLD-2(P652L) possesses a significantly reduced poly(A)-po-
lymerase activity and cannot efficiently promote mRNA tail
extension,

The fold of the catalytic domain of GLD-2 is stabilized by
interactions with GLD-3 or RNP-8 (Nakel et al. 2015, 2016),
and interactions with either protein stimulate GLD-2s poly-
adenylase activity (Wang et al. 2002; Kim et al. 2009). As
GLD-2(P652L) is still able to interact with both proteins
(Fig. 1), it is unlikely that the loss of polyadenylation can
be explained by an inability of the protein to interact with
stimulating factors. It is more plausible that the P6321. muta-
tion has a direct effect on the catalytic efficiency of GLD-2
cytoPAP, In the structure of yeast nuclear poly(A) polymer-
ase, PAP-1, the 3'-terminal residue of the poly(A} substrate is
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A gld-2 mutants & gid-2 mutants & B gid-2 mutants (Fig. 2B,C) are substantially reduced
) b Q gy B 3 o in gld-2(h292) animals, suggesting that

&' & ép& 46 & & & &'%\ 28 s &£ &P also this mutation strongly affects the
poly(A)-polymerase activity of GLD-2

in vivo. However, how this mutation,

which is located outside of the catalytic

- domain, impairs GLD-2 activity is cur-
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3 S ' catalysis in a direct manner (Nakel et al.
e’ < 2015). Moreover, in a yeast-two-hybrid
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g2 " the interaction with GLD-3 stabilizes
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urification of recombinant GLD-2 and
GLD-3 fragments (Nakel et al. 2015),
Therefore, future studies will be needed
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to provide a molecular explanation on
how the h292 mutation impairs GLD-2

FIGURE 2, Impact of differest GLD-2 mutant proteins on mRNA polyadenylation, (4) sPAT
analysis of gld-1 and orma-2 mMRNA in wild-type {wt) and different gld-2 backgrounds, The
lane RH/T is a wild-type sample that was treated with ohigo{dT) and RNase H prior to the
sPAT assay to indicate the size of a compktely deadenylated mRNA. Line scans from data gener-
ated by the sPAT assay are given below, Two independent biological repeats were analyzed. (B)
The distribution of bulk poly({A) tails was analyzed in wild-type and the given gld-2 backgrounds.
(€) Line scans from bulk poly(A) Three independent biological repeats were an-
alyzed. Regions of statistically ssgnificant differences indicated with a gray stripe and black bracket

polvadenylation activity in vivo.

GLD-2-dependent polyadenylation
is important for mRNA stability

The presence of GLD-2 protein is impor-

are calculated via the Student’s t-test,

sandwiched between valine 141 and the base of the incoming
ATP (Balbo and Bohm 2007). In the structure of GLD-2, this
valine maps to position 651 and is thereby located one resi-
due before the P6321. mutation. With such an important
nearby residue, it is plausible that the P652L mutation some-
how interferes with the positioning of the substrate in the
catalytic pocket and thus affects polyadenylation activity.
Taken together, we therefore propose that GLD-2(P6521)
is at best a catalytic null or at minimum a severely catalytically
impaired enzyme,

We also included the 7292 allele in our poly(A)-tail mea-
surements. The h292 missense mutation has previously
been described to abolish the polyadenylation activity of
a GLD-2 fragment in vitro (Nakel et al. 2015). Howeyer,
it was unclear whether similar negative effects would also
manifest in vivo in the context of full-length GLD-2
(E875R) protein, Here, we find that both poly(A} tails of
specific mRNAs (Fig, 2A) and bulk RNA poly(A)-tail profiles

tant for a large number of germline

mRNAs, as their abundance decreases

in animals where GLD-2 is down-regu-
lated or absent (Kim et al. 2010; Nousch et al. 2014). To
test whether GLD-2(P652L) stabilizes mRNAs, we measured
mRNA levels of previously described GLD-2 target mRNAs
in young adults by qPCR, comparing the two gld-2 alleles,
4540 and g497, to wild-type. The expression of each mRNA
was normalized to rpl-11.1 levels, a germline-specific ribo-
somal protein and non-GLD-2 target mRNA (Macicjowski
et al. 2005; Nousch et al. 2014), Consistent with previous re-
sults (Nousch et al. 2014), eight tested GLD-2 target mRNAs
(gld-1, zfp-3, lip-1, oma-2, him-5, ¢ph-3, gla-4, puf-8) were
significantly reduced in gld-2(g497) compared to wild-type,
whereas three tested nontarget mRNAs (pgl-1, gh-1, rpl-
25.2) remained unchanged (Fig. 3A). Interestingly, in gld-2
(§540) animals, the abundance of all target mRNAs was
comparable to gld-2(q497) amimals (Fig. 3A). The observa-
tion that not even 4 partial rescue of GLD-2 targets could
be detected strongly suggests that the polyadenylation-com-
promised GLD-2(P652L) enzyme is not able to stabilize
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of lip-1, which only increases during
adulthood (Fig. 3C). On the contrary,
these mRNAs show in both gld-2 mutant
animals, 497 and ¢540, only a moderate
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== —=laoa  increse in abundance, if any, during
this time course (Fig. 3C). No such
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D
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and pgl-1 (Fig. 3C). These data show
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FIGURE 3. Levels of GLD-2 target mRNAs are reduced in GLD-2{P652L)-expressing animals.
5 of the indicated mRNAs via quantitative real-time PCR
Statistically significant differences are indicated and calculated via the Student’s t-rest. (***) P
<0001, (**} P< 001, (*) P<0.05; n.s., not significant. (B) Western blot analysis of the indicated

tant by Is. () mRNA abundance analysis during the
development from L3 farvae to adults in given mutant backgrounds, L3, L3 larvac; L4, L4 larvac;

(A)] Abundance measur

proteins in fog-? gld-2 doub)

carlyA, L4 + 12h; Adult, L4 + 24h,

mRNASs. This argues that the formation of polyadenylation-
deficient cytoPAP complexes is not sufficient to promote
target mRNA abundance, highlighting the importance of
the enzymatic activity of GLD-2.

In order to investigate the dynamics of GLD-2-mediated
mRNA regulation, we decided to measure the accumulation
of GLD-2 target mRNAs during the different stages of female
germline development. C. elegans is a hermaphrodite that
produces sperm during the L3 and L4 larval stages before
switching to produce oocytes for the remainder of the ani-
mal’s lifetime. In order to extend the time window of our
analysis, we conducted our measurements in a fog-1 loss-of-
function (If) background, Removal of fog-1 activity feminizes
the germline, and oogenesis already starts at the L3 larval
stage (Barton and Kimble 1990). The absence of fog-I has
no influence on the expression of GLD-2(P652L) or its bind-
ing partners GLD-3L and RNP-8 (Fig. 3B). Also, in this
genetic background, GLD-3S remained hardly detectable
in the absence of functional GLD-2 protein (Fig. 3B). We
measured six GLD-2 target mRNAs (gld-1, oma-2, gla-3,
him-5, ¢b-3, and lip-1) and two non-GLD-2 target
mRNAs (glh-1 and pgl-1) at the L3 and 14 larval stage, as
well as in younger (L4 + 12h) and older (L4 + 24h) adults.
Each time point was normalized to the expression of rpl-
11,1, In wild-type, most GLD-2 targets show a steady increase
in expression following the L4 larval stage, with the exception

1184 RNA, Vol. 23, No. 8

germ cell development. In adult C. ele-
gans hermaphrodites, female germ cells
gradually mature with respect to their
distal-to-proximal position within the
tube-like gonad: Proliferative cells are
located most distally and enter meiosis
further proximally, starting with lepto-
tene and eventually arresting in diakine-
sis at its proximal end (Fig. 4A). GLD-2
isimportant for at least two aspects of germ cell development:
entry into and progression through meiosis (Kadyk and
Kimble 1998; Eckmann ct al. 2004). As a consequence, no
functional gametes are produced in the absence of GLD-2
(Kadyk and Kimble 1998).

It has previously been described that gld-2(q540) animals
are sterile (Kadyk and Kimble 1998). However, it remained
unclear whether all germ cell defects ascribed to the protein
null allele 4497 are also present in gld-2(q540) animals. We
first concentrated on gld-2's function in meiotic entry in
the distal part of the gonad (Fig. 4A). In the absence of
GLD-2 protein, the size of the proliferative region increases,
which is interpreted as a delayed entry into meiosis
(Eckmann et al. 2004). We analyzed the size of the prolifer-
ative region in wild-type and gld-2 mutants by DAPI staining,
In wild-type gonads, germ cells enter meiosis around row 20
{germ cell distance measured from the distal tip) (Fig. 4B),
Consistent with previous data (Eckmann et al. 2004), the
size of the proliferative region is substantially increased in
gld-2(4497) (Fig. 4B). Interestingly, the size of the prolifera-
tive region in gld-2(g540) is also larger than in wild-type,
and no difference was detected between g497 and ¢540
(Fig. 4B}, demonstrating that the gld-2{q540) missense
mutation mimics the delayed meiotic entry phenotype of
the genetic null allele gld-2(g497). Thus, we conclude that
the polyadenylation-compromised GLD-2(P652L) protein
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FIGURE 4. gld-2{g540) ksrgely phenocopies the genetic null allele of
gld-2.{A) Cartoon of the adult hermaphroditic syncytial germline tissue,
Carcles represent nucles, T-structures are partsal membranes, Important
female germ cell stages are indicated; distal is top fefr, the position of
sperm marks the most proximal end of the gonad. Color marked regions
were analyzed in this work. (B) Analysis of the size of the proliferative
region, Germ cell rows before meiotic entry were counted in the differ-
ent genetic backgrounds as judged by DAPI staining. Significance was
calculated by a twortailed Student’s ttest, (***) P<0001. (C)
Percentage of germlines that positively stain for diakinetic DNA in the
proximal part, assessed by DAPI staining. (1-G) DAPI (purple in
merge) staining of the indicated genetic backgrounds, NPC (green in
merge), nuclear pore complex. Scale bar: (G) 15 pm, (blow-up) 5 pm.

is insufficient to compensate for meiotic entry defects, and
that a timely transition from mitosis to meiosis is tightly
linked to GLD-2's enzymatic activity.

The second major germ cell phenotype that we analyzed by
DAPI staining occurs in the proximal part of the gonad (Fig.
4A). In this part of wild-type gonads, germ cells with highly
condensed chromosomes are detected (Fig. 4C,D), marking
them as cells that are in the diakinetic stage of meiosis. In
the absence of GLD-2 protein, as seen in gld-2{q497), germ
cells arrest in their meiotic program somewhere around the
pachytene-diplotene stage; never reaching diakinesis (Fig.
4C,E). We made similar observations for the g540 allele; a
large fraction of gonads (~76%, n=42) lacks diakinetic
germ cell nuclei (Fig. 4C,G). Nonetheless, diakinetic chro-
mosome configurations were detected in ~24% of the
analyzed gld-2(g540) germlines (Fig, 4C,F), showing that
the g540 mutation mimics the meiotic arrest of germ cells
of the ¢497 mutation to a large extent, but not completely.

The overall phenotypic similarities between the two analyzed
gld-2 alleles argue that polyadenylation is the most important
function of GLD-2 in germ cells,

GLD-2 is broadly expressed during C. elegans germ cell
development and forms distinct cytoPAP complexes with
respect to its roles within the gonad, Based on the ubiquitous
expression of GLD-3 and its phenotypic resemblance
(Eckmann et al. 2002, 2004), a GLD-2/GLD-3 complex is
most likely the main ¢ytoPAP complex that regulates germ
cell mRNAs in the distal part of the gonad. In combination
with RNP-8, whose expression is limited to later stages
of meiotic pachytene (Kim et al. 2009), at least two GLD-2
complexes are likely to operate in the proximal gonad.
Interestingly, neither single mutant animals of mp-8 or gld-3,
nor mp-8; gld-3 double mutants show the typical germ cell ar-
rest seen in the loss of gld-2 {Eckmann et al, 2002; Kim et al,
2009), suggesting that additional GLD-2 interactors may exist
for oogenesis. In either case, our data suggest that all GLD-2
(P6521.)-containing cytoPAP complexes are primarily com-
promised in their polyadenylation activity of target mRNAs,

Combined, our data suggest that the GLD-2 function is
more diverse in later meiotic stages of germ cell development
than during entry into meiosis, This may also reflect a differ-
ent level of requirement or sensitivity for GLD-2-mediated
polyadenylation. Although the expression of the catalytically
compromised GLD-2(P652L) cytoPAP is most of the time
insufficient for the progression through pachytene, germ cells
occasionally develop further, suggesting that cither GLD-2
(P652L) protein has some remaining polyadenylation activity
that we were unable to detect in our assays, or it might have
polyadenylation-independent roles. Whether such minor
roles exist and are connected to mRNA regulation needs to
be addressed in the future. Nonetheless, we conclude that
in strong contrast to Trfd-type nucleotidyl transferases,
GLD-2-type poly(A) polymerases are likely to fulfill their cel-
lular roles almost exclusively in a polyadenylation-dependent
manner,

MATERIALS AND METHODS

Nematode strains and transgenesis

Worms were handled according to standard procedures and grown
at 20°C (Brenner 1974}, The N2 Bristol strain was used as a reference
for wild-type, Strains used in this study: Linkaye group (LG) E gld-2
(@497 ), gld-2{q540), gld-2(h292), and fog- 1{4785). We noted that the
original ghd-2(¢497) and gld-2(4540) strains (Kadyk and Kimble
1998) carried a background mutation in the mut-J6 locus, which
is on the same LG and corresponds to the allele mgd6]. To remove
this mutation, both gld-2 stains were outcrossed with wild-type and
rebalanced with hT2 [Mi-4(e937) let-?(q782) ¢is48] (LI, Unless
stated otherwise, adult germline phenotypes were scored 24 h past
mid-L4 stage. For the time course experiment in Figure 3, worms
were synchronized at the L1 stage via food deprivation, and develop-
mental stages of the population were determined by DIC analysis of
the developing germline of 5-10 animals,
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Primary antibodies

Primary antibodies against the following proteins were used: rabbit
anti-RNP-8 (Kim et al. 2009); mouse anti-NPC (Mabd 14, Covance ),
anti-tubulin (T5168, Sigma), and anti-GLD-2 {(Millonigg et al
2014); and rat anti-GLD-3 {Eckmann et al. 2002). The mouse anti-
GLD-2 (Millonigg et al. 2014) recognized the C terminus of the pro-
tein, The rabbit anti-GLD-2 antibody used in the immunoprecipita-
tion experiments was generated by immunizing New Zealand white
rabbits with an epitope that covered amino acid 9591113 0f GLD-2,
fused to 4 GST-affinity tag. The fusion protein had been expressed in
BL21 bacteria and purified via a GST column to homogeneity. An
analogously prepared MBP-fusion protein had been coupled to
Hi-TRAP NHS columns (GE Healthcare) and used for affinity puri-
fication of the immune serum rb 184,

Immunocytochemistry

Indirect immunocytochemistry of extruded and 1% PFA-fixed
gonads was carried out in solution as described (Rybarska et al.
2009). Images were taken on a Zeiss Imager M1 equipped with an
Axiocam MRm (Zeiss) and processed with AxioVision (Zeiss) and
Photoshop CS5 (Adobe), Secondary antibodies coupled to fluoro-
chromes FITC, CY3, and CY5 were purchased from Jackson
ImmunoResearch (Dianova).

Western blotting and immunoprecipitations

For Western blotting experiments, we collected individual worms by
hand and boiled them in Laemmli protein sample loading buffer
prior to gel separation. Worm protein extracts for protein coimmu-
noprecipitations were made as previously described (Jedamzik and
Eckmann 2009}, with a minor modification of the procedure; to
generate liquid nitrogen-frozen worm powder, we used a MR301
bead mill (Retsch) at 30 Hz For the immunoprecipitation proce-
dure, we coupled affinity-purified rabbit 184 anti-GLD-2 antibodies
to Protein A Dynabeads (Invitrogen). All immunoprecipitates were
analyzed by Western blotting with ECL detection of HRPO-coupled
secondary antibodies {Jackson ImmunoResearch) as previously
described (Jedamuak and Eckmann 2009),

RNA isolation and PCR

Total RNA was isolated from hand-picked whole worms using
TRIzol (Invitrogen), Total RNA (200 ng) was reverse-transcribed
using random hexamer primers and ReverseAkl Premium reverse
transcriptase (Thermo Fisher Scientific), sccording to the manufac-
turer's protocols, Quantitative PCR (qPCR) was conducted on
an iQ5 (Bio-Rad), using the ABsolute QPCR SYBR Green mix
{Thermo Fisher Scientific) and gene-specific primers (sequences
avaifable upon request).

PCR-based poly(A)-tail measurement (sPAT assay)

For measuring poly(A) tails of specific mRNAs, we performed the
previously described sPAT assay (Minasaki et al. 2014). In short,
we dsolated total mRNA from hand-picked worms, ligated an
RNA anchor to the 3' ends, performed gene-specific RT-PCR, and
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resolved the samples on high-resolution agarose gels. Lane quantifi-
cations were performed using Fiji (Imagef),

Bulk poly(A)-tail length measurements

One microgram of total RNA was used 10 perform bulk poly{A)-tail
measurements, following a previously described protocol (Temme
et al. 2004), with the only exception that un-incorporated |a-"*P}-
Codycepin (PerkinElmer) was removed using mini Quick Spin
Columns (Roche). Each sample was analyzed from three indepen-
dent biological repeats; size markers were synthesized RNA oligos
of 30 and 45 nt in length, and 4 loading dye band that corresponds
to approximately 65 nt. Lane quantifications were performed using

Fiji (hmagel).
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3.4 RPL-4 and RPL-9-mediated ribosome purifications facilitate the
efficient analysis of gene expression in Caenorhabditis elegans germ

cells

Overarching guestion

Can a tissue-specific ribosome purification method be adopted to analyze germ cell

translation?

Svynopsis of the publication

The cellular complexity of model organisms is a major obstacle that limits our comprehensive
understanding of gene expression networks in germ cells. For the C. elegans germ line,
several studies provided transcriptomic data in the past which come with certain limitations.
Most studies extract mMRNAs from whole animals and infer the identity of cell-specific
transcripts by using mutants that do not generate a significant germline tissue (REINKE et al.
2004). This restricts the analysis towards germ cell-enriched mRNAs. Alternatively, more
comprehensive results can be obtained by conducting transcriptomics from dissected germ
lines (ORTIZ et al. 2014). However, this approach is based on a tremendous amount of manual
labor to obtain reasonable quantities of isolated germline tissue for each analysis. To facilitate
gene expression analyses from germ cells | adopted a ribosome-immunoprecipitation method
aimed at analyzing the translatome from specific cell types, named Translating Ribosome
Affinity Purification (TRAP), to the C. elegans germ line. The TRAP approach combines easy
access to large amounts of cellular material from whole animals with the selectivity of tissue-
specific dissections. It relies on the ectopic expression of a tagged ribosomal protein
specifically in the tissue of choice, which is subsequently used to purify ribosome-associated
MRNAs from a defined cell population. In the process, | discovered that the ribosomal protein
that is used in the classical TRAP assays is not the ideal choice to purify ribosomes from germ
cells. With RPL-4 and RPL-9, | established and characterized two alternative ribosomal

proteins that are much better suited for this task.
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ABSTRACT In many organisms, tissue complexity and cellular diversity create a barrier that can hinder our  KEYWORDS
understanding of gene expression programs. To address this problem, methods have been developed that  germ cell
allow for easy isolation of translated mRNAs from genetically defined cell populations. A prominent example  translation

is the Translating Ribosome Affinity Purification methed also called TRAP. Here, ribosome assaciated mRNAs
are isolated via purification of the ribosomal protein RPL10A/ULT, which is expressed under the control of a
tissue specific promoter. Originally developed to investigate gene expression in mouse neurons, it has by
now been adopted to many different organisms and tissues. Interestingly, TRAP has never been used
successfully to analyze mRNA translation in germ cells. Employing a combination of genetic and biochemical
approaches, | assessed several ribosomal proteins for their suitability for TRAP using the Caenorhabditis
elegans gemmline as a target tissue, Surprisingly, | found that RPL10A/ULY is not the ideal ribosomal
compenent to perform such an analysis in germ cells, Instead other proteins such as RPL4/uL4 or RPLY/
eL6 are much better suited for this task. Tagged variants of these proteins are well expressed in germ cells,
integrated into translating ribosomes and do not influence germ cell functions. Furthermore, germ cell-
specific mRNAs are much more efficiently co-purnified with RPL4/ul4 and RPL9/ulé compared to RPL10A/
ul1. This study provides a solid basis upon which future germ cell TRAP experiments can be built, and it

ribosomal protein
gene expression

highlights the need for rigorous testing when adopting such metheds to a new biclogical system.

The development of germ cells is driven by complex gene expression
programs, which dictate the production of proteins to a large extent
via post-transcriptional mechanisms, Two aspects make it challeng-
ing to perform a comprehensive analysis of germ cell gene expression
programs in an organism, First, the tissue complexity of most
multicellular organisms often limits the amounts of homogencous
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biological materials that can be analyzed and methods that facilitate
the enrichment for a specific cell population might introduce changes
in the transcriptome (Richardson e al 2015). Second, gene expres-
sion programs are usually analyzed by measuring mRNA abundances
in a cell. However, especially developing female germ cells accumulate
4 large number of maternal mRNAs that are only translated into
proteins after fertilization. Therefore, transcriptome measurements
can only provide a limited understanding of the gene expression
programs that drive germ cell development.

Two methods have been developed that aim at the character-
ization of the translatome in specific tissues named RiboTag and
Translating Ribosome Affinity Purification (TRAP) (Sanz ef al
2009; Heiman et al. 2014), Both methods work with the same
principle; ribosomes and their associated mRNAs are purified via
a specifically tagged protein of the large subunit. The ribosomal
protein (RPL) protein is expressed under the control of a tissue
specific promoter. Both methods were originally designed to char-
acterize gene expression in mouse neurons (Sanz et al. 2009;
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Heiman ef al. 2014). The main difference between the two methods
is the choice of the RPL protein. Whereas TRAP utilizes RPLIDA/
uLl, which was N-terminally fused to GFP, RiboTag uses RPL22/
€122, which was fused C-terminally to an HA-tag (Sanz et al. 2009;
Heiman et al. 2014). Of the two methods only TRAP was adapted to
other organisms, such as C. elegans, D. melanogaster, zebrafish and
Xenopus to investigate gene expression in a variety of tissues such as
neurons, intestines and muscles (Thomas et al, 2012; Watson ef al.
2012; Tryon et al 2013; Gracida and Calarco 2017). However,
neither RiboTag nor TRAP has been rigorously tested for their
usability to analyze gene expression in germ cells.

Employing C. elegans as a model, the four ribosomal proteins
HPL-1/uLl, RPL-4/ul4, RPL-%/ul6 and RPL-22/eL22 were tested for
their TRAP-suitability in germ cells. The expression, developmental
impact, integration into translating ribosomes and amounts of
co-purified mRNA were anafyzed from worm strains expressing
the tagged ribosomal proteins. Surprisingly, this showed that the
previously used RI'L-1/ull and RPL-22/eL22 are out performed by
HPL-4/ul4 and RP'L-9/uL6, strongly implying that these two proteins
arc a much better choice for germ cell TRAP assays.

MATERIALS AND METHODS

Nematode strains and transgenesis
Worms were handled according to standard procedures and grown at
207, if not otherwise stated (Brenner 1974). The N2 Bristol strain was
used as a reference for wild type, The following strain was used in this
study: LG I glp-1(q224). Transgenic strains EVE30 (efls157(Chr-
unc-119(+) + Pmex-5:rpl-9:FLAG:bB-2 3'UTR] 1), EN'927 (efisi73
[Chr-une-11%+) + Pmex-5zrpl- 1:FLAG:tbb-2 3'UTR] 1) and EV923
(efis 174]Chr-unc-119(+) + Pmex-5urpl-222FLAG:tbb-2 3'UTR] 1)
were generated using the Mosl-mediated single copy insertion
(MasSCI) protocol {(Frekjer-Jensen ef al, 2012). Injected constructs
were assembled using the multisite Gateway cloning system (Thermo
Fisher Scientific). To this end, the entire genes including introns
for rpl-i, rpl-9 and rpl 22 were amplified from genomic DNA,
fused with 3xFLAG-tag encoding sequences via overlap extension
PCR, and inserted into the entry vector pDONR221, The assembled
constructs were Injected into the recipient strain FGO699 1115605
I unc-119(ed3) M1; oxEx1578. EV484 (efIs155]Chr-unc-11%+) +
Pmex-Surpl-4: FLAGztbb-2 3' UTR] IT) and was described previously
(Nousch et al. 2019).

For the fertility analysis, L4 animals were singled and passaged to a
new plate every 2dhrs until the mother stopped laying embryos,
Living larvae were counted 1o assess brood size.

Waestern blotting

For Western blotting experiments samples were prepared from hand-
picked worms, age 24h past mid L4, by boiling the collected material
in Laemmli protein sample loading buffer prior to gel separation on
4-12% PAGE gradient gels (Eurogentec). Gel running and blotting
was done following the manufacturer’s protocol. The composition of
the blotting buffer was as followed: Tris base 15 mM and Glycine
192 mM. Western blots were visualized with an Odyssey Fc Imaging
System (LI-COR) after incubation with IRDye secondary antibodies
(LI-COR). All secondary antibodies were used at 1:10,000 dilutions in
5% Milk/PBS/0.05% Tween.

Primary antibodies
Primary antibodies against the following proteins were used at the
indicated dilutions: mouse anti-FLAG M2 (Sigma-Aldrich) 1:5000,
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anti-tubulin (T5168, Sigma) 1:5000 and RPS5 {sc-390935, Santa cruz)
1:100; and rabbit anti-PAB-1/2 (Nousch ef al. 2014) 1:5000. All
antibodies were diluted in 5% Milk/PBS/0.05% Tween,

Extract preparation for inmunoprecipitations and
sucrose gradient centrifugation

Worms were synchronized at the L1 larval stage, grown on 10 cm
MGM plates spotted with QP50 and harvested as young adults (24h
past mid L4), For harvesting, worms were washed off the plates with
M9, collected into 15 ml tubes and centrifuged for 2 min at 500xg. The
worm pellet was washed twice with M9 and once with B70 buffer
(HEPES pH 7.4 50 mM, KA¢ 70 mM, NaF 1 mM, B-glycerophosphate
20 mM, MgOAc 5 mM, Triton X-100 0.1% and glycerol 10%) using
5x the pellet volume, Finally, the pellet was resuspended in equal
volume of B70, mixed carefully and droplets were made in liquid
nitrogen. The resulting worm pearls were stored at -80°.

For extract preparation the frozen pearls were ground into a fine
powder using a MR301 ball mill at 30 hertz (Retsch). The powder was
resuspended in 300 pl of B70+Inhibitors (DTT 1 mM, PMSF 1 mM,
Benzamidine 2 mM, Pepstatin A | pg/m), Leupeptine I pg/ml, Pefabloc
0.1 pg/ml, RNA&seOUT 100 U/ml and Cyclobeximide 100 pg/mi) and
spun in a beach top centrifisge for 10 min at 10000xg and 47, The clear
supernatant was transferred into a dean tube and the protein concen-
tration was measured. The extract was now ready to be wsed for sucrose
gradient centrifugation or immunoprecipitations.

Sucrose gradient centrifugation

Equal amounts of extracts were resolved through a 10 ml 17-50%
sucrose gradient. The gradients were spun for 210 min at 35000 rpm
and 47 in a SW40T rotor (Beckman Coulter), The fractionation was
conducted bottom up while the absorbance profile at 260 nm was
recorded. Proteins were concentrated by TCA precipitation and all
pellets were dissolved in the same amount of Laemmli protein sample
loading buffer.

Immunoprecipitation of ribosomes

Cellular extracts were pre-cleared using Protcin A agarose beads
(Sigma-Aldrich) for 1h at 4°. Afterward, 200 pl of extract were
incubated with 20 pl anti-FLAG M2 affinity agarose (Sigma-Aldrich)
for 2h at 4° with gentle mixing. This was followed by washing the bead
material three times with 300 fresh B70+ [nhibitors. RNA was isolated
from the matrix material as well as the input as described below.

RNA isolation and gPCR

RNA was isolated from extracts or bead material using Trizol
(Invitrogen). 200 ng of total RNA was reverse transcribed using random
hexamer primers and ReverseAid Premium reverse transcriptase
(Thermao Fisher Scientific), according to the manufacturer's protocol.
Quantitative PCR (qPCR) was conducted on an iQ3 (BioRad), using
the ABsolute QPCR SYBR Green mix (Thermo Fisher Scientific) and
gene-specific primers {sequences available upon request),

Data availability

Strains and plasmids are available up on request. Supplemental
material available at figshare: hitps://doiorg/10,25387/53.12901601.
RESULTS

Choice and expression of tagged ribosomal proteins
Genes encoding homologs for all ribosomal proteins of the small and
large subunit are present in the C. elegans genome (Table S1). The
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Figure 1 A differential expression s detected for
tagged nbosomal proteins in germ cells. (A-B} Struc-
ture of the yeast B80S ribosome, RPL-4, RPL-S and
RPL-22 are shawn in red. The arrow head indicates
the position of the tag, Ribosomal RNA is shown in
gray, peoteins of the small subunit in light blue and
proteins of the large subunit in pink, The ariginal
PyMOL file for the shown structure was generated

RPL-22/e122 by the Ban lab [https//bangroup ethz.ch/research/
nomencature-of-nbosomal-proteins. html), (C) Top:
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| expressing strains, Per lane 30 adult hermaphredite
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only exception is RPL41 for which no gene could be identified. Four
proteins from the large subunit were chosen to be tested for their
suitability in a potential germ cell TRAP assay, as mRNAs copurified
with these proteins should be part of an 80S ribosome and therefore
are most likely actively translated. 1 investigated RPL-1/uLl and RPL-
22/el.22, because they have been used in TRAP assays in the past
(Heiman ef al. 2008; Sanz et al 2009). Furthermore, because of their
size and position in the ribosome, 1 included RP1L-4/ul4 and RPL-9/
ulé. In general, RPL proteins are rather small and in C. elegans the
median size of all RPL proteins is 16 kD. RFL-4/ul4 and RPL-9/ulb
can be considered large for RPL proteins, with ~39 kD and ~22 kDA
respectively, These sizes should decrease the likelihood that a small
tag interferes with the functions of the two proteins. Positional
information about RPL-4/ul4, RPL-9/uL6 and RPL-22/el22 within
the assembled ribosome can be inferred from the crystal structure of
the 808 complex from Saccharomyces cerevisiae (Ben-Shem et al.
2011). RPL-4/ul4 is located on the solvent side of the 608 subunit
(Figure 1A), RPL-9/ul6 is close to the A-site (Figure 1B) and RPL-22/
€122 is close to the interface with the 408 subunit (Figure 1A and B),
The position of RPLIOAJuLl, the homolog of RPL-1, has been
previously mapped close to the exit channel of the mRNA (Anger
et al. 2013). In contrast to RPLs with strong integral binding positions
within rRNA (e.g., uL2, eL33 or ¢L37) RPLIOA/uLL, RPL-4/ul4, RPL-
9/ul6 and RP1-22/el.22 show more peripheral attachment to rRNA
and should be accessible for immune-purifications.

Expression constructs were generated for FLAG-tagged RI'L-1/
uLl, RPL-4/ul4, RPL-9/uL6 and RPL-22/el22 (Figure 1C). To this
end, the genetic loci of the four rpl-genes were C-terminally fused to
3xFLAG and cloned into plasmids, which permit germ cell specific
expression. The production of mRNAs was controlled by the well
characterized mex-5 promoter (mex-5F) and protein production was
directed by the 3'UTR of tubulin (tbb2}), which allows translation of
an mRNA during all stages of germ cell development (Merritt er al.
2008). The entire expression cassettes were integrated into the C
elegans genome as single copies using the MosSCI method (Frokjaer-
Jensen er al. 2012). Western blot analysis of homozygous adults that
carry the expression cassettes revealed strong expression of tagged
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RPL-4/ul4 and RPL-9/uL6, moderate expression of tagged RPL-22/
eL22 and low expression for tagged RPL-1/ul1 (Figure 1D). This
shows that FLAG fusion proteins can be efficiently produced for
RPL-4/ul4, RPL-9/uL6 and RPL-22/¢L22 but not for RPL-1/uLl in

germ cells.

Tagged ribosomal protein expression in germ cells has
no influence on fertility

To test whether the expression of tagged RPL-1/uLl, RPL-4/ul4,
RPL-9/uLs or RPL-22/eL.22 has an impact on germ cell development,
1 analyzed the brood sizes of homozygous transgenic animals grown
at different temperatures. At 20%, a wildtype worm produces around
300 offspring (Figure 2A). No significant difference in brood size was
detected for any of the animals expressing the tagged RPL proteins
(Figure 2A), At 25°, a wildtype animal has a slightly reduced brood
and produces around 250 offspring (Figure 2B). Interestingly, this
number is significantly reduced 10 ~200 progeny for all RPL:FLAG
expressing strains (Figure 2B). To test whether this might be a
consequence of increased expression of the tagged RPL proteins |
investigated the RPL:FLAG protein levels by Western blotting,
Surprisingly, no significant difference in RPL:FLAG expression could
be detected between worms grown at 207 or 25° (Figure 2C). In
general, no correlation seems to exist between RPL:FLAG expression
levels and fertility, suggesting that the decrease in brood size at
dlevated temperature might be an inherent property of the MosSCI
strain that was used in this work to generate the transgenic animals.
This argues that the expression of tagged RPL-1/ull, RPL-4/ul4,
RPL-9/ul6 and RPL-22/eL22 has no negative impact on germ cell
functions.

Tagged RPL proteins are present in polysomes

It is important that the tagged RPLs do not influence the efficiency of
general translation. Hence, [ conducted a polysome analysis inves.
tigating the distribution of active and non-active ribosomes (poly-
somes v5. non-polysomes). To this end, whole animal extracts from
adult wild type or transgenic worms were separated on a 17-50%
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Figure 2 Expression of tagged RPLs in germ celis has no influence on
fecundity. The fertility of parental hermaphrodites (n) was analyzed by
counting hatched F1 larvae (progeny). (A} At 207, no significant differ-
ence was detected in the number of median offspring generated by
wild type or rpl:flag expressing worms. (8) At 25%, all rpl:flag express-
ing strains produce less progeny compared to wild type. (C) Westem
blot analysis of mpl;:flag exprassing strains grown at different temper-
atures. No obvious differances in expression levels are detected,

ufFLAG

sucrose gradient and fractionated. During the fractionation proce-
dure the absorbance at 260 nm was recorded in order to trace the
migration pattern of ribosomes. In wild type, a prominent 808
ribosome peak was detected in the middle of the gradient dividing
polysomal from non-polysomal regions (Figure 3A). Furthermore,
only minor peaks corresponding to the 605 and 408 ribosomal
subunits are present in this sample (Figure 3A), In the rpl:flag strains,
the overall distribution of ribosomal complexes is highly similar to the
onc in wild type (Figure 3A). In adults, germ cells contribute a
significant amount of biological material toward whole animal ex-
tracts. In order to judge how much RNA in lysate comes from germ
cells, I measured total RNA amounts isolated from wild type and o/p-
1{1224), a temperature sensitive strain which virtually has no germ
cellsat 257 (Austin and Kimble 1987). The yield of isolated RN A from
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Figure 3 Differential integration of tagged ribosomal proteins into
translating ribesomes. A polysome analysis was conducted comparing
wild type to mpkiflag sxpressing animals. (A) Absorbance traces at
260 i of polysomal gradients from wild typs; 7oL-1:Reg, rpid:ifieg,
rpl-9.:flag and rpl-22.:flag worma. Similar amounts of cellular proteins
were |loaded onto each gradient. The positions of the major ribosomal
complexes are shown on the top. The numbers on the bottom indicate
the fractions that were collected. (B) Westemn blot analysis of the
gradient fractions. RFS-5 distribution was similar in all gradients. The
image showm was generated from the rpl-22:flag gradient,

glp-1(g224) adults grown at 25° was ~50% lower compared to wild
type (Fig. S1). This suggests that half of the total RNA in an adult
originates from germ cells. Therefore, severe translational defects that
occur in germ cells would be detectable in a polysome profile. Only
small differences are detected among the different rplf samples. Heavy
polysomes are slightly decreased and light polysomes are increased in
rpl-9:flag and rpl-22:flag compared to rpl-Iuflag and rpl-4:flag
(Figure 3A). This minor shift in the distribution of translating
ribosomes could indicate that FLAG-tagged RFL-9and RP1L-22 cither
slightly decrease translation initiation rates or increase translation
clongation speeds. Nonetheless, the overall absence of strong poly-
some abnormalities argues that the expression of RP-1:FLAG, RPL-
4=FLAG, RPL-9:FLAG or RPL-22:FLAG has no major effect on the
global translation efficiency of ribosomes,

Next, I investigated whether the tagged RPLs are part of active
translating ribosomes. Thus, the migration behavior of the fusion
proteins in the gradients was analyzed by Western Blot. RPS-5 of the
small ribosomal subunit served as a marker illustrating the gradicnt
distribution of an endogenous ribosomal component. A small
amount of RPS-5 is detected in fraction one, which is the top of
the gradient (Figure 3B), This is most likely corresponding to free
proteins, which are not associated with larger complexes and there-
fore do not enter the gradient. The majority of RPS-5 is present
around the 808 peak and in polysomes (Figure 3B}, The RPL:FLAG
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proteins accumulate stronger on top of the gradient compared to
RPS-5 (Figure 3B). This might be explained by the fact that the fusion
proteins have to compete with the endogenous versions of the RPLs
for incorporation into the large ribosomal subunit. Regardless, all
RPL:FLAG proteins in the gradient are detectable in 805 and
polysomal fractions, mirroring to a large degree the distribution of
RPS-5 (Figure 3B). This migration pattern suggests that all tagged
RPLs can be incorporated into translating ribosomes. However,
quantitative differences exist. RPL-1:FLAG is strongly present on
the top and only weakly in heavy regions of the gradient. On the other
hand, RPL-4:FLAG, RPL-9:FLAG and RPL-22:FLAG show robust
co-sedimentation with polysomes, arguing that these three proteins
are better integrated into functional ribosomes compared 1o RPL-
1:FLAG (Figure 3B).

Analyzing the ribosome association of germline mRNAs
Next, | addressed which of the different tagged RPL proteins can be
utilized to analyze mRNA translation. To this end, the different
tagged RPL proteins were purified from adult whole animal extracts
using anti-FLAG beads. Extracts prepared from wildtype animals,
which do not express a tagged protein, were also incubated with anti-
FLAG beads and served as a negative control, For better quantitative
comparison, equal amounts of extracts were incubated with the same
bead volume for each sample. The investigation of the bead material
by Western blotting shows that all tagged ribosomal proteins could be
specifically enriched with the anti-FLAG beads (Figure 4A). The
putification efficiency was low for RPL-1:FLAG, medium for RPL-
22:FLAG and the highest for RPL-42FLAG and RPL-9:FLAG (Figure
4A). To test whether translation-related proteins could be co-purified,
the presence of cytoplasmic poly(A) binding protein PAR-1/2 was
analyzed in the immune-purifications, PAB. 1/2,a factor that binds to
poly(A) tails and promotes translation, was detected in RPL-43FLAG
and RPL-9:FLAG purifications (Figure 4A) (Gu et al. 1995), On the
other hand, tubulin, a protein not associated with translation, could
not be detected in any purification (Figure 4A). In summary, all
tagged RPLs can be purified using the FLAG tag. However, only RPL-
4 and RPL-9 allow the efficient co-purification of a translational
factor, suggesting that the two RPLs are part of active ribosomes,

Finally, it was tested whether components of the ribosome can be
enriched with the tagged RPL proteins. To this end, RNA was isolated
from the Input and RPL=FLAG purified material and analyzed for
the presence of ribosomal RNA. A signal for the 185 and 26S rRNA
was barely visible in the coatrol providing the baseline for a
background enrichment of rRNA (Figure 48). In all purifications
rRNA was detected above background levels with the strongest
signals in RPL-4:FLAG, RPL-9:FLAG and RPL-22::FLAG (Figure
4B). This suggests that in general ribosomes can be purified with
all four tagged ribosomal proteins.

To test whether germline-specific mRNAs can be co-purified with
the different RPL:FLAG proteins, RNA was isolated from purified
material, converted into ¢cDNA and the amounts of specific mRNAs
were measured by quantitative real-time PCR. Eight mRNAs pre-
viously described as being germline-enriched and four mRNAs that
are primarily expressed in the soma were quantified by measuring
their enrichment with the different RPL:FLAG proteins relative to
the control purification. Nonc of the four soma-enriched mRNAs
was significantly enriched with any RPL:FLAG purification (Figure
4C). In contrast to this, significant enrichments were detected for
germline enriched mRNAs (Figure 4C). Again differences existed in
co-purification efficiency, with RPL-1:FLAG showing enrichment
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for 1/8, RPL-4:FLAG for 8/8, RPL-9=FLAG for 8/8 and RPL-
22:FLAG for 7/8 measured germline mRNAs (Figure 4C). This
shows that a large complement of germ cell specific mRNAs can be
efficiently isolated using tagged RPI-4, RPL-9 and RPL-22, The
combined immunoprecipitation results strongly argue that tagging
RPL-4 or RPL-Y provide the best handle to purify active ribosome/
mRNA complexes from germ cells in C. elegans.

DISCUSSION

The goal of this work was to identify sultable ribosomal proteins that
allow an efficient analysis of mRNA translation in C. elegans germ
celis. Surprisingly, the overall data show that of the four tested RPLs
the most commonly used in the literature, RPL-1/uLl, is not a good
choice for this task, The RPL- | fusion protein is not well expressed in
germ cells, does not strongly associate with ribosomes and thus allows
only inefficient copurification of germ cell mRNAs. The main dif-
ference between the KPL - 1/ul.l variant in my work and studies in the
past is the position and nature of the tag. Whereas in the presented
work a C-terminal FLAG was used, the initial study in mice employed
an N-terminally GFP-tagged RPLIOA/uL1 for the purification pro-
cedure (Heiman et al. 2008). In the original work only GFP:RPLI0A/
ul! was tested and nearly all studies that adopted the TRAP assay to
other organism copied this design (Thomas ef al 2012; Watson et al.
2012; Tryon et al. 2013; Gracida and Calarco 2017), Only in zebrafish
a double-tagged RPLIOA with GFP on the N- and HA on the
C-terminus was used to enrich hair cell-specific mRNAs (Matern
et al. 2018). Unfortunately, the zebrafish study did not provide any
evidence 10 which degree the double tagged protein is truly
functional, and it is entirely possible that any modification at
the C-terminus affects RPL-1/10A function. Therefore, using an
N-terminal FLAG tag might improve the performance of an RP1-1
fusing protein for a TRAP assay in germ cells.

The TRAP method relies on the ectopic expression of modified
ribosomal proteins in specific tissues and cells. For an easy adaptation
of this assay to new biological systems the perfect TRAPable ribo-
somal protein should show little developmental expression variation.
Interestingly, many ribosomal proteins have paralogs that can be
expressed in a spatial and temporal restricted manner resulting in a
tissue specific composition of ribosomes {(Genuth and Barna 2018).
Although, no functional paralogs have been described for ull and
el22 in C. eegans, these two proteins might contribute to the
diversification of ribosomes in other organisms, In Drosophila,
uLl proteins are encoded by two genes, RpL10Aa and RpL10Ab
(Wonglapsuwan ef al. 2011). According to modENCODE data
(hitp/fwww.modencode.org/ ), RpL10Ab seems to be the uLl protein
variant which is expressed in most tissues, whereas RpL10Aa ex-
pression is enriched in adult testis. For ¢1.22, paralogs with tissue-
specific functions have been described in flies and zebrafish (Zhang
ct al. 2017; Mageeney and Ware 2019). Contrary to this, rpl-4/ul4
and rpl-9/ulb are each encoded by only one gene in worms, fly, fish
and mice. This lack of protein variability argues that in all organisms
these two RPLs should be easily suitable for ribosome purifications
from most tissues.

Surprisingly, heterogeneity of the translational machinery might
occur not only on the tissue level but also has been proposed to exist
within cells. Absolute abundance measurements of 15 of the 80 core
ribosomal proteins in polysomes from mouse embryonic stem cells
showed that six proteins are substoichiometnc (Shi et al. 2017). One
of these six proteins is RPL10A/uL1, suggesting that not every actively
translating ribosome contains this protein. Additionally, the same
study found that RPL10A/uL] purifications co-enrich for specific
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511 1pl-1:FLAG ing quantitative real time PCR,
% rpl-4:FLAG
1 rpl-9:FLAG
rpl-22::FLAG
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mRNAs (Shi ef al. 2017). Interestingly, the vast majority of studies
that characterize tissue-specific translatomes in organisms solely rely
on data generated via RPLIOA/uLI purifications {Doyle e al. 2008;
Heiman et al 2008; Thomas et al. 2012; Zhou et al. 2013; Liu et al,
2014; Gracida ¢t al. 2017; Matern ef al. 2018; Rodrigues ef al. 2020),
This raises the question to which degree the TRAP data generated by
these studies truly refiect the global translation programs occurring in
the investigated cell types. Contrary to RPL- 1/uLl, the proteins REL
Aful4, RPL-9/ul6 and RPL-22/¢1.22 arc most likely constitutive and,
thus, a part of every ribosome in a cell (Shi ef al 2017). Hence,
mRNAs copurified via these proteins should provide an unbiased
view of translation in cells.

A growing number of studics provide evidence that ribosomal
proteins play an important part in the translation of specific mMRNA

4068 | M. Nousch

(Kondrashov et al. 2011; Zhang et al. 2013; Shi et al. 2017). Hence, the
view of the ribosome has shifted away from the rigid machine that is
the same in every cell toward a more dynamic macromolecular
complex with specialized compositions and functions (Genuth and
Barna 2018). Consequently, methods originally developed to survey
global mRNA translation in cells and tissues should be reevaluated,
especially if adapted to a new biological system. The ideal ribosomal
protein used for TRAP assays should be a stable component of the
ribosome in many biological settings. The robust performance of
RPL-4/ul4 and RP1L-9/ul6 in C. elegans germ cells combined with the
evolutionary conserved nature of ul4 and ul6 homologs as core
companents of the ribosome on the cellular as well as the tissue level,
strongly argues that these proteins might be the ideal choice for future
TRAP assays in many biological systems,
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3.5 Stage-specific combinations of opposing poly(A) modifying
enzymes guide gene expression during early oogenesis

Overarching question

How are opposing poly(A) modifying enzymes utilized during germ cell development?

Synopsis of the publication

By now poly(A) modifying enzymes are recognhized as crucial components of the gene
expression networks in germ cell development (MORRIS et al. 2005; SUH et al. 2006; BENOIT
et al. 2008; NouscH et al. 2013). In this context, deadenylases are considered as negative
and cytoPAPs as positive mMRNA regulators. In my previous works, | investigated the roles of
deadenylases and cytoPAPs in C. elegans germ cell development separately. However, the
interplay between these opposing poly(A) regulators remained poorly understood. Using
genetics, RNA sequencing and the TRAP assay | analyzed the developmental and molecular
relationship between GLD-2 and different deadenylases in C. elegans. | found that Ccr4-Not
is the main counterforce to GLD-2 controlling mRNA polyadenylation and abundance in germ
cells. A GLD-2/ Ccr4-Not balance is vital for all steps of oogenesis where the opposing
activities of these enzymes are utilized by several RNA-binding proteins to control their mRNA
targets. Furthermore, this work suggests that the mechanism of GLD-2-mediated RNA
regulation switches from promoting mRNA stability during early stages towards controlling
translational efficiency during late stages of female germ cell development. Overall, this work
identified with GLD-2 and Ccr4-Not two evolutionary conserved regulators that most likely
provide the molecular framework for gene-specific poly(A) tail regulation not only in C. elegans
but also in other biological systems that utilize the dynamic potential of the tail to control gene

expression.
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ABSTRACT

RNA-modifying enzymes targeting mRNA poly(A)
tails are universal regulators of post-transcriptional
gene expression programs. Current data suggest
that an RNA-binding protein (RBP) directed tug-of-
war between tail shortening and re-elongating en-
zymes operates in the cytoplasm to repress or ac-
tivate specific mRNA targets. While this concept is
widely accepted, it was primarily described in the
final meiotic stages of frog oogenesis and relies
molecularly on a single class of RBPs, i.e. CPEBs,
the deadenylase PARN and cytoplasmic poly(A) poly-
merase GLD-2. Using the spatial and temporal reso-
lution of female gametogenesis in the nematode C.
elegans, we determined the distinct roles of known
deadenylases throughout germ cell development and
discovered that the Ccrd4-Not complex is the main
antagonist to GLD-2-mediated mRNA regulation. We
find that the Ccrd-Not/GLD-2 balance is critical for
essentially all steps of oocyte production and reitera-
tively employed by various classes of RBPs. Interest-
ingly, its two deadenylase subunits appear to affect
mRNAs stage specifically: while a Caf1 /GLD-2 antag-
onism regulates mRNA abundance during all stages
of oocyte production, a Ccr4/GLD-2 antagonism reg-
ulates oogenesis in an mRNA abundance indepen-
dent manner. Our combined data suggests that the
Ccr4-Not complex represents the evolutionarily con-
served molecular opponent to GLD-2 providing an
antagonistic framework of gene-specific poly(A)-tail
regulation.

INTRODUCTION

The ubility to regulate gene expression at the mRNA level
is crucial for many developmental and physiological pro-

cesses. In the eytoplasm, gene expression control is achieved
by the association of mRNAs with designated mRNA-
binding protcins {RBPs) to repress or activate select mRNA
targets, forming larger nMRNA-protein (mRNP) complexes,
Among sequence-specific RBPs also RNA-modifying en-
zymes that cither shorten or clongate the length of mRNA
3 poly(A) tails were repeatedly identified in previous bio-
chemical purifications of mRNPs, suggesting that endured
presence of these enzymes may facilitate efficient mRNA
regulation (1,2). In this context, tail shortening is medi-
ated by deadenylases (DeAds) correlating with repression
of mRNAs, whereas tail elongation is mediated by cylo-
plasmic poly(A) polymerases (cytoPAPs) correlating with
activation of mRNAs. Hence, opposing activities of DeAds
and cytoPAPs might provide an antagonistic frame work
for many RBPs to mechanistically regulate mRNAs in the
cytoplasm,

In animal development, only one prominent example hus
been deseribed of how the molecular antagonism between
poly(A)-tail modifiers suppresses and reactivates mRNA
activities. During frog oocyte maturation, the deadeny-
lase PARN and cytoPAP GLD-2 form an antagonistic
pair to regulate the translation of mRNAs whose protein
products drive the progression through both meiotic di-
visions in Xenopuys laevis (3). The PARN-GLD-2 antago-
nism is instructed by the sequence-specific RBP CPEB and
serves as o hallmark ol how a DeAd /cytoPAP rheostal may
be employed in gene-specific mRNA regulation. However,
whether the antagonistic PARN-GLD-2 pair has general
validity and extends to other stages of germ cell biology
or even (o other organisms remains unclear. Currently, no
studies exist that directly address other potential DeAd-
cytoPAP relationships and it remains to be shown how rel-
evant this opposing enzyme pair might be for other RBPs
than CPEBs.

In contrast to PARN, which is present in most but not
all multi-cellular organisms, two other prominent mRNA
deadenylases have been described that are evolutionary con-
served from yeast to humans: the Pan2 and the Cerd-Not
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complex (1), While the Pan2 complex is composed of two
subunits, the single cnzyme Pan2 and its regulatory scaffold
Pan3, the Cerd-Not deadenylasc is a multi-subunit complex
that contains two enzymatic components. Both deadeny-
lases, Cafl (also known as Pop2) and Cer4, are attached as
a single module to the central scaffolding protein Notl (4).
The Cerd Not complex assumes a pivotal role in the gen-
cral mRNA degradation pathway, and as such provides the
major poly(A)removing activity in all organisms tested to
date (5-7), Importantly, Cerd-Not appears to also partici-
pate in gene-specific mRNA repression in many organisms.
A number of evolutionary conserved cytoplasmic RBPs, in-
cluding PUF proteins or Zine-finger<containing RBPs, uti-
lize this complex to silence and/or degrade mRNA targets
(8.9). Whereas the importance of the Cerd-Not complex
for the control of cytoplasmic gene expression regulation is
undisputed., a potential antagonistic role in a likely DeAd-

cytoPAP relationship and its relevance 1o other sequence-
specific RBPs remains to be determined.

Across species, GLD-2-type poly(A) polymerases pro-
vides the major poly(A)-tail clongation activity in the cy-
toplasm (10.11). These cytoPAPs are terminal nucleotidyl
transferases with a preference for efficient A-addition to
mRNAs that already end on adenosine (12). The enzy-
matic activity of GLD-2 is stimulated by interacting pro-
teins and represents the main driver of its molecular and
biological functions (13-15). Consistent with its essential
roles in various stages of germ cell development, GLD-2-
type enzymes are strongly expressed in germ cells, however
they are not uniformly abundant throughout gametogene-
si5 (13), Although deadenylases are ubiquitously expressed
in most tissues of various organisms, the Cerd-Not com-
plex is particularly crucial for germ cell biology: loss of its
components feads to germ cell defects during female oocyte
production in metazoans (3,16,17). However, whether the
Cerd-Not deadenylase complex forms an antagonistic pair
with GLD-2-type cytoPAPs in tissuc-specific mRNA regu-
lation is currently not known.

In this study, we exploit the simple spatial and tempo-
ral resolution of female gametogenesis in the nematode C
elegans 10 reveal broad-scale antagonistic relationships of
poly(A)-tail modifying enzymes. Unlike vertebrates, the go-
nad of this animal model system facilitates a refined molec-
ular and morphological analysis of all phases of gametoge-
nesis preceding the stage of oocyle maturation, Qur work
identifies, with a precision that is not possible in verte-
brate animals, the Cerd-Not complex as the major dead-
enylase that opposes GLD-2 cytoPAP to regulate essen-
tially all phases of carly oogenesis, reaching from germ
stem cell proliferation to cocyte maturation. Interestingly,
in opposition to GLD-2 clear differences exist among the
two catalytic subunits of Cer4-Not, Whereas Cafl, termed
CCF-1 in worms, is primarily important for all phases of
carly female gametogenesis by regulating mRNA abun-
dance, CCR-4 plays a significant role in later phases by pro-
moting gene expression possibly in a translational rather
than abundance-dependent manner. This molecular differ-
cnee coincides with a likely shift of GLD-2 function from
promoting mRNA stability to promoting mRNA translata-
bility. Finally, our data suggests that several evolutionary
conserved RBPs rely on the antagonistic Cerd4-Not/GLD-

2 pair to regulate their target mRNAs. Our combined work
reveals that the opposing forees of the deadenylase Cerd-
Not and poly(A) polymerase GLD-2 provide an antagonis-
tic frame work to cytoplasmic gene expression regulation,
which 1s presumably tuned by many diverse RBPs 10 bal-
ance mRNA abundance and translation.

MATERIALS AND METHODS
Nematode strains and transgenesis

Worms were handled according to standard procedures
and grown at 20°C (I8). The N2 Bristol strain was
used as a reference for wild type, Other struins used
in this study: Linkage group (LG) I gld-2(¢497), rrf-
1(pkl417); I parn-2{tmi339); I pani-2{iml1575); IV:
cor-4(tmi3i2); Vi parn-1{1m869), Unless stated otherwise,
adult germline phenotypes were scored 24hrs past mid-L4
stage, Transgenic strains EVA84 (efIs81[Chr-unc-119(+) +
Pmex-5:0pl-4: - FLAG: thh-2 3' UTR] 1T) were generated us-
ing the Mosl-mediated single copy insertion (MosSCI) pro-
tocol (19). Injected constructs were assembled using the
multisite Gateway cloning system (Thermo Fisher Scien-
tific). To this end, the entire gene of rpf-4 was amplified
from genomic DNA, fused with 2xFLAG-tag encoding se-
quences via overlap extension PCR, and inserted into the
entry vector pDONR221. The size of the proliferative re-
gion was anulysed by counting nuclei along the distal-
proximal axis until a cluster of three to four nuclei with cres-
cent shaped DNA in a circumference wis detected.

RNAi feeding constructs and procedure

The feeding constructs targeting ccf-/, ntl-I and gld-2 were
described previously (5,10). For ccf</ RNAI treatment in
wild type and gld-2(¢497 ). animals were fed from LI on-
wards. The same is true for gld-2 RNAI treatments of EV484
animals. For ar/-/ RNAI treatment in wild-type and gld-
2(q497), L4 animals were fed until adulthood. For RNAI
treatments of rrf~/(pki1417), L4 animals were placed on
RNAI plates and F1 progenies were analyzed at the adult
stage.

Primary antibodies
Primary antibodies against the following proteins were
used: mouse anti-FLAG M2 (Sigma-Aldrich), anti-NPC
(Mabd 14, Covance), anti-tubulin (T3168, Sigma), DAO-5
(20) and anti-GLD-2 (21); guinea pig anti-HIM-3 (22) und
anti-OMA-1/2 (5).

Immunocytochemistry

Indirect immunocytochemistry of extruded and 1%
paraformaldehyde PFA-fixed gonads was carried out in
solution as described (23), Images were taken on a Zeiss
Imager M1 equipped with an Axiocam MRm (Zeiss) and
processed with AxioVision (Zeiss) and Photoshop CS5
(Adobe). Sccondary antibodics coupled to fluorochromes
FITC, CY3 and CY5 were purchased from Jackson
ImmunoRescarch (Dianova).
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Western blotting, sucrose gradients and immunoprecipita-
tions

For Western blotting experiments, we collected individual
worms by hand and boiled them in Laemmli protein sam-
ple loading bufler prior to gel separation. Specific proteins
were analyzed by western blotting with ECL detection (GE
Healthcare) of HRP-coupled secondary antibodies (Jack-
son ImmunoResearch). Worm protein extracts for sucrose
gradients and ribosome immunoprecipitations were made
as described (5). The sucrose gradient centrifugation and
fractionation was conducted as previously described (10).

RNA isolation and gPCR

Total RNA was isolated from hand-picked whole worms or
immunoprecipitated material using Trizol (Invitrogen), 2(4)
ng of total RNA was reverse transcribed using random hex-
amer primers and ReverseAid Premium reéverse transcrip-
tase (Thermo Fisher Scientific). according to the manufac-
tures protocol, Quantitative PCR (gPCR) was conducted
on an 1Q5 (BioRad), using the ABsolute QPCR SYBR
Green mix (Thermo Fisher Scientific) and gene-specific
primers (sequences available upon request), Immunoprecip-
itated RNA was also visualized via denaturing agarose gel
electrophoresis.

Bulk poly(A)-tail length measurements

One microgram of whole worm total RNA was used to
perform bulk poly(A)-tail measurements as previously de-
scribed (5). Each sample was analyzed from three inde-
pendent biological replicates: size markers were synthesized
RNA oligos of 30 and 45 nucleotides in length. and « load-
ing dye band that corresponds to proximally 65nts. Lane
quantifications were performed using Fiji (ImagelJ).

Library preparation and next-generation sequencing (NGS)

mRNA was isolated from | pg DNAse-treated total RNA
using the Ribo-Zero Gold Kit (human, mouse, rat) from
Hlumina according to the manufacturer’s instructions. Fi-
nal elution was done in 5 pl nuclease free water, Samples
were then directly subjected to the workflow for strand-
specific RNA-Seq library preparation (Ultra Directional
RNA Library Prep I, NEB). For ligation, custom adap-
tors were used |: (Adaptor-Oligo 5'-ACA CTC TTT CCC
TAC ACG ACG CTC TTC CGA TCT-3', Adaptor-Oligo
2. 5-P-GAT CGG AAG AGC ACA CGT CTG AACTCC
AGT CAC-3"). After ligation, adapters were depleted by an
XP bead purification (Beckman Coulter) adding beads in a
ratio of 1:1. Indexing was done during the following PCR
enrichment (15 cycles) using custom amplification primers
carrying the index sequence indicated with "NNNNNN',
(Primerl; Oligo.Seq AAT GAT ACG GCG ACC ACC
GAG ATC TAC ACT CTT TCC CTA CAC GAC GCT
CTT CCG ATC T, primer2: GTG ACT GGA GTT CAG
ACG TGT GCT CTT CCG ATC T. primerd; CAA GCA
GAA GAC GGC ATA CGA GAT NNNNNN GTG ACT
GGA GTT. After two more XP beads purifications (1:1) li-
brarics were quantified using Qubit dsDNA HS Assay Kit
(Invitrogen). Samples were equimolarly pooled and used for
T5bp single read sequencing on a Nextseq 500 (Hlumina).
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Analysis of NGS data

First, the high quality of the data was ensurced using
the software fastqe (v. 0.11.5) [FastQC A Quality Con-
trol tool for High Throughput Sequence Data http:/ifwww.
bioinformatics. babraham.ac.uk/projects/fastqe/ by S. An-
drews). The fastq files were than mapped to the Caenorhab-
ditis elegans genome (Ensembl genome version WBcel235)
using the STAR algonthm (v. 2.5.2b) (24). Subsequently,
the reads were counted per gene using the featureCounts
tool from the SubRead package (v. 1.4.6-pd) (25). Reads
were counted on a gene level from the bam files based on
the cnsemble annotations.

Using the DESeq2 package (R version 3.4.0, DESeq2
version 1.18.1) the count data was normalized by the size
factor to estimate effective library sizes (26), Following a
dispersion calculation across all samples, a pair-wise com-
parison of various conditions was done resulting in a list
of diffcrentially expressed genes for cach of the compared
groups. Genes with a normalized read count of higher or
equal 100, a fold-change higher or equal to 1.5 and with an
adjusted P-value lower or equal 1o 0,05 were defined as dif-
ferentially expressed (DE).

Immunoprecipiation of ribosomes

Worms expressing rpld:FLAG were grown on gld-2( RNAi)
or control RNAI plates. Extract preparations and immuno-
precipitations were conducted as previously described (15)
using anti-FLAG M2 affinity agarose (Sigma-Aldrich).
RNA was isolated from the matrix material as well as the
input material using Trizol (Invitrogen). Equal amounts for
cach sample of isolated RNA (200 ng) were converted into
¢DNA and analysed via qPCR as described above. A ribo-
some association coefficient was calculated for cach anal-
ysed mRNA (amount of ribosome-bound mRNA / amount
of input mRNA). In order to control for sample 1o sample
variations all measurements were normalized to a negative
control (nos-3),

RESULTS
The Cerd-Not complex is essential for proliferation

The Caenorhabditis elegans adult gonad is & tube-like or-
gan in which female germ cells are organized in a distal-
to-proximal gradient of oocyte production, representing all
stages of oogenesis, At its most distal end, germling stem
cells divide mitotically and occupy the proliferative region
together with cells preparing for metosis Further proxi-
mally, germ cells enter meiosis and begin to differentiate
gradually while progressing through all stages of prophase
1, before arresting in diakinesis at the proximal end as fully
diffcrentiated oocytes (Figure 1A). The terminal oocyte will
eventually leave the germline tissue in the process of ovula-
tion and matures to become fertilization competent.

In this nematode, homologs have been identified for all
major DeAds (5). The two Cer4-Not associated enzymes,
Cer4 and Call, are represented by CCR-4 and CCF-1, re-
spectively. PANL-2 is homologous to the Pan2 deadenylase,
PARN-1 and PARN-2 represent two orthologues of worm
PARN. Throughout this work the function of cor-4, panl-2,
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parn-1 and parn-2 will be addressed using established loss-
of-function alleles (5). The function of c¢f~1 or ntl-1 (the
worm Notl homolog) will always be assessed upon con-
ditional RNAi-mediated knockdown using feeding RNAI.
The founding cytoPAP GLD-2 was initially isolated in C.
elegans.,

To test which DeAds are functionally important for germ
cell proliferation and entry into meiosis, we analyzed the
size of the proliferative region of extruded gonads by DAPI
staining. In wild-type animals, the proliferative region is be-
tween 20 and 21 germ cell rows in size; this did not change in
panl-2, parn-1 and parn-2 single mutants (Figure 1 B). While
the proliferative region was mildly reduced m animals lack-
g cer-4, 1t was strongly reduced in ¢cf-/ or ntl-1 RNAI-

treated animals (Figure 1B). This suggests that Cerd Not is
the main DeAd complex. important for germ cell prolifer-
ation with CCF-1 being the key enzyme in the switch from
proliferation to differentiation

To test how strongly the Cerd-Not complex is needed in
proliferating germ cells, we repeated the analysis in rrf=/ an-
imals, which fail to mount a strong somatic RNAI response
(27). This allows to conduct longer periods of RNAI feeding
in order to maximize the RNAI effect in germ cells Strik-
ingly, such nel- or cef-1 depleted rrf-/ animals contain very
small gonads in which it was difficult to distinguish prolifer-
ative from meiotic germ cells by DAPT staining alone (Fig-
ure 1C), Therefore, to asses cells in meiotic prophase, we vi-
sualized the localization of marker protein HIM-3, a synap-
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tonematl complex component, in immunostained extruded
gonads (22). In ry/~f animals treated with control RNAL we
counted ~230 HIM-3-negative premciotic cells in the dis-
tal end (Figure 1C and D). This number is slightly reduced
i rrf-1;cor-4 and strongly reduced in ref-Liecf~1( RNAi) as
well as ref-1cer-4: ccf~1{ RNA1) (Figure 1C and D). The
strongest effect was detected in some rrf=Imrl-1( RNAi) an-
imals that possessed HIM-3-positive germ cells only (Fig-
ure 1C and D), arguing that all of their germ cells had cn-
tered meiosis at the expense of mitosis. Together these ob-
servations suggest that the Cerd-Not complex is essenlial
for maintaining germline stem cells in an undifferentiated
state.

CCF-1 and PARN-1 are opposed by GLD-2 in the regulation
of the switch from proliferation to differentiation

GLD-2 cytoPAP is a known positive regulator of meiotic
entry and commitment (15.28.29). To test whether the pro-
liferative defects in Cerd Not compromised germ cells are
a consequence of extensive GLD-2-mediated polvadenyla-
tion, we removed individual DeAds in g/d-2 mutants. In this
analysis we additionally included the deadenylases panl-2,
parn-1 and parn-2. Compared 1o wild type, the absence of
GLD-2 activity causes germ cells to delay entry into meio-
sis, which is characterized by a substantial size increase of
the proliferative region from 20-21 germ cell rows in wild
type to 27-28 in gld-2 mutants (Figure 1E). Interestingly,
an additional removal of cer-d, panl-2, or parn-2 did not
change the size ol the proliferative region (Figure 1E), ar-
guing that none of these DeAds influence meiotic entry in
a gld-2-dependent manner. However, the removal of cof~/,
ntl-1, or parn-1 restored the size of the proliferative region to
wild type (Figure 1E). This shows that two different DeAds,
CCF-1 and PARN-1, are opposed by GLD-2 in regulating
the entry into meiosis The observation that the removal of
PARN-1 in a g/d-2 mutant changes the size of the prolifer-
ative region is particularly surprising. as the loss of parn-/
by itself hud no detectable effect on germ cells in the distal
germ line,

CCR-4 and CCF-1 are opposed by GLD-2 in regulating mei-
otic progression

To investigate the relationship between the different DeAds
and GLD-2 during oocyte production, we analvzed the sta-
tus of meiotic progression by DAPI staming in the proxi-
mal part of the gonad. Loss of GLD-2 activity results in
a premature meiotic arrest around the pachytene/diplotene
border (28). As a consequence and contrary to wild type,
no nuclei with distinet bivalents corresponding to diakinetic
nuclei were detected in gld-2 mutants (Figure 2A und B).
Whercas the additionul removal of parn-2 and pani-2 did
not alleviate this meiotic arrest, diakinetic nuclei were de-
tected upon removal of cer-4, or parn-1, or the reduction of
cef-1 (Figure 2A and B),

To test whether compromising either Cerd-Not or
PARN-1 activity in a gld-2 mutant would also restore the
oocyte differentiation program, we analyzed the respee-
tive gonads for the presence of the two paralogous oocyte
marker proteins, OMA-1 and OMA-2, jointly referred to as

Nucleic Acids Research, 2019 §

OMA-1/2(30), In wild type but notin gfd-2 single mutants,
OMA-1/2 expression is detected in proximally differentiat-
ing oocytes (Figure 2C), Interestingly, OMA-1 /2 expression
recovered by the additional removal of cor4 or c¢f-1, but
not parn-1 (Figure 2C), Overall this suggests that the en-
tire Cerd-Not deadenylase module is the primary oppos-
ing poly(A)-removing activity to GLD-2, guiding meiotic
oocyte progression and differentiation.

The Cerd-Not  complex  counteracts  gld-2-mediated
polyadenylation at the global fevel

GLD-2 is important for the polyadenylation of many mR-
NAs in the germ line (10). To test 4 likely influence of
CCR-4, CCF-1 or PARN-1 on the polyadenylation status
of mRNAs at the global level, we conducted from whole
worms bulk poly(A)-tail length measurements upon their
removal. Consistent with our previous findings (10), bulk
poly(A) tails were significantly shorter in the absence of
GLD-2 (Figure 3A and B), also illustrating that that global
changes in tail length can be detected specifically form germ
cells using this method, Compared to gld-2 single mutants,
no significant difference in tail length distribution was de-
tected in gld-2;parn-1 double mutants (Figure 3A and E),
whereas longer tails were present in gld-2;cor-4 and gld-
2:cef-1{ RNAP) animals (Figure 3A, C and D). This suggests
that both deadenylases of the Cerd-Not complex, CCR-4
and CCF-1, oppose GLD-2-mediated polyadenylation of
target mRNAs. Contrary to this, PARN-1 has no signifi-
cant global impuct on the polyadenylation status of GLD-
2-dependent target mRNAs, suggesting that cither o small
subset or no mRNAs are targeted by PARN-1.

The balance between gld-2 and ccf-1 regulates mRNA levels

In a previous study, we found that a large number of
germline mRNAs depends on GLD-2 for efficient expres-
sion (10). To identify which DeAd is responsible for the
degradation of these putative gld-2-target mRNAs, we as-
sessed the abundance of mRNAs by Next-Generation Se-
quencing in the following genetic backgrounds: wild type,
gld-2, gld-2;cor4. gld-2;ecf-1 ( RNAi ) (henceforth called gld-
2:eef-1y and gld-2;parn-1. For cach genetic background,
three independent biological samples were prepared and
mRNAs from hand-picked whole worms were analvzed.

First, we compared wild type to gld-2 single mutants fo-
cusing our analysis on germline-expressed mRNAs (31),
The mRNA abundance changes detected in the mutant are
similar to the ones detected in our previous RNAi experi-
ments { 10), with one notable difference. Spermatogenic mR-
NAs are more strongly upregulated in the mutant compared
to the RNAI treatment (Supplementary Figure SIA), This
is consistent with the observation that an RNAi knockdown
of gld-2 hus a less severe impact on germ cell development
than a protein null mutant {10,15,32), paralleling its sper-
matogenic defect (28,32). Regardless of the extent in expres-
sion changes the correlation is high between the two data
scts (# = 0.81; Supplementary Figure S1A), arguing that the
gene expression changes are comparable between gld-2 mu-
tants and gld-2( RNA7) animals,
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To assess which genes are significantly changed in the gld-
2 mutant, we chose the following parameter for our analy-
sist minimal normalized read count = 100; fold change > 1.5
and P-adjusted < 0.05. again [ocusing only on germ line
expressed genes. As a result. we found that 406 mRNAs are
significantly down and 1056 mRNAs are significantly up-
regulated (Figure 4A, Supplementary FileSI). Consistent
with described phenotypic changes (28), the up-regulated
mRNAs arc to a large cxtent from spermatogenic gencs,
whereas down-regulated mRNAs are primarily from sex-
neutral und oogenic genes (Figure 4B), To gauge the be-
havior of direct GLD-2 target mRNAs in our data set, we
analyzed the expression changes of mRNAs that have been
described to physically be associated with GLD-2 protein
in an RNP complex (32). We find that the abundance of di-
rect GLD-2 targets is significantly reduced in gld-2 null mu-
tants (Figure 4C). This observation suggests that the up-
regulated mRNAs are most-likely indireet GLD-2 targets
and their expression changes are a consequence of altered
germ cell physiology. Overall these data support the previ-
ously suggested function of GLD-2 in promoting mRNA
stability (10), and argues that the 406 down-regulated mR-
NAs are significantly enriched in direct GLD-2 targets For
this study, we define these Jess abundant mRNAs as GLD-
2-stability targets.

To see which DeAd might be responsible for the down
regulation of mRNAs in gld-2, we investigated the ex-
pression changes of GLD-2-stabilty targets in various gld-
2:DeAd animals by comparing them to the gld-2 single mu-
tant. In comparison to the changes of all germline mR-
NAs, the additional removal of ccf~1, cer-4 or parn-1 led
to a statistically significant increase in the levels of GLD-2-
stability targets in gld-2 mutants (Figure 4D-F), However,
quantitative differences are detected among the three ana-
lyzed DeAds: a minor increase in abundance was detected
by removil of parn-I: a moderate increase by removal of
cer-4; and the largest increase upon reduction of ecf~1 (Sup-
plementary Figure S1B). In addition. the RNA-sequencing
data were validated by analyzing the expression changes of
twelve GLD-2-stability targets by RT-qPCR. These mea-
surements showed that the mRNA levels were significantly
increased for 12/12 and 5/12 mRNASs in gld-2;¢c¢f-1 and
gld-2;cer-4 (Figure 4G; Supplementary Figure S1C), respec-
tively. No significant increase was detected in gld-2; parn-
I animals for the tested candidate mRNAs (Figure 4G:
Supplementary Figure S1C). This suggests that PARN-I-
mediated expression changes might be very subtle, and ar-
gues that PARN-1 most-likely plays no major role in the
degradation of GLD-2-stability targets. Furthermore, this
expression analysis supports the view that GLD-2 overall
protects its target mRNAs from Cerd-Not-mediated degra-
dation, which is primary due to the activity of CCF-1,

GLD-2 and the Cerd-Not complex regulate RNA stability
during all stages of meiotic prophase |

Next, we investigated whether Cerd-Not and GLD-2 reg-
ulate mRNAs during all stages of oocyte production. To
this end, we analyzed abundance changes of mRNAs in
our data sct that arc presumed targets of well-defined
sequence-specific RBPs. We used data from representatives
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of four evolutionary conserved RBPs: the PUF protein
FBF-1 (33), the STAR protcin GLD-1 (34). the TRIM-
NHL protein LIN-41 and the Tisl 1-type Zinc-finger pro-
tein OMA-] (35). All of these proteins are expressed in
a stage-specific manner during oocyte production (Figure
SA). FBF-1 and GLD-1 are mRNA regulators during carly
stages of oocyte production and are mainly expressed in
proliferating or pachytene germ cells, respectively (36,37).
LIN-41 and OMA-l arc mRNA rcgulators during late
stages of oocyte production and are primarily expressed in
diplotene and diakinetic germ cells (30,38). Large data sets
of putative target mRNAs are available for all four RBPs
that were previously co-purified with each respective RBP
(33-35).

For our analysis, we focused on the top 100 FBF-1-
. GLD-1-, LIN-41- or OMA-I-associated mRNAs. These
targel mRNAs were always compared 1o the behaviour of
all germline genes, and only mRNAs that have previously
been classified us sex-neutral or oogenic were considered in
our analysis (31). We [ound that target mRNAs of FBF-
1/PUF and GLD-1/STAR behaved similarly: they were sig-
nificantly decreased in the gld-2 single mutant, increased
in gld-2;¢ccf-1, and unchanged in gld-2:ccr-4 (Figure 5B
D). However, target mRNAs of LIN-41/TRIM-NHL and
OMA-1/Tis1 1 behaved differently: although both were de-
creased in the gld-2 single mutant and increased in gld-2; cof-
! (Figure SE. F), OMA-I targets were unchanged in gld-
2:ccr-4 as compared to gld-2, and a small but significant in-
crease was detected for LIN-41 targets (Figure 5G). Taken
together, this suggests that GLD-2 and CCF-1 form a func-
tionally antagonistic pair to regulate the abundance of mR-
NAs during all stages of oocyte production, with a small
contribution of CCR-4 during late stages. Overall, this data
shows that balancing Cer4-Not and GLD-2 activities me-
diate mRNA levels essentially during all different stages of
carly oogencsis.

GLD-2 promotes ribosome association of mRNA targets dur-
ing late prophase |

Finally, we investigated whether GLD-2 ¢ytoPAP also influ-
ences the translation of mRNAs during any stage of oocyte
production. To allow tissue-specific isolation of ribosomes
from multi-cellular organisms, we adopted the Translating
Ribosome Affinity Purification (TRAP) method to C el-
egans germ cell analysis (39), and expressed from a germ
cell-specific promoter the FLAG-tugged RPL-4 large ri-
hosomal subunit protein (Figure 6A). Western blot anal-
ysis of polysome gradient fractions showed that the cpi-
tope tagged ribosomal protein RPL-4::FLAG is enriched in
heavy polysomal fractions (Figure 6B), indicating its func-
tional incorporation into translating ribosomes, This was
further confirmed by immunoprecipitating ribosomes from
RPL:FLAG-expressing but not wild-type worm extracts
using anti-FLAG antibodies. Subsequent analysis of asso-
ciated RNA material revealed that both ribosomal RNAs
(18S and 26S) were abundantly detected in purifications
from transgenic but not i control animals (Figure 6C).
As FLAG-tagged RPL-4 worms have no apparent fecun-
dity defects [number of offspring N2: 3204+47(N = 23),
mHEFLAG: 308461 (N = 21)), we concluded that RPL-
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4::FLAG expressing worms are suitable for TRAP experi-
ments.

To test whether GLD-2 influences the translation effi-
ciency of mRNAs during any stage of oocyte production,
we examined the changes in ribosome association of FBF-
1/PUF, GLD-1/STAR, LIN-41/TRIM-NHL or OMA-
1/Tisil mRNA targets upon GLD-2 knockdown by feed-
ing RNAI, Comparative western blot analysis of control
RNAI to gld-2( RNA{) protein extracts showed that GLD-2
protein could be efliciently reduced in RPL-4:FLAG ex-
pressing worms (Figure 6D). Following immunoprecipita-
tions of RPL-4::FLAG from three independent RNAI treat-
ments, co-purified mRNAs and the corresponding input
materials were analyzed by quantitative real-time PCR. To
account for mRNA translation changes driven by variations
in general mRNA abundance, & ribosome association coef-
ficient was calculated for euch individual mRNA by nor-
malizing the amounts of ribosome-associated mRNA to
the signal from the input. Thirty candidates were chosen

that represent prominent mRNA targets of the four difler-
ent RBPs. While two third of the tested mRNAs (20/30)
remained unchanged, one third (10/30) were significantly
less associated with ribosomes in gld-2/ RNAI) (Figure 6E
and Supplementary Figure S2A). Interestingly. the major-
ity of the translation-reduced mRNAs are targets of LIN-41
(7/9) compared to FBF-1 (7/19), GLD-1(4/17) and OMA-
1 (4/16) (Figure 6E and Supplementary Figure S2), This
suggests that especially LIN-41-associated mRNAs require
GLD-2 for efficient translation, further arguing that in ad-
dition to mRNA stability, GLD-2 promotes also the trans-
lution of mRNAs prior to oocyte maturation stages.

DISCUSSION

The regulation of gametogenesis in many organisms relies
heavily on post-transcriptional mechanisms involving the
deadenylases of the Ccrd-Not complex and the cytoPAP
GLD-2. Removal of one of the two opposing activitics has
devastating consequences for germ cell development. We
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Figure 6, GLD-2 promodes the translation of LIN-41 targets (A} Scheme of germ cell-specific ribosome immunopuorification, for details see Materiuls and
Methods. (B) Absorbance profile at 260nm of o typical polysorme gradient from RPL4:FLAG-expressing sdull worms (top). Western blot ol gradient
fractions tested for the presence of tagged RPL- (bottom). The sedimentation positions of major nbonucleoprotein complexes are indicated. (C) A denn-
turing agarose gel of RNA isolated from anti-FLAG immunoprecipitation (1P) experiments from crude extracts ( [nput) of either R PL-4:FLAGexpressing
or non-FLAG-expressing wild-type {WT) animals. Bands corresponding to the large (268) and small (188) ribosomal RNAs are indicated. (D) Western
blot analysis of the indicited proteins of RPL-4:FLAG expressing animals { with control ar gldh2 RNAL Extracts of two out of three independent
2l-27 RNA{) treatments (1 and 11} are shown for comparison. The controf sample corresponds 10 RNA-treatment L Additional lanes were remoyed for
clarity (dashed line). (E) A selection of FBF-1, GLD-1, OMA-1 or LIN-41 turget mRNAs analyzed lor changes in ribosome association, comparing ght2
to control RNAl-treated animals. The abundance of 18 mRNA was measured by RT-gPCR. Statistically significant differences wre indicated and were
cileulsted via o two-tiiled Student’s ftest, *P < 0.05; ** P < 0,01 ***P < 0.001; na = nol significant; 2 = 3 biologically independent experiments, The
color-coded columns to the keft of cach gene name indicates the target status of the corresponding mRNAs towards the respective RBPs (red = non-target:

green = target), The complete dutis set of 30 mRNAs is shown in Supplementary Figure S2A.

show that the removal of both poly(A) modifving forces re-
stores aspects of germ cell development back to wild type
arguing that an intricat¢ balance between these opposing
enzymes is a key to regulate mRNAs in this tissue. Inter-
estingly, these two opposing activities represent the major
polyadenylation and deadenylation forees in female germ
cells, and are likely recruited by a number of diferent trans-
lational repressor RBPs to stabilize and translationally reg-
ulate the oogenic mRNAs. Due to the evolutionary con-
servation of the polytA) modifiers, as well as many of the
RBPs investigated in this study, it is likely that Cerd-Not
and GLD-2 provide the regulatory frame work for poly(A)-
mediated mRNA regulations also in other organisms.

We find that the previously characterized GLD-2 antag-
onist PARN plays no major role in regulating mRNAs dur-
ing oocyte production. This observation is in strong con-
trast 1o the model proposed for oocyte maturation in frogs
(40). The difference of the oogenic developmental stages
could be one possible explanation for this finding. In gen-
eral, PARN is assumed to be predominantly nuclear and
by analogy to Xenopus oocytes is only present in the cy-
toplasm upon nuclear envelop breakdown during oocyte
maturation (41). Hence, PARN might not be able to partic-
ipate in cytoplasmic mRNA regulation during the oocyte
production phase. Two PARN proteins exist in C. elegans,
PARN-1 and PARN-2, and the subcellular localization of
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cither endogenous protein has not been clarified yet. Our
own attempts to generate specific antibodies failed to date,
While our experimental setup precluded vs from detecting
potential oocyte muturation [unctions of PARN, neither
deadenylase appears 10 be a major factor for mRNA reg-
ulation during carly female gametogenesis. In animals lack-
ing GLD-2, only the removal of PARN-1 rescues some as-
pects of early oocyte development. This observation is likely
indircet and might point at poly(A)-length control mecha-
nisms in the nucleus that precede further length control in
the cytoplasm. Alternatively, the rescue might be explained
by other PARN-I functions that influence germ cell devel-
opment, such as piRNA biogenesis (42). Although, no data
exist addressing the [unctionality of PARN during early [e-
male germ cell development in other organisms, a grow-
ing number of studies from tissue culture systems supports
the view that PARN proteins primarily target non-coding
RNASs rather than mRNAs (43-47),

The catalytic module of the Cerd Not complex is of cen-
tral importance for animal gametogenesis. It has previously
been suggested that the deadenylase CCF-1/Cafl is impor-
tant for promoting germ cell proliferation in nematodes
(48). Here, we confirm this observation and extend it to
other components of the Cerd-Not complex. First, down-
regulation of either the structural component NTL-1/Notl
or the catalytic component CCF-1/Call elicits in all tested
aspects of germ cell development similar delects, arguing
that both components together comprise the active nucle-
ase core module of the Cerd Not complex. Second, for reg-
ulating the transition from proliferation to differentiation
the activity of CCF-1 is more important than the activity
ol CCR-4, Third, next to promoting germ cell prolifera-
ton, Cerd-Not is also essential for maintaming undiffer-
entiated germ cells. Similar observations have been made
in D. melanogaster, where CAF1-driven CCR4-Not activ-
ity is employed to promote germline stem cell self-renewal
(49), In mice, Cerd-Not-mediated activity is required for
spermatogenic stem regulation, however it is currently un-
known which catalytic subunit is important for this function
(50). Therefore, the evolutionary conserved Cer4—-Not com-
plex represents the main deadenylase sctivity in germling
stem and differentiation cells to regulate gene expression
programs in metazoans.

Mauny RBPs that negatively regulate specific sets of tar-
get mRNAs form mRNPs that recruit the Cord-Not com-
plex to facilitate translational repression (1), However, the
majority of such mRNPs contain many additional RNA-
associated regulators. including poly(A)-tail length modi-
fiers. All four RBPs investigated in this work, FBF-1/PUF,
GLD-1/STAR, LIN-4I/TRIM-NHL. and OMA-1/Tisl1
belong to distinet RBP [amilies and were initially described
1o act as translational repressors (38,51-53). Although ex-
isting biochemical data on FBF-1-, LIN-41- and OMA-
l-containing RNPs suggest that Cer4-Not components
and GLD-2 cytoPAP are part of each respective mRNP
(35,48.54), 1t was unknown whether the presence of the tail
modifiers has any [unctional relevance for the target mR-
NAs Morcover no biochemical data on GLD-1/STAR-
containing RNP cxists currently that links their repressive
function 10 enzymes that edit poly(A)-1ail lengths, Our data
predicts that all four RBPs, including GLD-1/STAR, uti-
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lize the antagonism of poly(A)-tail modifiers to regulate
their mRNA targets, reminiscent of CPEB-target mRNAs
during frog oocyte maturation (40). Our findings on mem-
bers of four other RNA-binding protein classes suggest that
a fine balance of opposing tail-length modificrs is reitera-
tively employed during all stages of female germ cell devel-
opment to achieve differential gene expression regulation
at the mRNA level. Furthermore, this concept argues that
transiational repressor RBPs employing deadenylases may
i addition have to recruit cytoPAPs (o ensure mRNA sta-
bility, either during the period of active repression or imme-
diately after release from repression. 1t is conceivuble that
this antagonistic frame work of Cerd Not/GLD-2 could
be a widespread phenomenon in poly(A)-mediated mRNA
regulation and its use via RBPs extends beyond germ cells.

During the different stages of oocyte development,
poly(A) lunction might shift [rom promoting mR NA stabil-
ity towards promoting translatability. In Drosophila, strong
GLD-2-dependent polyadenylation of mRNAs is detected
in maturing oocytes (11.55,56). Furthermore, during this
developmental stage the translational efficiency of mRNAs
is mainly driven by its poly(A)-tail length (55,56). arguing
that regulation of translation is the primary mechanisms
of GLD-2-mediated gene ¢xpression control during oocyte
maturation. Our current work in C efegans provides evi-
dence that GLD-2 cytoPAP promotes translation of mR-
NAs already prior to oocyte maturation, indicating that as-
pects of tail-mediated translational regulation may start to
appear already during late stages of oocyte production in
preparation for embryogenesis. This may reflect a change in
general RNA degradation competence of female germ cells,
a potentially conserved feature of animal gametogenesis
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4. Discussion

4.1 The global impact of tail regulation in germ cells

The classical views about poly(A) tail lengths influencing mRNA stability and translation were
recently reexamined by RNA-sequencing studies. As a result, the general importance of tail
regulation for mRNA stability could be confirmed on a genome-wide level for many different
biological systems (SUBTELNY et al. 2014; EICHHORN et al. 2016; EISEN et al. 2020). However,
this is different for translation. Especially the notion that long-tailed mRNAs are translated
better seems not to be universally true. Although a coupling between mRNA tail lengths and
translation efficiency is observed in early fly, frog and zebrafish embryos, it disappears after
gastrulation (SUBTELNY et al. 2014; EICHHORN et al. 2016; Lim et al. 2016). Also, no strong
influence of tail lengths on translation was observed in adult somatic tissues, tissue culture
systems or yeast (SUBTELNY et al. 2014). This strongly implies that tail length changes have
only an effect on the translation status of mRNAs in specific tissues and cell types.
Unfortunately, the connection between tail lengths and translation in developing germ cells is
not clear at the moment. My data shows that a global shortening of mMRNA poly(A) tall
correlates with the destabilization of many mRNAs and a decrease of ribosome association of
some MRNAs in C. elegans germ cells (NouscH et al. 2014; NouscH et al. 2019). While |
employed a genome-wide approach for the abundance measurements, | analyzed the impact
on translation only for a small number of MRNAs yet. However, this makes it difficult to assess
how broadly applicaple the influence of the tail on translation really is in germ cells.
Nonetheless, taken together my data argues that tail regulation most likely promotes both,

stability as well as the translation of mMRNA, in developing germ cells.

4.2  Ccr4-Not a global mRNA regulator with tissue-specific importance

Deadenylation of mRNAs is generally seen as a crucial aspect of the mRNA degradation
pathway in eukaryotes (MUGRIDGE et al. 2018). The deadenylases of the Ccr4-Not complex

have been shown to provide the main poly(A) shortening activity so far only in cell culture
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systems (TUCKER et al. 2001; YAMASHITA et al. 2005; TEMME et al. 2010; YI et al. 2018). |
conducted bulk poly(A) measurements of total RNA isolated from whole worms and found that
loss of ccr-4, the reduction of ccf-1 or nlt-1 leads to severe deadenylating defects which are
not detected in other deadenylase mutants (NOUSCH et al. 2013). Similar observations have
been previously made only for ccr-4 in flies (TEMME et al. 2004). Hence, my work extends our
previous knowledge about the importance of the central Ccr4-Not module at the organismal

level and cements the role of the complex in mMRNA deadenylation in metazoans.

Intriguingly, the loss of CAF1 or CCR4 has different effects on organismal development. In C.
elegans, loss of the Cafl-homolog ccf-1 is lethal (MOLIN AND PuUISIEUX 2005). This is a strong
contrast to the observations made in ccr4 mutants. | found that ccr-4 loss in worms does not
affect somatic but only germ cell development, (NouscH et al. 2013; NouscH et al. 2019). This
is consistent with results from other organisms. In Drosophila, loss of cafl is lethal whereas
ccrd mutants are viable but display defects during oocyte development (MORRIS et al. 2005;
ZAESSINGER et al. 2006; NEUMULLER et al. 2011). In mice, both DeAds are each represented
by two independent genes, Ccrd by cnot6/6l and Cafl by cnot7/8 (BIANCHIN et al. 2005;
MORITA et al. 2007). Although, cnot7 knock-out mice show several physiological abnormalities,
they are viable suggesting that Cnot8 can partially compensate for the loss of Cnot7
(NAKAMURA et al. 2004). However, primary mouse embryonic fibroblasts undergo apoptosis
when both Cafl genes are deleted from the genome (MOSTAFA et al. 2020). For Ccr4, only
cnot6l knock-out mice exist which are viable but females display reduced fertility (SHA et al.
2018). Mouse embryonic fibroblasts in which both Ccr4 genes are deleted remain viable
(MOSTAFA et al. 2020). Overall, these data suggest that the two enzymatic subunits of the
Ccr4-Not complex have distinct biological functions, with Ccr4 being dispensable of general

but not germ cell development in metazoans.

However, when interpreting the impact of CAF1, one has to consider the structure of the Ccr4-
Not complex. All characterizations of CAF1 in organisms, including my work, rely on the

removal of CAF1 protein. But, CAF1 serves as a bridge between CCR4 and the scaffolding
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protein NOT1 (BASQUIN et al. 2012; PETIT et al. 2012). Thus, the loss of CAF1 automatically
severs the connection of CCR4 to the rest of the complex. Interestingly, my work suggests, if
not part of the Ccr4-Not complex, CCR4 protein is more stable than CAF1 (NOUSCH et al.
2013). However, currently we do not know whether CCR4 by itself can be functional and loss
of CAF1 protein most likely also leads to an activity loss of CCR4 in cells. Therefore, mutants
would have to be generated in which the enzymatic activity of CAF1 is abolished without
interfering with the abundances of the protein to gauge the impact of CAF1 alone on biological

processes.

CAF1 and CCR4 have been investigated on the molecular level shining a light on their
individual involvement in mRNA deadenylation. In mammalian cells, the strong deadenylation
defects observed in the absence of CAF1 can be partially rescued by the presence of a
catalytically inactive CAF1, suggesting that as part of the Ccr4-Not complex CCR4 can
compensate the activity loss of CAF1 (Y1 et al. 2018). Hence, efficient mRNA tail shortening
is the result of the combined activities of both enzymatic subunits. Interestingly, mechanistic
differences exist between CAF1 and CCR4. An accumulation of distinct deadenylation-
intermediates is detected in the presence of catalytically inactive CCR4 but not CAF1 (Y1 et
al. 2018). In these CCR4 mutants, the size pattern of the poly(A) signal is consistent with the
footprint of bound PABP (Y1 et al. 2018). Furthermore, in vitro deadenylation activity of CCR4
but not CAF1 is stimulated by the presence of PABP (YI et al. 2018). Based on these
observations the model of Ccr4-Not-mediated deadenylation was proposed in which CAF1
trims PABPC-free A tails while CCR4 removes PABPC-bound A tails. Intriguingly, in my bulk
polyA measurements from ccr-4 mutant animals, | also detected distinct deadenylation-
intermediates highly similar to the ones detected in mammalian cells (NOUscCH et al. 2013;
NoOuUsCH et al. 2019). This suggests that also in C. elegans CCR-4 shortens tails in a PABP
dependent manner. It is attractive to speculate that the relationship between CCR-4 and PABP

might provide the basis for the specific biological roles of this enzyme.
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4.3 GLD-2 atissue-specific cytoPAP and broad mRNA regulator

In contrast to deadenylases, the cytoplasmic poly(A) polymerase GLD-2 is quite restricted in
its expression pattern and thereby in its activity. The analyses of GLD-2-type proteins in
worms, flies and vertebra show that this cytoPAP is only strongly produced in germ cells and
neurons (WANG et al. 2002; ROUHANA et al. 2005; BENOIT et al. 2008; Cul et al. 2008). In
recent years the full scale of GLD-2-mediated mRNA regulation has been revealed. In
Drosophila, loss-of-function mutants for the GLD-2 homolog wispy display a global shortening
of MRNA poly(A) tails in late oocytes (Cul et al. 2013; EICHHORN et al. 2016). This suggests
that GLD-2 enzymes target large sets of mMRNAs in germ cells. In my work, | could confirm this
notion. | found that also in C. elegans loss of GLD-2 leads to a global shortening of mRNA
poly(A) tail in developing germ cells (NouscH et al. 2014). Additionally, GLD-2
immunopurifications from worms coenrich a broad range of germ cell-specific mMRNAs and
GLD-2 activity is needed to maintain the steady-state levels of many germline mRNAs (Kim et
al. 2010; NouscH et al. 2014; NouscH et al. 2017; NouscH et al. 2019). Interestingly, also in
neurons, GLD-2 stabilizes mRNAs. Here, the depletion of GLD-2 from the mouse
hippocampus leads to the decrease of hundreds of mMRNAs in the tissue (MANSUR et al. 2020).
Taken together this argues that in germ cells and neurons GLD-2 promotes the stability of not
just a small subset but a broad range of mMRNAs. Hence, in these tissues GLD-2-type enzymes
should be considered major regulators that are heavily utilized to control most likely many

gene expression programs.

4.4  Several RNA-binding proteins utilize GLD-2 and Ccr4-Not

Specific RNA-binding proteins can employ GLD-2-type enzymes and deadenylases. This
concept has been proposed for the regulation of maternal mRNAs during Xenopus oocytes
maturation. Here, the RNA-binding protein CPEB is envisioned to control mMRNAs by recruiting
and balancing the activities of GLD-2 and PARN (KiMm AND RICHTER 2006). Although the

antagonism between GLD-2 and PARN often serves as a paradigm for poly(A)-mediated gene
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expression control, the generality of the GLD-2/PARN relationship is questionable. In general,
GLD-2 type proteins are localized to the cytoplasm (WANG et al. 2002; BENOIT et al. 2008).
PARN on the other hand seems to be primarily nuclear and becomes only cytoplasmic upon
nuclear envelope break down during late stages of oocyte maturation (YAMASHITA et al. 2005;
BERNDT et al. 2012). This argues that PARN/GLD-2 mediated RNA regulation is only
biologically relevant during one specific stage of oocyte development. My work shows that not
PARN but rather Ccr4-Not opposes GLD-2 during all stages of female germ cell development
leading up to oocyte maturation (NouscH et al. 2019). Furthermore, my data suggests that the
opposing activities of GLD-2 and Ccr4-Not are employed by several evolutionary conserved
RNA-binding proteins, including FBF-1PUF, GLD-15™R, OMA-1"s1 and LIN-41TRIM-NHL - tg
regulate target mRNAs. The idea that the Ccr4-Not/GLD-2 antagonism might be used by
various RBPs is supported by biochemical data from other studies. FBF-1°YF, OMA-1"s1! and
LIN-41™RM-NHL haye been shown to form RNPs which contain GLD-2 as well as Ccr4-Not (SuH
et al. 2009; SPIKE et al. 2014; TSUKAMOTO et al. 2017). Overall, this suggests that the opposing
activities of GLD-2 and deadenylases, in particular Ccr4-Not, could be a hallmark for RNA-

binding proteins that control gene expression in the cytoplasm.

The RNA-binding protein determines how the tail modifiers affect the fate of a target mRNA.
In my work | found that GLD-2 and Ccr4-Not affect the abundance of FBF-1PUF, GLD-15TR,
OMA-1Ts11 and LIN-41TRM-NHL target mRNASs, indicating that the enzymes are employed by
these four RBPs to regulate mRNA stability (NouscH et al. 2019). Interestingly, whereas FBF-
1PYF GLD-15™R, OMA-1"s1! and LIN-41™RMNHL yse GLD-2 to stabilize targets, differences are
detected for the Ccr4-Not-mediated destabilization mechanism. Target mRNAs of all four
RBPs are increased upon loss of CCF-1, however only the targets of LIN-41TRMNHL
additionally respond to the loss of CCR-4, suggesting that CCR-4 is dispensable for repressing
FBF-1PYF, GLD-15™R and OMA-1"s!! targets. Additionally, the ribosome association of several
LIN-41™RM-NHL targets is decreased with the down-regulation of GLD-2, suggesting that tail-

modifiers also regulate translation of LIN-41™RM-NHL - Although in my analysis | did not detect a
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broad impact by GLD-2 of FBF-1PYF, GLD-15™R and OMA-1"s!! target association with
ribosomes, | cannot exclude that these RBPs also control the translational status of its targets
due to the small number of analyzed mRNAs. Loss of GLD-1 leads to a decrease in target
abundance as well as polysome association implying that also this RBP might regulate its
targets via multiple mechanisms (SCHECKEL et al. 2012). Therefore, genome-wide approaches
are needed to assess the prominence of translation regulation that is exerted by the different
RBPs. Nonetheless, my data suggests the GLD-2/Ccr4-Not balance is employed most likely

by most RBPs to regulate primarily the abundance of mRNA.

4.5 Ccr4-Not and GLD-2 might also regulate non-coding RNAs

Although not the focus of my work, alternative target RNAs have been proposed for Ccr4-Not
and GLD-2. In this regard, Ccr4-Not has been implicated in RNA regulation in the nucleus of
germ cells. In drosophila, the depletion of Ccr4-Not complex components causes a strong
derepression of telomeric retroelements resulting in mitotic defects during early
embryogenesis (MORGUNOVA et al. 2015). It has been suggested that the Ccr4-Not complex
associates with factors that are involved in piRNA-mediated silencing and that CCR4-
mediates the degradation of transcribed transposable elements (KORDYUKOVA et al. 2020). It
remains to be shown whether this role of Ccr4-Not is conserved in other organisms or if this
is a fly-specific function of the complex. However, piRNAs operate exclusively in germ cells
and the involvement of Ccr4-Not in piRNA-mediated transposon silencing might contribute to
the general sensitivity of germ cells towards the reduction of Ccr4-Not components.

GLD-2 in mammals has been proposed to be involved in the regulation of miRNAs. Large-
scale sequencing analyses in mammals and C. elegans revealed that many miRNAs are 3’
monoadenylated (RuUBY et al. 2006; LANDGRAF et al. 2007; AZUMA-MUKAI et al. 2008). In the
liver and hippocampus of mice as well as human fibroblasts knockdown of GLD-2 leads to a
loss of mMIRNA monoadenylations (KATOH et al. 2009; D'AMBROGIO et al. 2012; MANSUR et al.

2016). However, the effect of GLD-2-mediated miRNA is still debated. Whereas in the mouse
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liver and human fibroblast GLD-2 seems to stabilize miRNAs, in the hippocampus loss of GLD-
2 does not affect the steady-state levels of the affected miRNAs. Currently, it is unclear
whether this aspect of GLD-2 functionality is relevant for the development of multi-cellular

organisms in general or germ cell biology.

4.6 Enzymatic-independent functions of Ccr4-Not and GLD-2

In general, enzymes can have important biological roles independently of the biochemical
reaction that they catalyze. In this respect, little is known about GLD-2 and the two enzymes
of the Ccr4-Not. For the deadenylases, so far only one study indicates that the CAF1 might
be functional in an enzymatically independent manner. In this study, catalytically inactive CAF-
1 from Xenopus or humans was tethered to reporter mRNAs and able to repress the
production of proteins from the target mRNA in Xenopus oocytes (COOKE et al. 2010). This
observation suggests that CAF-1 could repress translation in an enzymatic independent
manner. However, as the overall design of the experiment is quite artificial it remains to be
tested to which degree such a mechanism also plays a significant role in the regulation of

MRNASs in a physiological context.

Data from yeast indicate that the catalytic activity of Trf4-type non-canonical poly(A)
polymerase might be dispensable for their functions in RNA regulation (SAN PAOLO et al.
2009). My findings suggest that GLD-2-type PAPs seem to promote the abundance of its
target mMRNAs solely via polyadenylation (NOUSCH et al. 2017). Unfortunately, the C. elegans
protein is the only GLD-2-type protein that has been tested so far in this regard. However,
recently the crystal structure of mammalian GLD-2 was solved which revealed significant
structural differences compared to the C. elegans protein, showing that the mammalian protein
seems to be a more stable enzyme (Ma et al. 2020). Whereas C. elegans GLD-2 relies on its
interaction with co-factors such as GLD-3 or RNP-8 to polyadenylate substrates efficiently,

mammalian GLD-2 can robustly extent poly(A) tails by itself (NAKEL et al. 2015; NAKEL et al.
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2016; MA et al. 2020). The evolutionary enhancement of GLD-2 enzymatic robustness might

indicate that also in mammals the enzymatic activity is the key feature of this protein family.

4.7 The biological importance and roles of other deadenylases in RNA
regulation

4.7.1 Pan2-Pan3 a global complex with specialized roles

Curiously, the strength of the evolutionary conservation of the Pan2-Pan3 complex is not
immediately mirrored by its importance for general biology. In C. elegans, the removal of panl-
2 and panl-3 individually or in parallel results in wild-type-looking animals that are fertile
(NouscH et al. 2013). Lacks of obvious phenotypes are most likely also observed in flies.
According to Flybase, the removal of Pan2 seems to not affect the survival or fertility of
drosophila. This suggests that the Pan2-Pan3 complex is most likely dispensable for the global
development of multi-cellular organisms. However, Pan2-Pan3 is present in the genomes from
yeast to humans arguing that this complex should have biologically relevant functions (BOECK
et al. 1996; UCHIDA et al. 2004; NOUSCH et al. 2013). Indeed, | found that in C. elegans panl-
2 or panl-3 mutants produce significantly fewer offspring compared to wild type at elevated
temperatures (NOUSCH et al. 2013). This suggests that Pan2-Pan3 becomes relevant for
development under stress conditions. Unfortunately, up to this point C. elegans remains the
only animal in which the biological importance of this complex was addressed and it will be
interesting to see whether similar results can be obtained from other organisms. Overall, my
data argues that Pan2-Pan3 might be needed for efficient deadenylation under stress
conditions thereby contributing to developmental robustness in multi-cellular organisms.

How can the lack of Pan2-Pan3 biological relevance under normal cellular conditions be
explained? In general, it has been proposed that on the molecular level mMRNA deadenylation
occurs in two steps (YAMASHITA et al. 2005). For efficient degradation, mRNAs with very long
poly(A) tails (>150 nt) are first shortened by Pan2-Pan3 and are subsequently further

deadenylated by Ccr4-Not (YAMASHITA et al. 2005; YI et al. 2018). Interestingly, RNA
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sequencing studies characterizing mRNA poly(A) tails in mammalian tissue culture cells,
Drosophila S2 cells, mouse liver, early zebrafish and Drosophila embryos found that the
median length of an mRNA poly(A) tail in most cells is between 50 and 100 nt (CHANG et al.
2014; SUBTELNY et al. 2014; EICHHORN et al. 2016). Hence, a minor population of mMRNAs
carries tails longer than 150 nt indicating that only a small number of mRNAs is targeted by

Pan2-Pan3 under normal cellular conditions.

Unfortunately, we do not know how the length of mRNA poly(A) tails change in C. elegans
germ cells upon temperature increase. However, two observations from whole-genome
studies in human cells might explain the requirement of Pan2-Pan3 under stress conditions.
First, arsenic-induced stress leads to the enhanced usage of proximal alternative
polyadenylation (APA) sites during mRNA production and the accelerated decay of mRNAs
that have been processed at the distal APA sites (ZHENG et al. 2018). Second, a comparison
of poly(A) tail lengths between mRNAs produced from distal or proximal APAs revealed that
the longer UTRs also carry longer tails (LEGNINI et al. 2019). Also, in C. elegans a significant
number of genes carry multiple alternative polyadenylation sites (JAN et al. 2011). Hence,
PANL2-PANL3 might be required for the efficient degradation of long-tailed mRNA populations

under heat stress conditions.

4.7.2 PARN a multi-task deadenylase
The biological importance of PARN proteins seems to have evolved over time. PARN in
general is broadly but not universally conserved. For example, PARN is present in S. pombe
but not in S. cerevisiae (REVERDATTO et al. 2004). Furthermore, PARN can be found in
nematodes, and vertebras but not in flies (GOLDSTROHM AND WICKENS 2008). The absence of
PARN especially in flies indicates that this deadenylase is not required for development in
every organism. | found that parn-1, parn-2 and parn-1;parn-2 mutant animals in C. elegans
are viable and present no obvious general developmental defects, supporting this notion

(NouscH et al. 2013). However, this is different in mice where homozygote PARN knockout
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animals die during early embryogenesis (BENYELLES et al. 2019). This shows that PARN

although dispensable in worms is an essential gene in mammals.

The evolutionary increase of PARN importance might be explained by its RNA targets. PARN
was initially described to regulate the deadenylation of a handful of maternal transcripts in
Xenopus oocytes (KORNER et al. 1998). However, PARN seems not to be a major mRNA
regulator in somatic and early germ cells. The knockdown of PARN in mouse cells results in
the stabilization of only a small number of mMRNAs (LEE et al. 2012). Also in my work, | detected
only minor changes in mRNA abundances upon the loss of parn-1 in early developing germ
cells (NouscH et al. 2019). Interestingly, a genome-wide sequencing study found that PARN
has not a strong influence on the length of MRNA poly(A) tails in mammalian cells, supporting
the idea that the impact of PARN on mRNAs could be indirect (YI et al. 2018). This notion
gains traction with an ever-growing number of studies that show PARN involvement in the
regulation of non-coding RNAs (ncRNA), including the processing and abundance of some
miRNAs, as well as the processing of Y RNAs, piRNAs, snoRNAs, rRNAs and telomerase
RNAs (BERNDT et al. 2012; YODA et al. 2013; BOELE et al. 2014; HARWIG et al. 2015; MOON et
al. 2015; TANG et al. 2016; ISHIKAWA et al. 2017; MONTELLESE et al. 2017; SHUKLA AND PARKER
2017; LEE et al. 2019; SHUKLA et al. 2019; NIETO et al. 2020). Based on these studies, a picture
emerges of PARN as a major processing factor that controls the production and functions of
NcRNA transcripts.

PARN-mediated regulation of ncRNAs seems to be the key to its general developmental
importance. One of the biologically more impactful functions of PARN is its involvement in the
maturation of the telomerase RNA component (TERC). TERC is part of the telomerase
complex that catalyzes the addition of telomere DNA repeats onto the ends of linear
chromosomes using the embedded TERC as the template (BLACKBURN AND COLLINS 2011).
In humans, mutations in PARN are associated with Idiopathic pulmonary fibrosis, an age-
related disease featuring progressive lung scarring, and dyskeratosis congenita, a life-

threatening bone marrow disorder (STUART et al. 2015; TUMMALA et al. 2015). A hallmark of
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both diseases is an impairment of telomere maintenance which is based on decreased levels
of TERC (ROAKE AND ARTANDI 2020). In a tissue culture system, it could be shown that PARN
removes a post-transcriptionally acquired oligo(A) tail from TERC that targets the RNA for
degradation and the ectopic expression of PARN in PARN-deficient cells rescues TERC levels
(MoON et al. 2015). This directly links PARN to the maintenance of TERC expression and

demonstrates the requirement for PARN-mediated regulation of ncRNAs in development.

The requirements for different telomere length regulation mechanisms could explain the
differential effects on the general development of parn mutants in worms and mammals. In
most organism telomerase is essential and the developmental dynamics of telomerase loss is
nicely illustrated in mice. Here, the initial loss of telomerase activity does not affect the
organism due to the existence of sufficient telomeric sequences (BLAscO et al. 1997).
However, it eventually becomes detrimental to the entire animal as a result of replication-
associated telomere shortening germ cells and proliferative tissues fail to develop properly
(BLASCO et al. 1997). Although in C. elegans telomerase single mutants eventually become
sterile, mirroring to some degree phenotypes observed in knockout mice, the downregulation
of additional factors allows for the maintenance of telomere lengths via alternative extension
mechanisms rescuing the sterility phenotype (MEIER et al. 2006; CHENG et al. 2012; LACKNER
et al. 2012). Hence, C. elegans is one of the few organisms that tolerates the loss of
telomerase activity. Although we currently do not know whether PARN is involved in C.
elegans telomere length regulation, the prominence of a telomerase-independent mechanism
to regulate telomeres is a feasible explanation for the absence of major phenotypes in parn

mutant worms in my work.
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5. Outlook

Taken together, my work describes the developmental roles and genetic interactions of poly(A)
tail modifying enzymes in developing germ cells of C. elegans. Although, | provided several
novel and interesting findings regarding the cytoPAPs GLD-2 and GLD-4, as well the DeAds
Ccr4-Not, Pan2 and PARN we still lack detailed mechanistic models that describe how such
enzymes control the regulation of specific mMRNAs during germ cell development. For example,
the discovery that gene expression in germ cells is balanced by GLD-2 and Ccr4-Not raises
the question of how these opposing activities are controlled on the molecular level. Hence, the
compositions and structures of RNPs that contain specific RNA-binding proteins and the tail
modifiers will have to be characterized in detail. We have to know whether RBPs directly
interact with tail modifiers or if adaptor proteins are used, and if the opposing enzymatic factors
are present in RNPs at all times or if two mutually exclusive RNP subpopulations exist. The
analysis of immune-purified complexes from gonads using methods such as Cross-
linking/mass spectrometry should help to identify interaction surfaces and provide valuable
insides into the RNP architecture in germ cells (PIERSIMONI AND SINz 2020). Detailed structural
models will also be instrumental to reveal and understand how the two opposing activities of

GLD-2 and Ccr4-Not are balanced and regulated in this context.

The findings that the Pan2-Pan3 complex in worms is biologically relevant at elevated
temperatures argues that this complex is needed for the cellular stress response. In general,
virtually nothing is known about poly(A) mediated gene expression regulation in stressed germ
cells in any organism. Hence, the roles of RNA binding proteins as well as poly(A) modifiers
during germ cell development should be characterized under stress conditions in C. elegans.
This will reveal how these post-transcriptional regulators including Pan2-Pan3 are utilized and
integrated into the cellular networks that control stress responses.

Finally, we need a comprehensive understanding how tail length modifications impact protein
production in germ cells. As long-assumed correlation between long poly(A) tails and efficient
translation seems not to be universally true; we need data that addresses this relationship in
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developing germ cells. The tools that | have developed for the germ cell TRAP assay will help
to fill this knowledge gap. Furthermore, by combining the TRAP assay with RNA sequencing
techniques such as Tail-Seq and ribosome profiling one should be able to generate a
comprehensive picture of the gene-expression landscape in early developing germ cells
(INGOLIA et al. 2009; CHANG et al. 2014). By conducting such investigations not only in wild
type but also in mutants of poly(A) modifiers and specific RNA-binding proteins the impact of
poly(A) tail length on mRNA abundances and translation efficiencies will be revealed in this

context.
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