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Summary

Germ cells play a fundamental role in evolution by containing all the necessary information for
the development of a new organism. Numerous mechanisms have evolved to protect germ cells
from unwanted changes, ensuring the correct transmission of information to the progeny. One
such mechanism is the piRNA pathway, a highly conserved small RNA pathway best known for
silencing transposable elements (TEs) in germ cells. In C. elegans, piRNAs predominantly target
germline mRNAs and have only a modest effect on TEs regulation. Unlike other species, the loss
of the piRNA pathway in C. elegans does not lead to acute sterility. piRNAs precursors are
stabilised by binding to a complex known as PETISCO, which stimulates piRNA production.
Surprisingly, although piRNAs are not essential for C. elegans development, PETISCO is crucial for
their embryonic development. This apparent dual functionality is reflected by PETISCO’s two
interacting proteins: PID-1 and TOST-1. While pid-1 mutants lack piRNAs and are viable, tost-1

mutants have piRNAs but are embryonic lethal.

In this work, I found that PETISCO binds replication-dependent (RD) histone mRNAs and is
essential for their homeostasis in the adult germline. This function depends on TOST-1, not PID-
1, reflecting the dual functionality of PETISCO through its interacting proteins. Using various
transgenic constructs, [ found that histone expression is tightly regulated by the unique features
of their transcripts, which complicates the investigation of their expression. Nonetheless, |
demonstrated that altering histone concentrations, either through genetic depletion or by
impairing degradation pathways, regulates embryogenesis and influences the fate of
development or arrest. [ propose that the maternal effect lethal phenotype of PETISCO mutants
is a result of histone mRNA loss. Additionally, | found that PETISCO mutants exhibit widespread
gene expression misregulation in early embryos and premature gene activation. I propose that
PETISCO stabilizes maternal histone mRNA in the germline, ensuring their proper deposition into
embryos, where they are essential for the earliest cell divisions.

Overall, this study, combined with our previous work, proposes that PETISCO functions to
stabilise inherently unstable transcripts: in the germ cells, piRNA precursors are stabilized to
enable processing into piRNAs, while maternal RD histone mRNAs are stabilized to provide the
early embryo with sufficient histone proteins. Evolutionary analysis of PID-1 and TOST-1
indicates that the RD histone mRNA stabilization function likely pre-dates PETISCO’s role in
piRNA production. Hence, piRNA biogenesis may have evolved from a maternal mRNA

stabilisation mechanism.
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Zusammenfassung

Keimzellen spielen eine grundlegende Rolle in der Evolution, da sie alle notwendigen
Informationen fiir die Entwicklung eines neuen Organismus enthalten. Zahlreiche Mechanismen
haben sich entwickelt, um Keimzellen vor unerwiinschten Verdnderungen zu schiitzen und die
korrekte Weitergabe von Informationen an die Nachkommen sicherzustellen. Einer dieser
Mechanismen basiert auf piRNAs, konservierte, kurze RNAs, die vor allem fiir die Stilllegung von
Transposon-Elementen (TEs) in Keimzellen bekannt sind. In C. elegans regulieren piRNAs
tiberwiegend Boten-RNAs (mRNAs) der Keimbahn und haben nur einen geringen Einfluss auf
TEs. Im Gegensatz zu anderen Arten fiihrt der Verlust von piRNAs in C. elegans nicht zu akuter
Sterilitdt. piRNA-Vorlaufer werden durch Bindung an einen Komplex namens PETISCO
stabilisiert, der die piRNA-Produktion stimuliert. Obwohl piRNAs nicht essenziell fiir die
Entwicklung von C. elegans sind, ist PETISCO {iiberraschenderweise entscheidend fiir die
embryonale Entwicklung. Diese scheinbare doppelte Funktionalitit spiegelt sich in den beiden
interagierenden Proteinen von PETISCO wider: PID-1 und TOST-1. Wahrend pid-7-Mutanten
keine piRNAs haben, aber lebensfihig sind, weisen tost-1-Mutanten piRNAs auf, zeigen jedoch

embryonale Letalitat.

In dieser Arbeit habe ich herausgefunden, dass PETISCO replizierungsabhangige (RD) Histon-
mRNAs bindet und fiir deren Homoostase in der Keimbahn adulter Tiere essenziell ist. Diese
Funktion hangt von TOST-1 ab, jedoch nicht von PID-1, was die doppelte Funktionalitit von
PETISCO durch seine interagierenden Proteine widerspiegelt. Mithilfe verschiedener transgener
Konstrukte konnte ich zeigen, dass die Histonexpression durch die einzigartigen Eigenschaften
ihrer Transkripte streng reguliert wird, was die Untersuchung ihrer Expression erschwert.
Dennoch konnte ich nachweisen, dass Veranderungen der Histonkonzentration, entweder durch
genetische Depletion oder durch Beeintrachtigung von Abbauwegen, die Embryogenese
regulieren und den Entwicklungsprozess oder Stillstand beeinflussen. Ich prasentiere ein Model,
indem der maternal-letale Phénotyp von PETISCO-Mutanten eine Folge des Verlustes von Histon-
mRNAs ist.

Dariiber hinaus habe ich festgestellt, dass PETISCO-Mutanten eine weit verbreitete
Fehlregulation der Genexpression in frithen Embryonen sowie eine vorzeitige Genaktivierung
aufweisen. Ich postuliere, dass PETISCO maternale Histon-mRNAs in der Keimbahn stabilisiert,
um ihre ordnungsgemafie Einlagerung in Embryonen zu gewahrleisten, wo sie fiir die frithesten

Zellteilungen essenziell sind.
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Insgesamt zeigt diese Studie, zusammen mit unseren fritheren Arbeiten, dass PETISCO dazu
dient, von Natur aus instabile Transkripte zu stabilisieren: In Keimzellen werden piRNA-
Vorlaufer stabilisiert, um deren Verarbeitung zu piRNAs zu ermdéglichen, wahrend maternale RD-
Histon-mRNAs stabilisiert werden, um dem frithen Embryo ausreichende Histonproteine
bereitzustellen. Eine evolutiondre Analyse von PID-1 und TOST-1 deutet darauf hin, dass die
Funktion von PETISCO bei der Stabilisierung von RD-Histon-mRNAs wahrscheinlich der Rolle bei
der piRNA-Produktion vorausgeht. Somit kdnnte die piRNA-Biogenese aus einem Mechanismus

zur Stabilisierung von maternalen mRNAs hervorgegangen sein.



INTRODUCTION
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Introduction

General introduction

Embryogenesis is the key process in establishing animal life, transforming a single-celled zygote
into a mature organism. This dynamic and intricate process is tightly regulated by maternal and
paternal cues, with control gradually shifting to the embryo’s own regulatory systems as
development progresses. Germ cells, specialized haploid cells, fuse to form the zygote,
transmitting not only genetic information but also gene-regulatory elements, which are not
encoded in the genome, and the necessary material to support the early stages of embryonic

development.

RNA is a crucial molecule in life cycle and development, beyond serving as the intermediary
between genes and proteins, RNA is integral to gene regulation and transmission. RNA molecules
exist in many sizes and structures, with diverse roles, ranging from catalytic activity to regulatory
functions. A common feature among many RNA molecules is their specific association with a vast
array of RNA-binding proteins (RBPs), forming ribonucleoproteins (RNPs) that are essential in

many pathways within the organism.

In this introduction, I will provide a brief overview of RNPs, focusing specifically on Argonaute
proteins and their co-factors, small RNAs, and their role in epigenetic inheritance. I will highlight
PETISCO, an RNP complex in Caenorhabditis elegans, the model organism used in this work. I will
discuss the processes involved in the oocyte-to-embryo transition, emphasizing the central role
RNPs play in regulating these events. I will also describe the mRNA life cycle, which is not only
tightly regulated during this transition but throughout the organism’s life. Following this, I will
focus specifically on replication-dependent (RD) histone mRNAs, which are a unique class of
mRNAs with distinct structural features and specialized regulatory mechanisms. While I will
introduce these mechanisms broadly, based on studies in various model organisms, I will also
focus on what is known specifically in C. elegans. Finally, I will briefly describe C. elegans early

embryogenesis and germline development.

Ribonucleoprotein complexes

RNA has increasingly proven that the biology central dogma of - DNA to RNA to Protein - is justa

small part of RNA’s diverse functions. RNA exists in many different forms, such as messenger RNA
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(mRNA), transfer RNA (tRNA), ribosomal RNA (rRNA), small nuclear RNA (snRNA), micro RNA
(miRNA), long non-coding RNA (IncRNA), PIWI-interacting RNA (piRNA), etc, each playing active
or regulatory roles in gene expression. For most of their functions, RNAs need to bind to proteins
known as RNA-binding proteins (RBPs). RBPs are present throughout the entire life-cycle of RNA,
from synthesis to processing and decay, and they typically function within multi-protein
complexes called ribonucleoproteins (RNPs). Most RBPs do not possess intrinsic enzymatic
activity; instead, their assembly with RNA and other proteins primarily mediates the recruitment
of effectors or triggers certain reactions. RBPs can bind to specific RNA sequences and/or
structural motifs in RNA via a set of structurally well-defined RNA-binding domains (RBDs) such
as the RNA recognition motif (RRM), hnRNP K homology domain, DEAD box helicase domain or
zinc-finger domain. An RBP can interact with RNA to regulate RNA function and metabolism (Lee
& Lykke-Andersen, 2013). Conversely, some RNAs can also regulate the function of RBPs (Hentze
et al,, 2018). Two of the best-characterized RNP complexes are the ribosome (Ramakrishnan,
2014) and the spliceosome (Matera & Wang, 2014). However, there has been increasing effort to
identify and describe smaller RNPs and novel RBPs, collectively referred to as the RNA
interactome (Hentze et al., 2018). Beyond mRNAs, rRNAs and snRNAs, which are part of these
well-known RNPs, other categories of non-coding RNAs (ncRNAs), such as miRNAs, piRNAs,
IncRNAs also interact with RBPs to form RNPs (Gerstberger et al., 2014).

Although RBPs are often categorized based on the class of RNA they bind to, some RBPs can
interact with and regulate multiple RNA classes. For example, the RNA exosome is involved in
general RNA turnover (Kilchert et al., 2016), while the LIN28 protein binds to let-7 pre-miRNAs,
mRNAs and small nucleolar RNAs (snoRNAs) (Mayr & Heinemann, 2013). RBP families are well-
conserved across eukaryotes, with some orthologous groups traceable to the last universal
common ancestor (Anantharaman et al., 2002; Kerner et al., 2011). While ribosomal proteins are
amongst the most conserved RNPs, ncRNA-binding proteins exhibit the lowest levels of
conservation (Gerstberger et al., 2014).

RNPs are dynamic and complex structures that involve multivalent interactions including
protein-protein, protein-RNA and RNA-RNA interactions. Under specific conditions, some of
these assemblies promote the formation of membraneless organelles called RNP granules. RNP
granules are present in both the cytoplasm and the nucleus and play an essential role in various
cellular processes, such as stress response (stress granules), gene expression and regulation
(Cajal bodies) and RNA metabolism (P-bodies) (Ripin & Parker, 2023). They can either be

ubiquitously present within the cell or appear transiently and some can be cell-type specific, such
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as neuronal granules and germ cell granules. In contrast, other RNPs, such as the spliceosome or
translation initiation complexes, operate in the nucleoplasm or cytoplasm without forming

granules.

Argonaute proteins and small RNAs complexes

Argonaute proteins (Agos) are a large family of RBPs that assemble with a class of ncRNAs, known
as small RNAs, forming an ncRNP complex called RNA-induced silencing complex (RISC), which
is involved in target silencing through a mechanism called RNA interference (RNAi) (Fire et al,,
1998; Iwakawa & Tomari, 2022; R. F. Ketting, 2011). These complexes, via base pairing of the
small RNA, can regulate gene expression and mediate post-transcriptional and/or transcriptional
silencing. Argonaute proteins are highly conserved and can be found in nearly all eukaryotes, and
many prokaryotes, and archaea. While eukaryotic Agos (eAgos) and prokaryotic Agos (pAgos)
have low sequence homology, their structure and function are remarkably conserved across
organisms (Olina et al., 2018; Swarts, Makarova, et al., 2014). Most Agos are guided by a small
RNA to regulate gene silencing but some pAgos use DNA as a guide (Swarts, Jore, et al,, 2014;
Wang et al.,, 2008). The number of Agos varies considerably between species, with one present in
the fission yeast Schizosaccharomyces pombe, four in humans, and 19 in the nematode
Caenorhabditis elegans. Based on their domain structure, the eAgo protein family is divided into
four subfamilies based on their similarity to specific and well-studied Argonaute proteins of
various model organisms: the AGO, giving their similarity to AGO1 of Arabidopsis thaliana; the
PIW], giving their close similarity to PIWI of Drosophila melanogaster; the worm-specific WAGO
and the Trypanosoma Ago subfamilies. All eAgos share four main domains: the N-terminal
domain, the PAZ domain, the MID domain and the PIWI domain. The N-terminal domain unwinds
small RNA duplexes during RISC assembly, the PAZ domain contains a specific binding pocket
that anchors the 3’end overhang produced during the processing of small RNAs; the MID domain
binds the 5’ phosphate characteristic of small RNAs; and the PIWI domain exhibits catalytic
activity similar to RNase H (P. B. Kwak & Tomari, 2012; ]. B. Ma et al., 2005; Parker et al., 2004,
2005; Rashid et al., 2007; Song et al., 2004; Yuan et al,, 2005).

Small RNAs can be divided into different families including miRNAs, piRNAs and small-interfering
RNAs (siRNAs), each of these assembling with specific Agos. However, the mechanisms of small
RNA biogenesis and amplification vary greatly between organisms (Carthew & Sontheimer, 2009;
Ozata et al,, 2019). miRNAs and siRNAs are generated from double-stranded RNA (dsRNA)

precursors that are cleaved by RNase III family enzymes, Drosha and/or Dicer. piRNAs on the
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other hand, are produced from single-stranded RNAs, independent of Dicer and Drosha, mainly
acting in germ cells to protect against invasive genomic elements. Interestingly, there is growing

evidence that piRNAs also regulate endogenous genes (Ozata et al., 2019).

The specific combination of a small RNA with a particular eAgo determines the biological function
of the RNP complex. These mechanisms can be cytoplasmic or nuclear and include the regulation
and silencing of endogenous and exogenous genetic elements. Functions range from RNA
degradation via cleavage or deadenylation, and translation inhibition, to chromosome structure
modification or DNA methylation (Czech & Hannon, 2010; Nazer et al.,, 2022; ]. Wu et al., 2020).
The effector activity of Ago varies, as not all miRNA::AGO complexes possess catalytic activity or
cleave their targets. On the other hand, complexes involving siRNAs or piRNAs with their
respective Agos often exhibit endonuclease activity (Faehnle et al., 2013; Hauptmann et al., 2013,
2014; Nakanishi etal.,, 2013). In C. elegans, however, the PIWI protein has lost its cleavage activity
and instead it makes their targets as templates for RNA-dependent RNA polymerases (RdRPs) to
produce secondary small RNAs. These secondary small RNAs, in turn, work with a secondary

Argonaute to drive the effector response (Ketting & Cochella, 2020).

Interestingly, small RNAs can also be inherited, perpetuating gene silencing across generations—
one of the mechanisms of epigenetic inheritance. Mechanisms such as RNA interference in C.
elegans or maternal piRNAs in Drosophila are two examples of heritable propagation of small

RNA responses (Quarato et al.,, 2022), which, among others, are described in more detail below.

PETISCO - an RNP complex involved in piRNA biogenesis

PETISCO is a cytoplasmic multi-subunit complex that binds piRNA precursors in C. elegans
(Cordeiro Rodrigues et al., 2019; Zeng et al., 2019). The biogenesis of C. elegans piRNAs differs
significantly from that in mice and Drosophila; thus, they are referred to as 21U-RNAs. Mature
21U-RNAs are 21 nucleotides long, have a uracil bias at the 5’ end, and associate with the C.
elegans PIWI protein, PRG-1 (Batista et al,, 2008; Das et al., 2008; G. Wang & Reinke, 2008). 21U-
RNAs can be divided into type I and type I, based on their transcription mechanism. Type I 21U-
RNAs precursors are transcribed from tens of thousands of miniature genes clustered on
chromosome IV, with each gene located downstream of a specific sequence motif called the Ruby-
motif (Ruby et al, 2006). The USTC protein complex recognizes this motif and stimulates
transcription by RNA polymerase II (RNA pol II) (Weng et al, 2019). USTC contains the
transcription factor SNPC-4, part of the snRNA-activating complex (Kasper et al,, 2014), PRDE-1,

a nuclear germline-expressed protein specifically found in piRNAs clusters (Weick et al., 2014),
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and TOFU-4 and TOFU-5, initially identified in a genome-wide RNAi screen as being required for
piRNAs expression (Goh et al, 2014). Type Il 21U-RNAs are much less abundant and are
transcribed from protein-coding genes and other RNA pol Il transcripts that lack the Ruby-motif
(Gu et al, 2012). Each 21U-RNA precursor has a 7-methylguanosine (m7G) cap and is
approximately 28 nucleotides long (Gu et al.,, 2012). Transcript termination is regulated by the
Integrator complex, which controls promoter-proximal Pol Il pausing and cleaves the nascent
precursors (Beltran et al., 2020; Berkyurek et al., 2021).

PETISCO stabilizes 21U-RNAs precursors for 5 end processing by the recently identified
endoribonuclease complex PUCH, creating the 5’ monophosphate end (Podvalnaya et al., 2023).
Afterwards, the 21U-RNA intermediates are loaded onto PRG-1, and the 3’ ends are trimmed and
2’-0-methylated by PARN-1 and HENN-1 respectively (Billi et al., 2012; Kamminga et al., 2012; T.
A. Montgomery et al,, 2012; Tang et al.,, 2016). These modifications stabilize small RNAs and
prevent their degradation (Ameres et al., 2010; Pastore et al,, 2021, 2024).

PETISCO structure

PETISCO is composed of the subunits PID-3, ERH-2, TOFU-6, and IFE-3 (Cordeiro Rodrigues et al.,
2019; Zeng et al.,, 2019). It forms a dimer of tetramers, with a total molecular weight of 230 kDa,
where dimerization is mediated by both PID-3 and ERH-2 (Figure 1) (Perez-Borrajero et al,,
2021; X. Wang et al.,, 2021). Interestingly, PETISCO has two effector proteins, PID-1 and TOST-1,
which control its function. These proteins lack identifiable domains, and their mechanism of
action as effector proteins is still unknown. However, it is speculated that their function may be

related to their differential expression throughout germline development.

PID-3 and TOFU-6 are specific to the nematode phylum, PID-3 has an RRM domain and a MID
domain, similar to those found in Agos, while TOFU-6 has an RRM domain, an extended TUDOR
(eTUDOR) domain, and a C-terminal elF4E interaction motif. The RRM domains of PID-3 and
TOFU-6 mediate their interaction, where both sides of the symmetric PID-3 RRM dimer interface
recruit a single TOFU-6 RRM (Perez-Borrajero et al., 2021; X. Wang et al,, 2021). IFE-3 is one of
the five highly conserved C. elegans’ el[F4E homologs, known for binding m7G caps (Jankowska-
Anyszka et al., 1998; Keiper et al,, 2000). Finally, ERH-2 is one of two “enhancer of rudimentary”
(Erh) homologs in C. elegans, a highly conserved protein across eukaryotes. ERH has been
implicated in the RNA decay pathway in Schizosaccharomyces pombe (Sugiyama et al., 2016), the
processing of miRNAs (Chul Kwon et al,, 2020; Fang & Bartel, 2020), and the regulation of gene
expression in human cells (Katznelson et al., 2024; McCarthy et al., 2021). ERH-2 binds to PID-3
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and to PID-1 or TOST-1. The latter interactions are bound via a shared sequence motif in both
proteins and they mutually exclusively bind to ERH-2. TOST-1 binds more strongly to ERH-2 than
PID-1 does (Perez-Borrajero et al., 2021). The RNA binding site of PETISCO has not yet been
identified, but it is possible that the RRM domain of TOFU-6 and/or the cap-binding protein IFE-

3 are responsible for this function.

W] i
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TOFU-6R"M

Figure I1 | Structure of PETISCO. Modelling of the PETISCO core complex by combining the crystal structures of PID-
3RRM/TOFU-6RRM and ERH-24¢/PID-3rer subcomplexes. TOFU-6 is coloured in orange, PID-3 in pink and ERH-2 in blue
(Perez-Borrajero et al.,, 2021). Alphafold2 predictions of IFE-3 (grey), PID-1 (yellow) and TOST-1 (green).

PETISCO localisation and further functions

PETISCO associates with P granules in germ cells but is also found in the cytoplasm of oocytes
and embryos (Cordeiro Rodrigues et al., 2019; Zeng et al, 2019). Interestingly, when the
interaction between ERH-2 and PID-3 is abolished, ERH-2 localises to the nucleus and the same
is observed for TOST-1 in oocytes of erh-2 mutants (X. Wang et al., 2021). PID-3, however, retains
its cytoplasmic location even when it is not bound to ERH-2, but it becomes nuclear when losing
the interaction with TOFU-6 (Perez-Borrajero et al., 2021; X. Wang et al,, 2021). These results

indicate that the interplay between the different components of PETISCO is essential for ensuring
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proper localisation and function within the cell, and reveal inherent nuclear localisation of some

of the PETISCO subunits. The relevance of this has remained unclear.

As previously shown by Cordeiro Rodrigues et al. and Zeng et al., PETISCO’s functions depend on
the effector proteins PID-1 and TOST-1. TOST-1 is not required for 21U-RNA processing but is
crucial for embryonic development. Mutants for PETISCO proteins exhibit a maternal-effect
embryonic lethality (Mel) phenotype, meaning that while the first-generation homozygous
mutants develop to adulthood, their progeny arrests development during embryogenesis. F1
embryos show defects in chromosome segregation during cell division, which ultimately leads to
embryonic arrest (Zeng et al., 2019). This phenotype was previously observed in tofu-6 mutants

(Minasaki & Streit, 2007).

Additionally, PETISCO was reported to interact with a type of snRNAs, the splice-leader 1 (SL1),
involved in trans-splicing in C. elegans (Cordeiro Rodrigues et al., 2019). Mutants of erh-2, tost-1
and ife-3 show an accumulation of both splice leader RNAs of C. elegans, SL1 and, to a lesser
extent, SL2 (Cordeiro Rodrigues et al., 2019). IFE-3 was also found to interact with components
of the SMN complex, a key processor of snRNAs into snRNPs and involved in SL1 trans-splicing
(Philippe et al,, 2017). These results highlight a potential, and previously hypothesized, parallel
between snRNAs and piRNAs in C. elegans, where PETISCO, together with TOST-1 or PID-1, may
play a dual role (Beltran et al., 2019, 2020; Kasper et al., 2014; Weng et al., 2019).

Epigenetic inheritance

Apart from DNA sequences, gene regulatory determinants are transmitted from parental gametes
to the zygote. This mechanism, known as epigenetic inheritance, can persist for one or two
generations, depending on whether it is paternal or maternal, a phenomenon termed
intergenerational epigenetic inheritance (IEI). Alternatively, it can extend over multiple
generations, known as transgenerational epigenetic inheritance (TEI). The factors involved in
epigenetic inheritance are transmitted across generations and can regulate gene expression,
either silencing or activating it, without altering the DNA sequence. This allows future
generations to inherit the induced phenotypic trait without exposure to the initial environmental
cause. Because these changes are highly dynamic and flexible, organisms can adapt their genetic
output without permanent changes to the DNA. Epigenetic inheritance derived from gametes

involves various mechanisms such as DNA methylation, histone post-translational modifications,
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and the transfer of ncRNAs (Santilli & Boskovic, 2023; Skvortsova et al,, 2018). For the purpose

of this study, I will focus on the inheritance of small ncRNAs.

Epigenetic inheritance of small RNAs

RNAi inheritance is the most well-studied mechanism of TEI in C. elegans and can last for many
generations (Vastenhouw et al., 2006). For example, worms expressing a GFP::H2B reporter in
the germline and exposed to gfp dsRNA show silencing of the gfp transcript until the generation
F2, which was not exposed to the gfp dsRNA. The exogenous dsRNA, introduced via feeding with
bacteria expressing dsRNA, triggers the RNAi response in PO through exogenous siRNA (exo-
siRNAs), leading to the amplification of secondary siRNAs. These secondary siRNAs, produced by
RdRPs, are inherited to subsequent generations, ensuring the continuity of the response
(Almeida et al.,, 2019; F. R. Ketting & Cochella, 2020). The target genes are silenced through the
formation of heterochromatin domains and inhibitions of RNA Pol II but also via post-

transcriptional mechanisms (Frolows & Ashe, 2021).

Similar responses are observed when the initial trigger are endogenous siRNAs (endo-siRNAs)
(Alcazar et al., 2008) or piRNAs/21U-RNAs (H. C. Lee et al,, 2012; Luteijn et al., 2012; Shirayama
etal., 2012). Silencing triggered by piRNAs produced from endogenous loci is called RNA-induced
epigenetic silencing (RNAe). RNAe can persist for many generations, and although it needs
piRNAs for de novo establishment, the silencing of the target transcripts is maintained in their
absence (Ashe et al., 2012; Luteijn et al., 2012; Shirayama et al., 2012). In fact, RNAe can become
permanent if piRNAs are lost, as they prevent germline-expressed mRNAs from entering self-
perpetuating silencing pathways (Shukla et al.,, 2021). Maternally provided piRNAs in C. elegans
are sufficient to trigger the silencing of their targets in embryos and are necessary to prevent
silencing of non-targets (de Albuquerque et al., 2015; Placentino et al., 2021)

The inheritance of some populations of endo-siRNAs is crucial for embryonic development
(Gerson-Gurwitz et al., 2016; Quarato et al.,, 2021). In C. elegans, the Argonaute protein CSR-1
binds to secondary siRNAs that are generated from germline mRNAs. The loading and activity of
CSR-1 with the small RNAs, in embryos, are required for the clearance of untranslated maternal
mRNAs (Quarato et al., 2021). Besides CSR-1 and its cognate siRNAs are also hypothesized to
license the expression of self-transcripts by protecting them from piRNAs-dependent silencing

(Seth etal,, 2013; Wedeles et al., 2013).
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In mouse embryos, maternal Ago2 is essential for embryonic development and it might also be
required for the degradation of maternal mRNAs (Svoboda & Flemr, 2010; ]J. M. Zhang et al,,
2020). Additionally, transfer RNA-derived small RNAs (tsRNAs) are emerging as potential
inherited small RNAs via sperm in mammals (Q. Chen et al., 2021). In Drosophila, piRNAs and
PIWI proteins are maternally inherited to silence TEs in the embryo (Brennecke et al., 2008). The
silencing is maintained in the germline of adult flies and transmitted to the next generation
(Fabry et al., 2021). The inheritance of maternal piRNAs is essential for their development, as

piRNA-defective embryos result in female sterility (Akkouche et al., 2017).

Contrary to Drosophila and many other animals, C. elegans lacking piRNAs are initially fertile but
they gradually lose their fertility across generations until becoming completely sterile (Simon et
al,, 2014). This phenomenon is called mortal germline (Mrt) phenotype. The cause for this defect
is unknown, but it is not clearly related to transposon reactivation (Barucci et al., 2020; Reed et
al,, 2019; Simon et al., 2014; Spichal et al., 2021). Recent studies attribute the loss of fertility to a
stochastic activation of secondary small RNAs, causing aberrant target silencing, mainly of
histones and rRNAs. Once initiated, this silencing occurs consistently across generations (Barucci

etal, 2020; B. E. Montgomery et al,, 2021; Reed et al,, 2019; Wahba et al., 2021).

Germ granules in early development

Germ granules are defined as a collection of dynamic, germline-specificc membrane-less
organelles. Some models propose that their function is to bring specific proteins and nucleic acids
together in space and time, promoting their activity (Ripin & Parker, 2023). Germ granules are
also responsible for transmitting specific components, such as small RNAs, mRNAs or proteins,
to the zygote and preventing premature translation of maternally provided mRNAs (C.-Y. S. Lee
etal,, 2020; Mukherjee & Mukherjee, 2021; Phillips & Updike, 2022; Scholl et al., 2024; Voronina
etal, 2011).

Drosophila has a great variety of germ granules involved in RNA storage, transport, and
regulation, germline specification, and defence against transposons. Structures like nuage,
sponge bodies, Balbiani body (Bb), and cytoplasmic polar granules are necessary for the
transport and deposition of maternal mRNAs and proteins from the oocyte to the embryo
(Mukherjee & Mukherjee, 2021). Interestingly, the Balbiani body is responsible for incorporating
mitochondria into the germline and is thought to be needed for its inheritance (Bilinski et al.,
2017; R. T. Cox & Spradling, 2003). The Bb is a highly conserved structure found from insects to

humans. In Xenopus and zebrafish, it is also essential for germplasm assembly, germ cell
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specification and ultimately, embryo development. Mammalian oocytes also contain a Bb that is
important for organelle distribution and RNA regulation (Jamieson-Lucy & Mullins, 2019). The
germ granules in mammalian oocytes are known to dissolve in mature oocytes and to re-establish
de novo in primordial germ cells (Voronina et al., 2011). In male germ cells of mammals, a distinct
type of granule known as chromatoid bodies is present. These structures are enriched with
mRNAs and proteins, including histones and Argonautes. However, they disintegrate as sperm

mature (Chuma et al., 2009).

In C. elegans, P granules were the first germ granules discovered (Strome & Wood, 1982). They
segregate with the P lineage throughout embryogenesis and are visualized at every stage of
germline development (Phillips & Updike, 2022). P granules are heterogeneous structures, and
their composition of proteins and RNAs differs depending on the developmental stage. Unlike in
Drosophila, P granules in C. elegans are not required for germ cell specification but only later in
development to keep germ cell identity (Seydoux, 2018; D. Updike & Strome, 2010). P granules
house a repertoire of small endogenous RNAs as well as Argonaute proteins and other proteins
involved in small RNA biogenesis. During most stages of germline development, P granules
associate with the nuclear pore. It is thought that, due to this association, P granules sort and
select transcripts for translation, based on the small RNA machinery within them (Campbell &
Updike, 2015; Gerson-Gurwitz et al, 2016; D. L. Updike et al, 2011). Later in germline
development, P granules divide into substructures, such as Mutator foci, Z granules and SIMR
granules, which contain different components and have distinct functions in the small RNA
pathways. However, both components and functions are thought to be interchangeable (Phillips

& Updike, 2022).

Maternal-to-zygotic transition

At the beginning of animal development, differentiated mature germ cells are reprogrammed to
create a totipotent zygote. This allows the zygotic to subsequently drive the differentiation of all
necessary adult cell types. This reprogramming is possible by the accumulation of maternal
mRNAs and proteins in the oocyte. The development of early embryos requires specific maternal
products that are regulated in three mechanisms: direct movement of the maternal material,

localised stabilization of maternal proteins, or localised stabilization and translation of maternal



Introduction

mRNAs. This coordination of events is called maternal-to-zygotic transition (MZT), and although
the mechanisms vary across organisms, it can be divided into two major phases: the degradation

of maternal gene products and the onset of transcription from the zygote’s genome.

Maternal deposition in the embryo

All animal oocytes are loaded with mRNAs to be deposited in the embryo. Global analyses suggest
that the proportion of maternal transcripts relative to the zygote protein-coding transcriptome
ranges from about one-third in the mouse (Q. T. Wang et al., 2004) and C. elegans (Baugh et al,,
2003; Stoeckius et al,, 2014) to three-quarters in Drosophila (Thomsen et al., 2010) and zebrafish
(Aanes et al,, 2011; Harvey et al., 2013).

In C. elegans, many of the maternal mRNAs are deposited via RNP granules and encode RBPs that
are essential in the specification of early blastomere fates (Schisa et al.,, 2001). Additionally, the
3’ UTRs of many maternally supplied mRNAs contain specific signals for RNP binding, allowing
precise and strict control of the spatiotemporal expression pattern of these maternal mRNA

(Robertson & Lin, 2015).

Regulation of mRNA stability and clearance

Although the deposition of maternal material is essential for embryo development, some

products become harmful after fertilization and need to be cleared rapidly (G. Yang et al., 2024).

Maternal mRNAs are degraded in the embryo in a phased manner, and the scale and dynamics of
these phases vary among species. However, in general, the first phase is directed by maternally
provided elements, while the later phases depend on zygotic elements (Vastenhouw et al.,, 2019).
Maternal mRNAs can remain stable for long periods in the oocytes but are rapidly degraded in
the embryos. These processes are regulated by RBPs, small non-coding RNAs, RNA modifications,
and other mechanisms (Figure 12) (Despic & Neugebauer, 2018). The RBPs that regulate
maternal transcripts appear to vary across species. For example, Y-box proteins in zebrafish and
mouse translationally repress and stabilize maternal transcripts in oocytes (Medvedev et al,,
2011; Sun et al,, 2018). In Drosophila and C. elegans, Y-box proteins are expressed in oocytes but
do not seem to play a role in transcript stabilization; instead, a Dead-box helicase has been
implicated in this function (A. Arnold et al., 2014; Boag et al., 2005; M. Wang et al., 2017). miRNAs
also influence maternal transcript decay in multiple species, including C. elegans (Giraldez, 2010;

Svoboda & Flemr, 2010). In Drosophila, it was also found that piRNAs and the PIWI protein bind
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to maternal mRNAs in the early embryo and are involved in the decay of one of them (Barckmann
et al,, 2015; Rouget et al,, 2010). Additionally, endo-siRNAs are suggested to be involved in the
depletion of a subset of maternal mRNAs in C. elegans embryos (Stoeckius et al,, 2014). RNA
modifications, such as m6A or m5C, and the uridylation of poly(A) tails on maternal mRNAs, are
also involved in maternal transcripts decay in vertebrates (Chang et al., 2018; Y. Yang et al., 2019;

B.S. Zhao et al., 2017).
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Figure 12 | Mechanisms of maternal transcript regulation. Organisms utilise various mechanisms to regulate maternal
transcripts in the germline and later in the zygote. Short poly(A) tails typically lead to rapid degradation or
translational repression. Different RNA-binding proteins (RBPs) have been reported to repress translation or to trigger
transcript degradation via deadenylation. MicroRNAs and endo-siRNAs mediate maternal transcript decay via the
RISC. RNA modifications, such as m5C and m6A4, along with their respective reader proteins, play roles in stabilizing or
degrading maternal transcripts. Additionally, terminal uridylation by TUT proteins is implicated in targeted
degradation of maternal transcripts during MZT. Schematic illustration adapted from (Vastenhouw et al., 2019; G. Yang
etal, 2024).

Translational control of maternal mRNAs

Most maternal mRNAs destined for the embryos are transcribed in the germ cells during mitosis
or early meiosis and become repressed during oocyte development. In embryos, the early cell
cycles are rapid, and the cell polarization (in some species, such as C. elegans) occurs in the first
two cycles; therefore, the control of the maternal mRNAs needs to be precise. In most cases,
translational regulation is dependent on the 3’ UTR of maternal mRNAs, which is sufficient to
confer the correct temporal and special expression patterns (Merritt et al., 2008). The poly(A)

tail may play a role in the regulation of translation during MZT. In several organisms, like



Introduction

zebrafish or frog, there is a correlation between the length of poly(A) tails and translation
efficiency in early embryos, which is not found in non-embryonic tissues (Subtelny et al., 2014).
In C. elegans, the cytoplasmic polyadenylation and deadenylation are also involved in mRNA
stability and translation during MZT (Tsukamoto et al.,, 2017). Maternal mRNA translational
regulation is based on distinct elements, such as GLD-1, MEX-3 or POS-1, which can repress
translation in the germline and/or activate it in the embryos (Evans & Hunter, 2005). During the
first few embryonic divisions, MZT is driven primarily by maternal mRNA translation. This is
evidenced by the observation that inhibition of zygotic transcription by knocking down RNA Pol
Il results in no observable phenotype until the 28-cell stage, when gastrulation begins (Powell-

Coffman et al.,, 1996).

Post-translational regulation of maternal proteins

The maternal proteome is highly regulated in oocytes and embryos. A conserved mechanism of
phosphorylation and ubiquitin-dependent proteolysis occurs during MZT in diverse organisms,
such as C. elegans, Drosophila and mice (Toralova et al., 2020; Vastenhouw et al., 2019). Other
protein degradation pathways, such as autophagy and endocytosis, are also involved in maternal
protein degradation (Toralova et al., 2020).

In C. elegans early embryos, for instance, the maternally provided OMA-1 and OMA-2 proteins are
phosphorylated and sequester a general transcription factor TAF-4 in the cytoplasm, preventing
its import into the nucleus. By the four-cell stage, the OMAs are ubiquitylated and degraded,

releasing TAF-4 to initiate zygotic transcription (Guven-Ozkan et al., 2008).

Zygotic genome activation

The onset of zygotic transcription involves a gradual activation, and the timing of the cell cycles
and the first zygotic transcripts differs depending on the organism. In humans and mice, the first
zygotic transcripts are produced at the one-cell stage, while in C. elegans, zebrafish and
Drosophila, zygotic transcription begins at cell cycles 2, 6 and 8, respectively (Figure 13) (Schulz
& Harrison, 2019). During zygotic genome activation (ZGA), a significant fraction of genes are
transcribed (between 5% and 35%, depending on the organism) but the specific set of genes
differs in different species (Vastenhouw et al., 2019). Some of the genes transcribed during ZGA
encode transcription factors and other development regulators, such as miRNAs that are

important for the clearance of maternally loaded RNAs (Bushati et al.,, 2008; De Renzis et al,,
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2007; M. T. Lee et al,, 2013). Although some of the genes expressed during ZGA are exclusively
zygotic, many are also maternally loaded, which can reinforce the expression of specific genes.
Additionally, some genes encode distinct mRNA isoforms compared to the maternal ones, leading

to changes in gene expression patterns (Aanes et al., 2013; Xing et al., 2020).

ZGA is a complex process regulated at multiple levels, transitioning from transcriptional
repression to transcriptional activation (Figure I3). Ithas been suggested that the cell cycle length
can influence the timing of transcription onset (Collart et al., 2013) while other studies indicate
that the lengthening of the cell cycle is a consequence of zygotic transcription (Farrell & O’Farrell,
2013; M. Zhang et al., 2014). Interestingly, the length of the cell cycle affects both the length and
the number of transcripts produced. In Drosophila and zebrafish, the first genes expressed are
short and have few or no introns (Heyn et al.,, 2014; Kwasnieski et al., 2019). Another model
explaining the timing of the ZGA is the nucleocytoplasmic ratio (N/C ratio). In many species, the
volume of the embryo remains constant during MZT, but the nuclear volume and content increase
with each division cycle, leading to a progressive increase in the N/C ratio. This model, proposed
in frogs, suggests that increasing nuclear content can cause premature ZGA (Newport &
Kirschner, 1982; Prioleau et al., 1994). However, similar effects on global transcription have not

been observed in Drosophila or mice (Edgar et al., 1986; D. R. Lee et al., 2001; X. Lu et al., 2009).

Transcriptional repressors also play a role in regulating ZGA. Many specific repressors are
maternally loaded to support the embryo development, while general transcriptional repressors,
such as histones, are also important. Histones are present in large amounts in early embryos and
bind to DNA, blocking transcriptional machinery (Amodeo et al, 2015). In Drosophila and
zebrafish, the concentration of soluble histone in the nucleus decreases near the time of genome
activation (Anderson & Lengyel, 1980; Joseph et al., 2017). Altering the concentration of maternal
histones affects ZGA timing, with lower histone concentration leading to earlier ZGA and higher
concentrations causing delays (Chari et al, 2019). Additionally, the availability of the
transcriptional machinery also influences the onset of transcription, as illustrated by the role of
OMA-1 and OMA-2 and the transcription factor TAF-4 (Guven-Ozkan et al., 2008).

Chromatin accessibility is another critical level of ZGA regulation. Generally, the genome of early
embryos is relatively open during the transcriptionally inactive period and becomes more
compact during ZGA. However, local genome accessibility increases during genome activation,

accompanied by specific histone modifications and histone variants (Eckersley-Maslin et al.,

2018).
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Figure 13 | Mechanisms regulating zygotic genome activation. A. Maternal-to-zygotic transition in C. elegans. The pink
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a gap phase slow down the cell cycle, further influencing the timing of ZGA. Schematic illustration adapted from
(Vastenhouw et al,, 2019; G. Yang et al., 2024).

During ZGA, some canonical histone proteins are replaced by histone variants which have specific
functions. For example, the germline-specific linker histone H1 is replaced by a somatic
embryonic H1 variant in flies, frogs and mice (Fu et al,, 2003; Pérez-Montero et al., 2013; Smith
et al,, 1988). The histone variant H2A.Z is essential for transcription regulation in zebrafish,
Drosophila and C. elegans early embryos (Ibarra-Morales et al., 2021; Murphy et al., 2018; Whittle
et al.,, 2008). Additionally, the histone variant H3.3 plays an important role in DNA replication
during early embryogenesis in C. elegans and other organisms (Malik & Henikoff, 2003; Strobino
etal, 2020; Szenker et al,, 2011).

In C. elegans, ZGA occurs initially in the somatic blastomeres. In contrast, the germline precursors
(P lineage) and primordial germ cells (PGCs) remain transcriptionally silent, with the somatic
sisters undergoing rapid transcriptional activation. The PGCs become transcriptionally active
only at later stages. This is a common characteristic of PGCs in all animals (Lesch & Page, 2012).
This silencing is maintained by OMA proteins in the 1-cell zygote, and later by PIE-1, which is
expressed in the P-lineage to inhibit RNA Pol II (Batchelder et al., 1999; Ghosh & Seydoux, 2008).

Transcription is activated in the germ lineage around the 100-cell stage.

mRNA regulation and stability

Similar to the processes occurring during MZT, mRNA molecules must be carefully regulated and
stabilized. They undergo various mechanisms, including synthesis, processing and degradation,

to establish a specific and precise gene expression pattern.

mRNA transcription initiation and elongation

In eukaryotes, mRNA transcription is mediated by RNA Pol I, which associates with transcription
factors and other protein complexes at the core promoter of protein-coding genes (Blackwell &
Walker, 2006; Reinke et al., 2013). RNA Pol II activity is tightly regulated during three distinct
phases: initiation, elongation, and termination. During transcription, serine residues 5 and 2 of
the conserved domain C-terminal domain (CTD) are phosphorylated for transcription initiation

and elongation, respectively (Phatnani & Greenleaf, 2006; Zaborowska et al, 2016). This
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transition is an important checkpoint in metazoans, allowing fine-tuning of gene expression
(Adelman & Lis, 2012; Fuda et al., 2009; H. Kwak & Lis, 2013).

Following transcription initiation, RNA Pol Il pauses at the promoter-proximal region. This arrest
is mediated by the DSIF complex (SPT4/SPT5) and the NELF complexes, where DSIF bridges the
interaction between NELF and RNA Pol II (Core & Adelman, 2019). NELF components are
conserved only in higher eukaryotes, where promoter-proximal pausing is common, including in
Drosophila and mammals (Chivu et al.,, 2023; Diao et al.,, 2024; Narita et al.,, 2003). However,
promoter-proximal pausing events are rare in C. elegans, which is consistent with the absence of
NELF proteins (Kruesi et al., 2013; Narita et al., 2003). SPT4 and SPT5, on the other hand, are
highly conserved proteins from yeast to humans (Werner, 2012).

The DSIF complex and RNA Pol II CTD are involved in recruiting the 5’-end capping machinery
(Adelman & Lis, 2012; Cho et al,, 1997; Ho & Shuman, 1999; H. Kwak & Lis, 2013). Eukaryotic
mRNAs are modified at the 5’-end by the addition of an m7GpppN cap. This is the first step in pre-
mRNA processing, protecting the mRNA from exonucleases and promoting its processing,
nuclear export and translation initiation (Ramanathan et al,, 2016). Elongation is restored when
RNA Pol I CTD, SPT5 and NELF are phosphorylated, leading to the dissociation of NELF (Bowman
& Kelly, 2014). In C. elegans, productive elongation is similarly regulated by homologous kinases

that phosphorylate RNA Pol II CTD and possibly SPT5 (Bowman & Kelly, 2014).

Cis-splicing and trans-splicing

RNA splicing is a highly conserved mechanism responsible for the removal of introns and ligation
of exons in pre-mRNA. It is catalysed by a multi-megadalton RNP complex called spliceosome,
which is composed of 80-200 proteins and five uridine-rich small nuclear RNAs (U snRNAs),
conserved throughout eukaryotes (Sharp et al., 2017). The 5’ splice donor site and 3’ splice

acceptor site have consensus sequences recognized by the spliceosome.

A peculiarity of C. elegans is that its introns are relatively short compared to other metazoan
introns (Spieth et al,, 2014), and these introns are also important for preventing gene silencing
by Argonaute proteins and small RNAs in the C. elegans germline (Makeyeva et al., 2021).
Moreover, it has been shown in plants, C. elegans and human cells that there is a connection
between Argonaute proteins, small RNAs and the splicing machinery (Akay et al., 2017; Guidi et
al,, 2023; Makeyeva et al,, 2021; Meng et al,, 2022; Newman et al,, 2018).
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In addition to cis-splicing, C. elegans employs a process called trans-splicing (Figure 14)
(Blumenthal, 2005). Trans-splicing is common in nematodes and was originally found in the
protozoan Trypanosoma (Sutton & Boothroyd, 1986). During trans-splicing, one of two
extragenically derived 22-nucleotide sequences called spliced leader (SL1 and SL2) is added to
the 5’-end of the pre-mRNA (Allen et al., 2011). This type of SL-derived trans-splicing has not
been found in plants, fungi, insects or vertebrates (Lei et al.,, 2016). SL1 and SL2 are provided by
SL1 or SL2Z RNA molecules assembled into snRNPs, and the process is catalysed by the
spliceosome (Hannon et al., 1991; Van Doren & Hirsh, 1988). Unlike U snRNPs, SL RNA is
consumed in each trans-splicing event (Van Doren & Hirsh, 1988). SL1 RNA genes are found in
110-150 tandem repeats, while SL2 RNA is derived from 18 SL2 RNA genes. More than 85% of C.
elegans mRNAs begin with SL1 or SL2 (Bernard et al., 2023; Tourasse etal,, 2017). SL1 is present
in the majority of C. elegans mRNAs and is dependent on the presence of an outron, while SL2
trans-splices exclusively between genes found in operons (Allen et al., 2011; Blumenthal, 2005;
Blumenthal et al., 2002). Like U snRNAs, the co-transcriptionally added m7G cap of SL RNAs is
modified to a 2,2,7-trimethylguanosine (TMG) cap in the cytoplasm, resulting in the fact that
mRNAs processed by trans-splicing also possess a TMG cap (Allen etal., 2011; Van Doren & Hirsh,
1988).

Interestingly, PETISCO interacts with capped SL1 snRNAs and loss of PETISCO leads to their
accumulation (Cordeiro Rodrigues et al., 2019). Furthermore, components of the SMN complex,
which is a core component of the U snRNPs and SL RNA, are found to interact with IFE-3, the m7G
cap-binding protein of PETISCO (Cordeiro Rodrigues et al., 2019). This suggests that PETISCO, or

only IFE-3, may be important for the homeostasis of these snRNPs.
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Figure 14 | Schematic representation of trans-splicing and cis-splicing in C. elegans. A. In trans-splicing a 2,2,7-
trimethylguanosine (TMG)-capped spliced leader (SL) sequence, derived from an SL snRNA in SL snRNP, replaces the
7-methylguanosine (m7G)-capped outron in a pre-mRNA. B. In cis-splicing, an intron is excised and the upstream and
downstream exons are ligated. Boxes represent exons, and solid lines indicate introns and outrons. Dashed lines
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connect exons that are ligated in the splicing reactions. Cap structures are indicated as black circles, and blue circles
represent proteins involved in splice-site recognition. Schematic illustration adapted from (Arribere et al., 2020).

Canonical 3’ end formation of mRNAs

In general, when the RNA Pol Il complex reaches the end of the gene, an endonucleolytic cleavage
event releases the nascent transcript from RNA Pol Il and generates a free 3’ end that serves as
the substrate for the addition of a poly(A) tail. The poly(A) tail is important for nuclear export,
translation and stability of mRNAs (Passmore & Coller, 2021). These processes are well-
conserved among eukaryotes (Rodriguez-Molina & Turtola, 2023). Transcription termination is
not required for mRNA 3’ end formation, rather efficient transcription termination depends on
the processing of 3’ ends, as these processes are functionally coupled. In C. elegans operons, 3’
end formation is coupled to trans-splicing rather than transcription termination (Blumenthal,

2005).

Specifically, cleavage and polyadenylation require a cleavage and polyadenylation specificity
factor (CPSF) complex that binds to a consensus hexameric polyadenylation signal (PAS)
sequence upstream of the cleavage and polyadenylation site (CPS) (Kumar et al., 2019). The
canonical PAS sequence is present in only 50% of the PAS sites, and other PAS sequences
contribute to the regulation of 3’ end processing (Kumar et al., 2019; Rodriguez-Molina & Turtola,

2023). The CPS defines the end of the 3’'UTR of the mature mRNA.

The 3’ UTR regulates many processes, including mRNA stability, localisation, and activity of its
protein product (Merritt et al., 2008; Passmore & Coller, 2021). For example, the presence of AU-
rich elements (AREs) in the 3’ UTRs promotes mRNA decay, as do miRNAs binding sites (Bartel,
2018). Genes can have multiple CPSs and PAS sequences, leading to alternative polyadenylation
(APA) and variability in the 3’ ends of the same mRNA. APA can regulate the spatial and temporal
pattern of protein translation based on cell type, developmental stage, and cellular conditions
(Tian & Manley, 2016). APA can also occur in regions upstream of the 3’ UTR, resulting in the
production of different protein isoforms (Tian & Manley, 2016). Co-transcriptional splicing and
3’ end processing are tightly connected, representing an additional level of regulation of gene

expression (Feng et al., 2024; M. Wang et al.,, 2023).

Promoter-proximal termination
As explained previously, RNA Pol Il pausing and release into productive elongation are major

points of gene regulation (Adelman & Lis, 2012; Core & Adelman, 2019). Recently, there has been
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increasing evidence of an alternative fate for paused RNA Pol II: premature termination.
Promoter-proximal termination is mediated by a complex called Integrator (Wagner et al., 2023).
Integrator consists of 15 subunits and associates with the RNA Pol II CTD (Baillat et al., 2005; J.
Chen et al,, 2012; Fianu et al.,, 2024). It has endonuclease activity to cleave and degrade nascent
RNA, along with a module that interacts with PP2A phosphatase (Fianu et al., 2024; Fujiwara et
al, 2023; Hu et al, 2023; H. Zheng et al., 2020). The phosphatase activity is important in
antagonizing the phosphorylation of the RNA Pol II, DSIF and NELF, thereby preventing the
transition into productive elongation (Huang et al., 2020). Integrator is divided into modules
based on its function: the backbone, the auxiliary module, the cleavage module, and the
phosphatase module. The proteins in the Integrator cleavage module (ICM) are paralogous to the
endonucleases (CPSF100 and CPSF73) in the CPSF complex, which is part of the canonical poly(A)
termination pathway (Dominski, Yang, Purdy, Wagner, et al,, 2005). INTS3 and INTS6, two
components of the phosphatase module, also interact in an Integrator-independent manner with
the sensor of single-stranded DNA (SOSS) complex (Ren et al., 2014), which is involved in the
repair of DNA double-stranded breaks (Skaar et al., 2009; F. Zhang et al,, 2013). Recent results
also indicate that the Integrator-SOSS complex is involved in removing RNA Pol II after pausing
(Fianu et al., 2024). Despite the close association between Integrator subunits and paused RNA
Pol II, these subunits can remain bound to the polymerase as it enters the gene body (Dasilva et
al., 2021; Rosa-Mercado et al., 2021). Integrator plays a role in transcription termination of
snRNAs (Baillat et al., 2005), piRNAs (Beltran et al., 2020) and other ncRNAs (Welsh & Gardini,
2022). It has also been suggested to act in the processing and termination of mRNAs (Dasilva et
al., 2021; Rosa-Mercado et al., 2021; Skaar et al., 2015; Tatomer et al,, 2019). Integrator is
implicated in gene regulation by attenuating the expression of protein-coding genes in Drosophila
and C. elegans through premature transcription termination (Elrod et al,, 2019; Fujiwara et al,,

2023; Gémez-Orte et al,, 2019; Tatomer et al., 2019).

Interestingly, not all Integrator subunits are required for every function, as the depletion of
specific subunits produces different effects (Ezzeddine et al., 2011). Defects in the Integrator
complex result in abnormalities during early development and lethality in various species,
including mice, Drosophila, zebrafish and C. elegans (Mendoza-Figueroa et al, 2020). The
specificity of Integrator binding is not fully understood (Hu et al., 2023; Jonkers et al., 2014).
Some studies suggest that it can bind indiscriminately to all active transcription units, acting as a
quality control mechanism to terminate elongation-incompetent RNA Pol II (Lykke-Andersen et

al,, 2021; Rohban et al., 2023; Rouviére et al., 2022).
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In C. elegans, Integrator is composed of 13 subunits, as opposed to at least 15 subunits in the
human complex, and it is essential for embryonic development (Gomez-Orte et al, 2019).
Downregulation of different Integrator subunits leads to varying levels of defects in cell fate
during embryogenesis (Green et al., 2024). Similar to other organisms, Integrator is responsible
for snRNAs transcription termination, but it also affects the termination of SL snRNAs (Gémez-
Orte et al., 2019). Downregulation of Integrator causes RNA Pol II read-through downstream of
snRNAs loci, leading to dramatic alterations in the transcriptomic profile (Gémez-Orte et al.,
2019). Additionally, Integrator acts on transcription termination of motif-dependent piRNA,
producing ~48 nt precursors at one of the two known RNA Pol Il pausing sites (Beltran et al,,
2020). This function depends on RNA Pol II and the conserved transcription elongation factor
TFIIS (Beltran et al., 2020; Berkyurek et al., 2021). Finally, Integrator is regulated by one isoform
of CSR-1, as shown by CSR-1 loss, which negatively affects the translation efficiency of multiple
Integrator subunits, resulting in snRNAs misprocessing (Waddell & Wu, 2024).

mRNA regulation by the 3’ end

mRNA molecules undergo constant surveillance and regulation, with 3’ UTR processing being
one key method the cell uses to regulate and stabilize RNA. Terminal nucleotidyltransferases
(TENTSs) are conserved enzymes that add non-templated nucleotides to the RNA 3’-end. For
instance, non-canonical poly(A) polymerases are involved in cytoplasmic polyadenylation, which
promotes mRNA stability or enhances translation. Alternatively, terminal uridylytransferases
(TUTases) add untemplated uridines, forming poly(U) tails (Liudkovska & Dziembowski, 2021;
Yu & Kim, 2020). While the lengthening of the poly(A) tails stabilizes transcripts, the addition of
poly(U) tails generally signals RNA degradation (Lim et al., 2014). After uridylation, the Sm-like
proteins (Lsm1-7) complex binds to the U tail and promotes decapping by the DCP1-DCP2
complex (Montemayor et al.,, 2020; Tharun et al., 2000). Once decapped, mRNAs are degraded 5’-
3’ by exoribonucleases, while the uridylated tails can be recognized by 3’-5’ exoribonucleases,
such as the exosome (Yu & Kim, 2020). Uridylation also plays a role in innate immune responses.
In human cells, TUT4/7-mediated uridylation restricts retrotransposition (Warkocki et al,,
2018).

Similarly, in C. elegans, the TUT4/7 homolog CDE-1, also known as poly(U) polymerase (PUP)-1,
uridylates viral transcripts and promotes their degradation (Le Pen et al,, 2018). Additionally,
CDE-1 uridylates endo-siRNAs to prevent their aberrant accumulation and subsequent erroneous

gene silencing (van Wolfswinkel et al., 2009), and it also targets ribosomal siRNAs (risiRNAs) (Y.
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Wang et al., 2020). C. elegans has two additional PUPs, PUP-2 and PUP-3, and the balance between
the activities of CDE-1, PUP-2 and PUP-3 is critical for proper germline development (Y. Li &
Maine, 2018).

Besides poly(U) tails, recent studies have uncovered mixed tailing events, where combinations of
nucleotides are added to mRNA tails. These mixed tails are proposed to have roles in mRNA
regulation (Lim et al., 2018; Shukla et al., 2020). TENTs also regulate other types of RNAs, such
as rRNAs, tRNAs, snRNAs, and small RNAs (Liudkovska & Dziembowski, 2021).

mRNA translation and quality control mechanisms

Ribosomes translate mRNA into proteins through a series of regulated steps: scanning, initiation,
elongation, and termination. Alongside this, ribosomes play a crucial role in mRNA stability and
quality control (Q. Wu & Bazzini, 2023). Beyond the influence of the 3’ UTR, as previously
discussed, codon optimality is a key factor in mRNA stability and influences translation efficiency

(Peng et al.,, 2024; Presnyak et al., 2015; Q. Wu & Bazzini, 2023).

During initiation, eukaryotic initiation factors (elF) regulate ribosome recruitment to the mRNA.
Proteins from the elF4 group bind the initiation codon, the 5’ cap and the poly(A) binding protein
on the mRNA, while other elFs bind the ribosomal subunits (Hinnebusch & Lorsch, 2012). One
component of PETISCO, IFE-3, is an isoform of elF4E, the cap-binding protein of the elFs
(Cordeiro Rodrigues et al,, 2019; Zeng et al., 2019). C. elegans has five elF4E isoforms, (IFE-1-5),
and IFE-3 is predominantly expressed in the germline, where it binds exclusively m7G cap
(Keiper etal., 2000; Stachelska et al., 2002). IFE-3 also promotes oocyte cell fate and development
through the translational control of germline sex determination genes (Huggins et al., 2020).
Translation elongation is influenced by codon optimality, thereby affecting mRNA stability.
Finally, translation termination occurs when the ribosome recognizes a stop codon and releases

the mRNA.

The canonical mRNA decay pathway in the cytoplasm often begins with deadenylation, followed
by either decapping or the activity of 5’-to-3’ exonucleases, or by 3’-to5’- decay via a multi-
subunit complex, the RNA exosome (Deng et al.,, 2023). However, several other mRNA decay
pathways exist to correct a variety of errors in a translational-dependent manner (Arribere et al.,
2020). These pathways include nonsense-mediated mRNA decay (NMD), which targets mRNAs
containing a premature stop codon; nonstop decay, which targets mRNAs lacking a stop codon;

and no-go decay, which targets mRNAs with stalled translation elongation. NMD also plays an
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essential role in regulating error-free mRNAs (Kishor et al., 2019). The core components of the
NMD pathway are widely conserved among eukaryotes. They include the RNA helicase UPF1
(SMG-2 in C. elegans), the UPF1 activator UPF2 (SMG-3), and UPF3 (SMG-4). UPF1 requires
phosphorylation by SMG-1 to induce NMD. SMG-5/7 are also necessary interactors of UPF1 for
NMD and, SMG-6 contains an endonuclease domain that may cleave the targets to initiate
degradation (Eberle et al.,, 2008; Gatfield & Izaurralde, 2004; Glavan et al., 2006; Huntzinger et
al, 2008). Additionally, NMD components can recruit the deadenylase complex, decapping
factors, and promote both 5’-3’ and 3’-5’ exonucleases activity (Kishor et al,, 2019). UPF1/SMG-
2 also functions in other pathways besides NMD, such as staufen-mediated mRNA decay and RD
histone mRNA decay (Kim & Maquat, 2019).

Interestingly, in contrast to other species, depletion of NMD components in C. elegans results in
relatively mild phenotypes (Pulak & Anderson, 1993), whereas NMD is essential in most other
eukaryotes (Metzstein & Krasnow, 2006; Wittkopp et al., 2009). In C. elegans, NMD substrates
include alternative-spliced variants, pseudogenes, and recently expanded gene families (Muir et
al., 2018). In other species, long 3'UTRs, transposons, and association with the exon junction
complex (EJC) are also recognized as NMD targets (Kishor et al., 2019; Mendell et al., 2004). The
no-go and nonstop decay pathways are also conserved in C. elegans but remain less studied
(Arribere et al., 2020). These pathways regulate endogenous mRNAs, including those undergoing
RNAi or the clearance of NMD degradation products (Arribere & Fire, 2018; Hashimoto et al.,
2017; Pule et al,, 2019).

Histone mRNA regulation

Eukaryotes condense their genomic DNA into a highly repetitive structure called chromatin.
Histones are the main protein component of chromatin and are among the most evolutionary
conserved proteins in eukaryotes. Histone proteins can be extensively modified and play a crucial
role in gene expression regulation. There are two major classes of histone proteins: canonical RD
histones and histone variants.

Histones form an octameric core complex, composed of two copies of each of the four canonical
histone proteins H2A, H2B, H3 and H4, which packages the chromosomal DNA to form
nucleosomes (Campos & Reinberg, 2009). Histone H1 serves as the linker between nucleosomes.
With only slight amino acid changes, histone variants with specific functions exist, such as H3.3,

H2a.Z, CENPA, and macro-H2A (Henikoff & Ahmad, 2005). Canonical histone proteins are
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encoded by a family of RD histone genes, synthesized during the S-phase, and must be maintained
at high levels throughout this phase to coincide with the replication of DNA (Marzluff & Koreski,
2017). Metazoan RD histone mRNAs are unique in that they are the only known eukaryotic
mRNAs that are not polyadenylated. Instead, they end with a conserved 3’ stem-loop sequence
(Marzluff et al., 2008). Additionally, they also do not contain introns. In contrast, histone variants

are not cell-cycle regulated and contain poly(A) tails and introns.

Histone gene organization

In metazoans, the genes for the RD histone proteins are tightly linked and organized into clusters,
which vary in size and distribution across chromosomes. For example, Drosophila has ~ 100 RD
histone genes arranged in tandem repeats, while humans have at least 72 genes organized in
jumbled clusters without repeating organization (Adams et al., 2000; Albig et al., 1997; Pardue et
al,, 1977; R. Singh et al., 2018). The C. elegans genome contains 62 RD histone genes organized
into seven clusters of different sizes distributed across different chromosomes (Roberts et al.,
1987, 1989). Typically, within these clusters, the genes for H2A and H2B, as well as H3 and H4,
are paired and divergently transcribed. In addition, there are two pairs of RD histones on
chromosomes I and X (Figure I5). Interestingly, C. elegans has two genes coding for the H3.3
variant (his-69 and his-73) which possess hallmark features of RD histones, such as the absence
of introns and a conserved stem-loop downstream the stop-codon (Pettitt et al., 2002). In C.
elegans, there are also eight genes coding for the linker histone H1 family, which are not
organized into clusters and do not have the structural features typical of RD histone genes
(Jedrusik & Schulze, 2001). This contrasts with H1 genes in other species, such as Drosophila and
mammals, where H1 genes exhibit the characteristics of RD histones. C. elegans also has a few
core histone genes - coding for H2A, H2B and H4 - with introns, alongside five additional genes
coding for the H3.3 variant (Pettitt et al., 2002). Similarly, both Drosophila and humans have core
histone genes without RD features, and some are located individually on different chromosomes

(Albig et al., 1997; Pardue et al., 1977).
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Figure I5 | Schematic representation of replication-dependent (RD) histone gene organization in C. elegans genome.
The C. elegans genome contains 62 RD histone genes, defined by the presence of a stem-loop structure in their 3’ UTR.
These genes are organized in clusters (green boxes) distributed across the chromosomes (black lines).

Histone mRNA biogenesis

Histone genes are constitutively transcribed by RNA Pol II, and their rate of transcription
increases during the S phase of the cell cycle (DeLisle et al., 1983). The protein NPAT (or Mxc in
Drosophila) is essential for the expression of all five classes of histone genes and is necessary for
the assembly of the membrane-less subnuclear compartment known as the histone locus body
(HLB) (Terzo et al., 2015; Ye et al,, 2003). HLBs are specialized nuclear domains that create an
optimal environment for efficient transcription and histone mRNA processing (Geisler et al.,
2023). At the onset of the S phase, cyclin E/CDK2 phosphorylates NPAT, which is bound to the
promoters of RD histone genes within these bodies, leading to an increase in histone
transcription (T. Ma et al., 2000; White et al., 2007; J. Zhao et al., 2000). NPAT oligomerizes and
binds to the pre-mRNA processing factor FLASH, both of which are required for the assembly of
the HLB (Armstrong et al,, 2023; Barcaroli et al., 2006; Terzo et al,, 2015; X. C. Yang et al,, 2014).
In a mutually exclusive manner, another protein called YARP (or Mute in Drosophila) binds NPAT
at the same region as FLASH (Bulchand et al., 2010). YARP acts as a negative regulator of histone
gene expression. Other components involved in histone pre-mRNA processing, such as the U7

snRNP, are also found in HLBs (White et al., 2007).

Throughout the RD histone mRNA metabolism, the conserved stem-loop binding protein (SLBP)
binds to the stem-loop structure on the histone mRNA (Brooks et al,, 2015; F. Martin et al., 1997).

SLBP is necessary for histone mRNA transcription, processing, nuclear export, translation and
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degradation, and it is essential for metazoan development (D. R. Arnold et al., 2008; Kodama et
al,, 2002; Pettitt et al., 2002; E. Sullivan et al., 2001). Inhibition of histone expression in embryos
results in mitotic defects, such as decondensed chromosomes and chromosome bridges, and
embryonic arrest (Ghule et al,, 2016; Kodama et al., 2002; E. Sullivan et al., 2001), while inhibition

in post-embryonic stages leads to sterility (Pettitt et al., 2002).

Histone mRNA 3’ end processing

Because RD histone genes lack introns, their pre-mRNAs undergo only a single processing step -
endonucleolytic cleavage - to produce the 3’ end, forming mature histone mRNA. The 3’ end of
canonical RD histone mRNAs is evolutionary conserved in metazoans and consists of a 25-26 nt
sequence, including 5 nt before the stem-loop, a 16 nt stem-loop and 4-5 nt after it (Marzluff et
al,, 2008). The 3’ end processing is a co-transcriptional reaction that requires two cis-elements:
the conserved stem-loop and a purine-rich sequence downstream of the cleavage site called
Histone Downstream Element (HDE), where the 5’ end of U7 snRNP base-pairs, stabilized by
SLBP (Mowry & Steitz, 1987; Skrajna et al., 2017; Strub & Birnstiel, 1986). The U7 snRNP, similar
to spliceosomal snRNPs, contains U7 snRNA and a heptameric Sm ring made of five Sm proteins
(common with spliceosomal snRNAs) and two Lsm, Lsm10 and Lsm11 (Pillai et al., 2001, 2003).
Lsm11 interacts with FLASH, promoting the recruitment of the histone cleavage complex (HCC)
(X.-C. Yang et al., 2013). The HCC includes factors from the polyadenylation complex, such as
symplekin, CPSF100 and the endonuclease CPSF73 (Kolev & Steitz, 2005; K. D. Sullivan et al,,
2009). Interestingly, in some organisms like Drosophila and humans, a PAS sequence is found
downstream of the conserved HDE (Keall et al., 2007; Lanzotti et al.,, 2002; Lopez & Samuelsson,
2008). However, cleavage by CPSF73 occurs 3-6 nt after the stem-loop and before the PAS
sequence (Dominski, Yang, Purdy, & Marzluff, 2005; Keall et al., 2007; Scharl & Steitz, 1994).

Histone mRNA 3’ end cleavage shares similarities with the cleavage of polyadenylated mRNAs,
where the two cis-elements: hexanucleotide sequence consensus and the GU-rich element
downstream are required. Both cleavage reactions typically occur after the dinucleotide CA,
producing a 3'-hydroxyl (3'-OH) (Scharl & Steitz, 1994). Moreover, both pathways share
components of the CPSF complex (Dominski, Yang, & Marzluff, 2005). In Drosophila and
mammalian cells, the absence of SLBP leads to polyadenylation of some RD histone pre-mRNAs
(Lanzotti et al., 2002; Saldi et al., 2018). Similarly, inserting an intron into a histone gene results

in polyadenylated histone mRNA (Pandey et al., 1990).
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In RD histone mRNAs, the processing and transcription termination are also coupled mechanisms
but they are regulated differently (Chodchoy et al., 1991). In histone mRNAs, RNA Pol II is
released much more quickly compared to poly(A) mRNAs (Anamika et al., 2012). In mammalian
cells, NELF and Integrator subunits, involved in RNA Pol II pausing and promoter-proximal
termination of canonical mRNA, also participate in RD histone mRNA transcription and
processing (Narita et al.,, 2007; Skaar et al,, 2015). NELF and the Nuclear Cap-Binding Complex
associate with SLBP in HLBs, and the knockdown of these components leads to the accumulation
of polyadenylated RD histone mRNAs (Narita et al., 2007). Similarly, the depletion of INTS3 and
INTS9 and the SOSS complex (NABP1 and NAPBP2), produces similar results and leads to the
accumulation of soluble histone proteins (Skaar et al.,, 2015). A recent preprint indicates that
Integrator also regulates RD histone transcription in a cell cycle-dependent manner and is
present in HLBs (F. Lu et al.,, 2024). Mediator, a regulator of RNA Pol II transcription elongation,
also affects RD histone mRNA termination and processing (Takahashi et al., 2020). Additionally,
the rate of transcription elongation influences RD histone pre-mRNA 3’ end formation (Saldi et
al,, 2018). The ncRNA, Y3** (stem-bulge RNA in C. elegans (Kowalski et al., 2015)), involved in
DNA replication, associates with CPSF components in HBLs and promotes histone pre-mRNA 3’

end processing (Kohn et al., 2015).

In C. elegans, RD histone mRNA 3’ end processing contains some conserved elements, such as the
SLBP (called CDL-1 in C. elegans), but it lacks other components, including the HLB organization
and proteins like NPAT, FLASH and U7 snRNP (L6opez & Samuelsson, 2008). At the sequence level,
C. elegans also seems to have lost the HDE, where the U7 binds (L6pez & Samuelsson, 2008).
However, the PAS sequence is still present downstream of the stem-loop, similar to other species
(Keall etal., 2007; Mangone et al., 2010). An alternative processing mechanism involving CSR-1b,
expressed in late oocytes and early embryos (Charlesworth et al., 2021), and the RdRP EGO-1,
has been identified (Avgousti et al., 2012). CSR-1 endo-siRNAs bind RD histone 3’-UTR between
the stem-loop and PAS sequence. Depletion of csr-1 and ego-1 leads to the accumulation of
unprocessed histone mRNAs and a reduction of mature histone mRNA and histone proteins
(Avgousti et al., 2012). Depleting both proteins causes sterility and chromosome segregation
defects in early embryos (Claycomb et al., 2009). However, overexpression of transgenic mature
RD histone mRNAs rescues the viability of the progeny of treated animals (Avgousti et al.,, 2012).

The precise cleavage mechanism and whether other components are involved remain known.
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Translation of RD histone mRNAs

Similar to canonical mRNAs, where the poly(A) tail is required for nuclear export, in RD histone
mRNAs, the stem-loop and the SLBP are necessary for transport (Eckner et al., 1991; Sanchez &
Marzluff, 2002). In the cytoplasm, SLBP interacts with the translation initiation factor EIF4G,
mediated by SLIP1, to circularize the histone mRNA, promoting translation (Cakmakci et al,,
2008). Despite the differences in the 3’ ends between RD histone mRNAs and canonical mRNAs,
the translation regulation is conserved (Hayek et al., 2021). However, the region of the SLBP
involved in translation and interaction with SLIP1 is not conserved in C. elegans, and there are no
known SLIP-1 orthologues in nematodes. Therefore, the role of CDL-1 in translation remains

unclear (Cakmakci et al., 2008).

Histone mRNA degradation

As cells approach the end of the S phase, the need for new canonical histone proteins decreases,
leading to the degradation of their mRNAs and SLBP (Whitfield et al., 2000). The stem-loop at the
3’ end and SLBP are required not only for translation but also for the mRNA degradation process
(Slevin etal., 2014; Whitfield etal., 2000). RD histone mRNA is degraded bidirectionally like other
mRNAs, but without deadenylation due to the absence of a poly(A) tail. Instead, the histone mRNA
stem-loop is uridylated by TUT7 in response to the end of DNA synthesis (Lackey et al., 2016;
Mullen & Marzluff, 2008). This process resembles that of canonical mRNAs, where uridylation
accelerates degradation (Lim et al., 2014).

After RD histone pre-mRNA processing, the mature mRNA is exported from the nucleus. The
stem-loop features an ACCCA tail that is shortened by 2-3 nt by the exonuclease 3’hExo/ERI1
(Hoefig et al., 2012). ERI1, in a complex with SLBP, is essential for the initial steps of RD histone
mRNA degradation (Tan et al., 2013; X. C. Yang et al., 2006). Following trimming, the stem-loop
is uridylated by TUT7 to restore its length during the S phase (Lackey et al., 2016; Welch et al,,
2015). SLBP’s binding requirements for the stem-loop are not fully understood in the context of
trimming and uridylation (Battle & Doudna, 2001). However, SLBP dephosphorylation weakens
its interaction with the stem-loop, and together with uridylation, promotes ERI1 activity (Shine
etal, 2023). ERI1 and TUT7 cooperate to maintain histone mRNA during the S phase and initiate
its degradation at the end of the phase (Holmquist et al., 2022).

As DNA synthesis concludes, ERI1 degrades the mRNA into the stem-loop, leaving 2-4 nt from the
3’ end, which are then reuridylated before further degradation (Hoefig et al., 2012). This 3’ to 5’
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initial degradation and uridylation depends on translation and occurs on polyribosomes (Slevin
et al., 2014). The number of nucleotides removed and the length of the poly(U) tails added vary,
resulting in intermediates with different stem-loop and poly(U) tail lengths (Slevin et al., 2014).
Other exonucleases may also initiate digestion into the stem-loop, promoting uridylation
(Holmquist et al., 2022). The longer U-tails, generated after initial digestion, are bound by the
Lsm1-7 ring, triggering rapid degradation (Lyons et al., 2014; Slevin et al,, 2014). Lsm4 directly
binds to ERI1 and SLBP (Hoefig et al., 2012; Lyons et al., 2014).

During this process, the NMD components UPF1 and SMG1 are recruited to the histone mRNA,
likely due to inefficient translation, and are necessary for its degradation (Kaygun & Marzluff,
2005; Meaux et al,, 2018). After the histone mRNA is released from polyribosomes, UPF1 binds
to the 3’ UTR just upstream of the stem-loop, where it interacts with SLBP (Brooks et al,, 2015;
Kaygun & Marzluff, 2005). The UPF1 Lsm1-7 complex likely participates in SLBP removal and
recruits the exosome for further 3’ to 5’ degradation (Meaux et al,, 2018; Slevin et al., 2014).
Lsm1-7, bound to the poly(U) in the 3’ UTR, also recruits the decapping machinery for 5’ to 3’
degradation (Mullen & Marzluff, 2008; Su et al., 2013). Alternatively, UPF1 recruits other NMD
components, such as SMG5, which interacts with SLBP and promotes 5’ to 3’ degradation (Choe

etal, 2014) (Figure 16).

Most studies on histone mRNA degradation have been conducted in vitro, in Drosophila embryos,
or mammalian cells. While many of the proteins mentioned above have homologs in C. elegans,
their involvement in histone mRNA degradation has not yet been demonstrated. Instead, some
have been described to function in other processes. Specifically, C. elegans ERI1 homolog forms a
complex with Dicer to generate siRNAs and is also involved in the depletion of other siRNAs
(Thomas et al., 2014). Additionally, CDE-1, the homolog of TUT7, is involved in uridylation of
small RNAs and mRNAs (Kelley et al., 2024; van Wolfswinkel et al., 2009; Vieux et al., 2021; Y.
Wang et al,, 2020).
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Figure 16 | Models of RD histone mRNA structure and degradation. A. Structure of a metazoan RD histone pre-mRNA.
These genes lack introns and have short 5’ and 3’ UTRs. The distance from the stop codon to the start of the conserved
stem-loop varies from 25 to 50 nucleotides. The stem-loop consists of a 6-base stem and a 4-nucleotide loop. The region
encompassing the stem-loop is highly conserved across metazoans and spans a 25-26 nucleotide sequence, including
5 nucleotides upstream, the 16-nucleotide stem-loop, and 4-5 nucleotides downstream. Downstream the stem-loop
lies the histone downstream element (HDE), which serves as a binding site for the U7 small nuclear RNP, a component
essential for pre-mRNA processing. Further downstream, multiple poly-adenylation signals (PAS) are present
(Marzluff & Koreski, 2017). B. Following histone mRNA processing, the 3’ UTR is trimmed by 3’hExo and repaired by
TUT7 to maintain the proper length. When DNA replication is inhibited or at the end of the S phase, UPF1 is recruited
to the histone mRNA, possibly through ribosome (brown circles) recognition of the stop-codon, and interacts with
SLBP. The 3’'hEXo can degrade the stem, and the mRNA is extensively uridylated by TUT7. Lsm1-7 complex is proposed
to bind the oligo(U) tail, initiation degradation and leading to the removal of SLBP. The decapping machinery and the
exosome are subsequently recruited, resulting in bidirectional degradation (Marzluff & Koreski, 2017).

Regulation of histone expression during cell-cycle

Histone mRNAs are among the most tightly cell-cycle regulated mRNAs, expressed only during
the S phase and rapidly degraded at its end. To accumulate enough histone proteins during DNA
replication, cells employ distinct regulatory mechanisms to maintain the stoichiometry between
histones and DNA. The two key strategies for histone biosynthesis are the activation of histone
genes transcription and the processing of histone pre-mRNAs during the S phase (Armstrong et
al,, 2023; Duronio & Marzluff, 2017). These processes are in part driven by Cyclin E/Cdk2, a
complex that controls progression through the G1/S transition by phosphorylating and activating
factors such as NPAT, which promotes histone gene transcription (T. Ma et al., 2000; Ye et al,,
2003; J. Zhao et al., 2000). The newly transcribed mRNAs are rapidly translated and degraded at
the end of the S phase.
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Producing histones outside of the S phase is highly toxic (R. K. Singh et al., 2009), while a shortage
of the histones during the S phase can slow DNA synthesis and extend the length of the S phase
(Giinesdogan et al, 2014; X. Zhao et al, 2004). Conversely, the presence of excess non-
nucleosomal histones inhibits DNA synthesis and triggers histone mRNA degradation
(Armstrong et al., 2023). In S. cerevisiae, a mechanism has been identified to degrade excess
histones at the end of the S phase through Rad53 kinase-mediated histone phosphorylation
(Gunjan & Verreault, 2003). An imbalance between histone proteins and DNA is detrimental to
the cell and leads to genetic instability, as observed from yeast to humans. This instability
manifests as DNA damage, hyper-recombination, and checkpoint activation (Ghule et al., 2014;
Prado et al,, 2017; Prado & Aguilera, 2005).

Additionally, the eukaryotic translational initiation factor e[F4B, was found to bind and stabilize
RD histone mRNAs, potentially through interactions with UPF1. This stabilization promotes cell
cycle progression, as elF4B depletion in cells results in delayed S-phase progression (Quintas et
al,, 2013). While elF4B typically binds directly to the 5° UTRs of mRNAs, it was unexpectedly
discovered to bind upstream of the stem-loop of RD histone mRNAs.

SLBP regulation is also cell cycle-dependent, though the molecular signals governing it differ.
Inhibition of the DNA replication during the S phase rapidly degrades RD histone mRNAs, yet has
no effect on SLBP levels (Whitfield et al, 2004). SLBP undergoes multiple modifications
throughout the cell cycle that regulate its transport, activity and degradation (Dankert et al.,
2016; Koseoglu et al., 2008; Lanzotti et al., 200the 2). Specifically, at the end of the S phase, certain
residues are phosphorylated while others are dephosphorylated (Koseoglu et al., 2008; M. Zhang
et al., 2012). These modifications promote the dissociation of SLBP from the stem loop,
facilitating histone mRNA degradation and SLBP ubiquitination (Borchers et al., 2006; Krishnan
et al,, 2012; M. Zhang et al., 2012). SLBP is degraded by the ubiquitin-proteasome system, which
is activated through different mechanisms in a cell cycle-dependent manner (Dankertetal., 2017;

Djakbarova et al,, 2014; L. Zheng et al., 2003).

Histone expression regulation by small RNAs

In C. elegans small RNAs are prone to silencing genes with few or no introns (Aljohani et al., 2020;
Makeyeva et al.,, 2021; Newman et al,, 2018). However, RD histone mRNAs manage to evade
targeting by small RNA pathways through unknown mechanisms (Makeyeva et al., 2021).
Notably, the loss of PRG-1, a PIWI protein in C. elegans, leads to the accumulation of secondary si-

RNAs that target RD histone mRNAs, resulting in downregulation of RD histone expression
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(Barucci et al., 2020; Reed et al,, 2019). This effect does not extend to H1 linker and histone

variants (Reed et al,, 2019), consistent with these genes being spliced.

So far, a U7 snRNA homolog has not been identified in C. elegans, raising questions about how
histone pre-mRNAs are cleaved during transcription (Marzluff et al, 2008). CSR-1, which
interacts with SLBP/CDL-1, has been implicated in this process (Avgousti et al., 2012).
Furthermore, the accumulation of histone siRNAs in prg-1 mutants decreases when CSR-1 is
catalytically inactive and when CDL-1 is downregulated (Barucci et al., 2020). This suggests that
an interplay between CSR-1 and CDL-1 may be involved in the production of these small RNAs in
the absence of PIWI.

The reasons behind the heightened susceptibility of histone mRNAs to trigger siRNAs in the
absence of piRNAs remain unclear (Barucci et al., 2020; B. E. Montgomery et al,, 2021; Reed et al,,
2019). However, RD histone mRNAs are substrates for RDE-3-dependent pUGylation in prg-1
mutants (Shukla etal., 2021). The addition of poly(UG) tails to RNAs converts them into templates
for siRNAs synthesis and silencing via RNAi (Shukla et al., 2020), although the mechanism behind
the targeting of histone mRNAs by RDE-3 is not yet understood. However, the susceptibility to
poly(UG) tailing suggests that perhaps it is the absence of a poly(A) tail rather than the absence
of splicing that makes histone mRNAs susceptible to siRNA production.

Histones in early development

In many organisms, early development is characterized by a rapid series of nuclear replication,
which exponentially increase the amount of chromatin. These cell cycles typically alternate
between S and M phases, without the gap phases (Robertson & Lin, 2015). As there is no
transcription during these initial cell cycles, all components, including histones, must be stored
in the gametes (Adamson & Woodland, 1977; Woodland & Adamson, 1977). Different organisms
employ distinct strategies to transfer and regulate histone metabolism in the embryo to meet
developmental demands.

In D. melanogaster, a large production of histone mRNAs occurs during oogenesis, followed by
translation and storage in the egg. This transcription stage requires high levels of SLBP (Potter-
Birriel et al., 2021). Histone proteins, stored alongside chaperones, are present in sufficient
quantities to support development through several thousand cell stages (Ruddell & Jacobs-
Lorena, 1985; Walker & Bownes, 1998). RD histone mRNAs, together with SLBP, are also stored
and transmitted to the embryo (Godfrey et al., 2006; Walker & Bownes, 1998).
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In Xenopus laevis, a significantly larger amount of histone proteins is produced in two phases
during oogenesis. Later, upon oocyte maturation, SLBP binds histone mRNAs, activating
translation (Sanchez & Marzluff, 2004; Turner & Woodland, 1983; Z.-F. Wang et al., 1999). In
mammals, RD histones are stored as mRNAs in the growing oocyte and only during oocyte
maturation does SLBP get translated, activating RD histone translation (Allard et al., 2005). Thus,
SLBP is necessary for oocyte maturation and early embryonic development (Allard et al., 2005;

D.R. Arnold et al., 2008).

Similar to other mRNAs, histones need to be stabilized in the oocyte and regulated when
deposited in the embryo. For canonical mRNAs, the poly(A) tail is a major regulatory element
(Subtelny et al., 2014). However, due to the lack of poly(A) tails, RP histone mRNAs depend on
different regulatory factors (Marzluff et al., 2008). In zebrafish, one el[F4E1 paralogue specifically
binds to transcripts with short or no poly(A) tail, such as RD histones. These transcripts are
translationally repressed in embryos, and downregulation occurs in eif4el mutants, suggesting
that the eI[F4E1 paralogue might play a role in stabilizing maternal histone mRNAs (Lorenzo-Orts
etal,, 2024). Interestingly, the C. elegans eIF4E homologue, IFE-3 interacts with IFET-1, a protein
that negatively regulates translation of maternally inherited mRNAs (Boag et al., 2008; Cordeiro

Rodrigues et al., 2019).

The concentration of histones in the early embryo influences cell cycle progression and the onset
of zygotic transcription in flies, zebrafish and frogs (Amodeo et al., 2015; Chari et al., 2019; Joseph
etal, 2017). Depleting histones results in earlier ZGA and longer cell cycles (Chari et al., 2019).
This effect on cell cycle lengthening appears to depend on soluble histones rather than

nucleosome-incorporated histones (Shindo & Amodeo, 2021).

In C. elegans, RD histone genes are organized into seven clusters, with genes from different
clusters exhibiting distinct expression patterns during embryogenesis (Boeck et al., 2016;
Gleason et al,, 2023). RD histone genes from clusters located on chromosome IV show substantial
expression at the 4-cell stage, peaking around 200-250 minutes into embryogenesis (Boeck et al.,
2016). The expression of these genes in the adult gonad is also notably high, indicating a maternal
origin in the embryos (Boeck et al, 2016). In contrast, histone genes from clusters on
chromosomes I and III show minimal expression at the beginning of embryogenesis but peak
around 200-300 minutes (Boeck et al., 2016). The expression of genes from different clusters

rapidly declines after this peak (Boeck et al., 2016).
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Development of C. elegans germline

C. elegans has a rapid life cycle of approximately 4 days at 20°C. It primarily exists as a self-
fertilizing hermaphrodite, although males arise at a low frequency of about 0.2%.
Hermaphrodites have five pairs of autosomes and two sex chromosomes (XX), while males have
a single sex chromosome (X0). Embryogenesis lasts around 16 hours at 20°C, with embryos
retained within the hermaphrodite until the 24-cell stage. Upon hatching, the embryos contain

558 nuclei, marking the first larval stage (Corsi et al.,, 2015).

During embryogenesis, cells divide asymmetrically, forming both the P cell lineage and the
somatic cell lineage. At the 24-cell stage, the P4 cell undergoes symmetric division to generate
the primordial germ cells Z2 and Z3 (Sulston et al., 1983). These cells do not divide further until
the organism reaches the first larval stage (L1). The C. elegans life cycle consists of four larval

stages (L1 - L4) followed by adulthood.

Hermaphrodites develop two gonadal arms, while males develop only one. During the L2 and L3
stages, germ cells are allocated to anterior and posterior populations, each of which contributes
to forming one of the two gonadal arms. Early in the L3 stage, the gonadal arms rapidly expand,
as germ cells proliferate. As the L3 stage progresses, the most proximal germ cells stop
proliferating and enter meiosis, establishing a distal-proximal polarity in the developing
germline. During the L4 stage and adulthood, germ cell proliferation continues in the distal
mitotic zone, maintained by signals from the distal part of the somatic gonad, called the distal tip
cell. As germ cells exit the mitotic region they enter meiosis in the transition zone, where
chromosomes pair and undergo homologous recombination. Germ cells continue to advance
through meiosis as they move through the gonad. Throughout these stages, the nuclei share a
common cytoplasm, the rachis, and cellularisation into individual germ cells only occurs late
during meiosis. In hermaphrodites, the germ cells that mature during the L4 stage enter
spermatogenesis, with the resulting sperm being stored in the spermatheca. Starting during late
L4 stage, hermaphroditic spermatogenesis halts and oogenesis begins, and the production of
oocytes continues throughout adult life. In males, spermatogenesis continues throughout the
lifespan of the animal. Oogenesis requires a significant increase in cytoplasmic volume to produce
a maternally provisioned cell capable of supporting early embryogenesis. The most proximal
oocyte enters the spermatheca, where it is fertilized and undergoes early embryogenesis in the

uterus until it is laid (Hubbard & Greenstein, 2005).
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Aim of this thesis

Germ cells have the extreme functions of producing, stabilizing and transmitting all the necessary
and correct genetic and epigenetic information required for the early stages of an embryo. In this
work, I aim to understand how a complex named PETISCO, known to be involved in the germline
defence mechanism of piRNAs, is important in the embryogenesis of Caenorhabditis elegans,
focusing on the early-stages when the maternal elements are most needed. This question is
interesting for us because the piRNA pathway is not required in these early stages, suggesting
additional functions for PETISCO. I want to dissect PETISCO's role during embryonic

development, as well as its RNA targets.
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Materials and Methods

C. elegans culture and strains

All C. elegans strains were maintained under standard laboratory conditions at 20°C on
Nematode Growth Medium (NGM) plates (90 mm) seeded with Escherichia coli OP50 (Brenner,
1974). Strains used for MosSCI transgenesis were cultured on NGM plates seeded with
Comamonas sp. (DA1877). For iCLIP experiments, animals were grown on egg plates
(Schweinsberg & Grant, 2013) for one generation, synchronized via hypochlorite treatment, and
embryos were subsequently harvested. For IP/MS experiments, animals were first grown on egg
plates for one generation, synchronized by hypochlorite treatment, and then transferred to NGM
plates seeded with OP50 for one additional generation before harvest. Egg plates were prepared
by thoroughly mixing egg yolk with 50 ml LB medium per egg. The mixture was incubated at 65°C
for 2-3 hours and cooled to room temperature before adding 10 ml OP50 culture per egg.
Approximately 10 ml of the prepared mixture was poured onto standard NGM plates and
incubated at room temperature overnight. Excess liquid was decanted the next day, and the
plates were incubated at room temperature for an additional two days before use. Bristol N2

strain was used as reference wild-type strain.

The list of strains used in this study is provided in Table 1.

Table 1 | Strains used in this study.

Strain Genotype

FAS26 ugeDfi12 II

FX17314 | pid-3(tm2417) I/hT2[bli-4(e937) let-?(q782) qIs48](LIII)

JCP378 | jcpSi19[eft-3p::ints-6::3xFLAG::eGFP::ints-6 3'UTR + unc-119(+)] II; unc-119(ed3) Il
KK359 tofu-6(it20) unc-4(e120)/mnC1 dpy-10(e128) unc-52(e444) I

N2 C. elegans wild isolate var Bristol

NL5100 | cde-1(tm1021) Il

RFK1244 | ugeDf12 II; tost-1(xf196/+) oxTi615[eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)]/+ Il
RFK1260 | mut-16(xf142) I; tost-1(xf196 ts) oxTi615[eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)] IiI
mut-16(xf142) I; tost-1(xf194/+) oxTi615[eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)]/+
i

RFK1303 | xfSi254[his-67p::GFP::his-67::his-67 3'UTR + Cbr-unc-119(+)] 11

RFK1305 | xfSi255[his-67p::GFP::his-67::tbb-2 3'UTR + Cbr-unc-119(+)] 11

RFK1315 | tost-1(xf263[2Xflag::tost-1]) 11l

RFK1339 | xfSi268[his-67p::GFP-CDS::his-67::his-67 3'UTR + Cbr-unc-119(+)] I

RFK1341 | xfSi269[his-67p::GFP-CDS::his-67::tbb-2 3'UTR + Cbr-unc-119(+)] I

RFK1345 | xfSi306[his-67p::sv40-NLS::GFP-CDS::egl13-NLS::his-67 3'UTR + Cbr-unc-119(+)] Il

RFK1347 | xfSi307[his-67p::sv40-NLS::GFP-CDS::egl13-NLS::tbb-2 3'UTR + Cbr-unc-119(+)] Il

RFK1265
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RFK1443

tost-1(xf196) oxTi615[eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)] cde-1 (tm1021) Il

RFK1532

cde-1(xf319), tost-1(xf194) oxTi615[eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)] Il

RFK1533

cde-1(xf319), tost-1(xf194) oxTi615 [eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)] 111

RFK1534

smg-2(r908) I; tost-1(xf196) oxTi615[eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)] 111

RFK1535

tofu-6(it20) unc-4(e120) 1I; cde-1(tm1021) 111

RFK1536

pid-3(tm2417) I; cde-1(tm1021) Il

RFK1568

xfSi268[his-67p::GFP-CDS::his-67::his-67 3'UTR + Cbr-unc-119(+)] II;
tost-1(xf196) oxTi615 [eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)] cde-1(tm1021) IiI

RFK1569

XfSi268[his-67p::GFP-CDS::his-67::his-67 3'UTR + Cbr-unc-119(+)] II; cde-1(tm1021) Il

RFK1570

tost-1(xf196) oxTi615[eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)] IlI;
his-61(ne4846/[gfp::his-61]) IV

RFK1571

tost-1(xf196) oxTi615[eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)] IlI;
his-61(ne4847[intronless gfp::his-61]) IV

RFK1694

mut-7(xf125) 1lI; his-61(ne4847[intronless gfp::his-61]) IV

RFK1695

tost-1(xf196) oxTi615[eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)] mut-7 (xf125) III;
his-61(ne4846/[gfp::his-61]) IV

RFK1698

pid-1(xf35) II; tost-1(xf196) oxTi615[eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)] 111

RFK1699

cde-1(xf360) erh-2(xf168) oxTi615[eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)] I1ll/
qC1 [dpy-19(e1259) glp-1(q339) qls26] 11l

RFK1718

JjepSil9[eft-3p::ints-6::3xFLAG::eGFP::ints-6 3'UTR + unc-119(+)] II; tost-1(xf263[2xflag::tost-1]) 1]

RFK1719

smg-2(xf368) |

RFK1721

smg-1(xf369) I; tost-1(xf196) oxTi615[eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)] IlI

RFK1722

smg-1(xf369) |

RFK1724

smg-1(xf370) I; tost-1(xf196) oxTi615[eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)] IlI

RFK1725

smg-1(xf370) 1

RFK1727

tost-1(xf196) oxTi615[eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)] lll; C14C10.5(xf371) V

RFK1728

C14C10.5(xf371) V

RFK1800

C14C10.5(xf387) V

RFK1801

tost-1(xf196) oxTi615[eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)] llI; C14C10.5(xf387) V

RFK1813

xfSi268[his-67p::GFP-CDS::his-67::his-67 3'UTR + Cbr-unc-119(+)] II;
tost-1(xf196) oxTi615[eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)] lll

RFK1814

XfSi254[his-67p::GFP::his-67::his-67 3'UTR + Cbr-unc-119(+)] II;
tost-1(xf196) oxTi615[eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)] lll

RFK1815

XfSi269[his-67p::GFP-CDS::his-67::tbb-2 3'UTR + Cbr-unc-119(+)] II;
tost-1(xf196) oxTi615[eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)] lll

RFK1816

smg-2(xf368) I; tost-1(xf196) oxTi615[eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)] Il]

RFK1817

tofu-6(it20) unc-4(e120) 1I; mut-7(xf125) cde-1(tm1021) i1

RFK1818

tost-1(xf196) oxTi615[eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)] Ill; C14C10.5(xf389) V

RFK1819

C14C10.5(x389) V

RFK182

pid-1(xf35) I

RFK1821

smg-3(xf391) IV

RFK1822

tost-1(xf196) oxTi615 [eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)] lII; smg-3(xf391) IV

RFK691

mut-16(xf142) 1

RFK905

tost-1(xf194) oxTi615[eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)] 111/qC1[dpy-19(e1259)
glp-1(q339) qls26] 1l

RFK912

tost-1(xf196) oxTi615[eft-3p::tdTomato::H2B::unc-54 3'UTR + Cbr-unc119(+)] Il

S§X523

prg-1(n4357) 1

TR1421

smg-2(r908) unc-54(r293) |
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WM748 | his-61(ne4846[qfp::his-61]) IV
WM749 his-61(ne4847[intronless gfp::his-61]) IV

MosSCI Transgenesis

The MosSCI system was used to introduce transgenes for ectopic expression in the germline
(Frgkjeer-Jensen et al., 2008, 2012). The transgenic alleles xfSi254, xfSi255, xfSi268, xfSi269,
xfSi306, xfSi307 were inserted into the ttTi5605 locus on chromosome II. The gfp coding
sequence, including three introns, was amplified from pDD282 (Addgene plasmid # 66823. All
plasmids used for microinjection were purified from 5 ml bacterial culture using NucleoSpin®
Plasmid (Art. No. 740588.50, Macherey-Nagel®), eluted in sterile water and verified by PCR and
Sanger sequencing. To generate transgenic lines, DNA mixes containing 50 ng/ul pCFJ601, 10
ng/ul pMA122, 10 ng/ul pGHS8, 5 ng/ul pCF]J104, 2.5 ng/pul pCFJ90 and 50 ng/ul of pRFK3105
(xfSi254) or pRFK3118 (xf5i268), pRFK3124 (xf5i255), pRFK3126 (xfS5i269), pRFK3132 (xfS5i306),
pRFK3133 (xfS5i307) were injected in both gonads of 50 young adult EG6699 worms (carrying the
ttTi5605 insertion site on chromosome II). The progeny was screened for successful transgene
integration as previously described (Frgkjeer-Jensen et al., 2008, 2012). Insertion events were
confirmed by Sanger sequencing, and all newly generated strains were out-crossed twice before

any additional crosses or analysis.

The plasmids pCFJ601, pMA122, pGH8, pCF]J90 and pCFJ104 were obtained from Addgene
(Addgene plasmid #: 34874; 34873; 19359; 19327; 19328) (Frgkjzer-Jensen et al., 2008, 2012).

CRISPR/Cas9-mediated genome editing

Protospacer sequences were selected using CRISPOR (http://crispor.tefor.net) (Concordet &
Haeussler, 2018) and cloned into pRK2411 (plasmid expressing Cas9 + sgRNA(F+E) (B. Chen et
al,, 2013); derived from pDD162) via site-directed, ligase-independent mutagenesis (SLIM) (Chiu
et al., 2004, 2008). pDD162 (Peft-3::Cas9 + Empty sgRNA) (Addgene plasmid # 47549)
(Dickinson et al., 2013). SLIM reactions were transformed into Subcloning Efficiency™ DH5a™
Competent Cells (Art. No. 18265017, Invitrogen™) and plated on LB agar plates supplemented
with 100 pg/ml ampicillin. All protospacer sequences used in this study are listed in Table 2.
Genome editing was performed using either dpy-10(cn64) or unc-58(e665) co-conversion

strategies (Arribere et al., 2014). DNA injection mixes were injected into both gonad arms of one
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to 20 young adult N2 hermaphrodites maintained at 20°C, unless otherwise stated. Selected F1

progeny were screened for edits using PCR, and successful editing events were confirmed by

Sanger sequencing. All generated mutant strains were out-crossed at least twice before

additional crosses or analysis. All CRISPR/Cas9-generated alleles are listed in Table 3.

Table 2 | Protospacer sequences used for CRISPR/Cas9-mediated genome editing.

Gene

Allele Sequence (5'to 3')

cde-1

AGCAAAGGTCTGGAAGTAGG
TTCGTATTGCTTAAAGATTG
GTGTGATCTCGATTCATCGG
TTCAAAAATGGAGAGGAAGG

xf319 / xf361

smg-2

TCTTCCAGTAATGGACGATT
CGGGGAAACCCTCACATTTG
GACGGCGTTGGTCACCACGG
ACATTTGCTGCTGAGAGTTG

xf368

smg-1

TGACACGCCACAGAAGGAA
TATTGGGAACCTGATAGAAC
CGTGTTGAACGGCGTCTCAA

AAATTGTCTCCTCGCGAAG

xf369 / xf370

C14C€10.5

GCTCGATGAGGACATTGATA
ACAAGTACGAACCATCACTG
TATTGTGGCACTCTTGTCAG
GCATGAGCAACAATTCAACG

xf371 / xf387 / xf389

smg-3

GTTGAGGAAATGGCGTCGGT
CTTCAGTGAACAGATGGCTG
ACTGTTCAACGATGCCAACA
CACCATTCTCCTTCGAGGTG

xf391

Table 3 | Description of CRISPR/Cas9-generated alleles used in this study.

Gene Allele Details
Deletion of 5887 bp & insertion of 749 bp, 24 bp from ATG (GAGCAAAGGTCTGGAAGT -
xf319 Indel[CTCTCCATTTTTG - GCGATCGTCTGACTT] - AGGTGGCGATCGTCTG). First 9 amino
cde-1 acids from cde-1 followed by newly added aminoacids and premature stop codon.
Deletion of 5856 bp & insertion of 38 bp, 25 bp from ATG (AGCAAAGGTCTGGAAGTA -
xf361 deletion + CGCCTTGAGATGTGTGGACGCAAGATCCACGCACATAT - deletion -
ATCGTCTGACTTATCACAA)
Deletion of 12624 bp, 13 bp upstream ATG (aaaacccctcaaaaacgcac - deletion -
smg-2 Y368 | A ACGCCGTCCTCCTCCACAA)
Deletion 0of 11211 bp, 116 bp from ATG (ACGTGACACGCCACAGAAG - deletion -
xf369
smg-1 aattttFttaagatttagtt) : :
Xf370 Deletion of 11386 bp & insertion of 12 bp, 112 bp from ATG (AACGTGACACGCCACA -
deletion + AAAAAAAAAAAG - AGTTTTTGATTTTGAAAA)
X371 Deletion of 290 bp, 115 bp from ATG (AGAGCTCGATGAGGACA - deletion -
AGCCAATCAGCACTTTTT)
Deletion of 6448 bp, 117 bp from ATG (taagaaaaataaaaATG - deletion -
C14C10.5 | X387 | ACGAGGATCAACTCATG)
Xf389 Deletion of 6284 bp, 159 bp from ATG (ACTTGAAAATCTCCA - deletion -
CGGgtaaattcgatagt)
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Deletion of 6579 bp & insertion of 7 bp, 256 bp from ATG (GTTGAGGAAATGGCGT -

smg-3 X391 deletion + GAAATGT - gaaatgccccct)

RNAIi experiments

HT115(DE3) bacteria carrying Timmons and Fire L4440 RNAi feeding vector (Timmons &
Fire, 1998) were grown for 16 hours and directly seeded onto RNAI plates (standard NGM;
1mM IPTG and 50pg/m L ampicillin). HT115(DE3) bacteria containing the tost-1, tofu-6, his-
65, his-66 or cde-1 targeting RNAI constructs were obtained from the Ahringer RNAi library
(Kamath et al., 2003; Kamath & Ahringer, 2003). The control treatment used HT115(DE3)
with the empty L4440 vector. To generate a new RNAIi vector targeting tost-1, its cDNA was
cloned into the L4440 vector, using the plasmid pRFK3133. This plasmid was subsequently

transformed into HT115(DE3) bacteria and used as described above.

For all RNAi treatments, worms were synchronized by hypochlorite treatment, and L1 larvae

were seeded onto RNAI plates containing induced bacteria.

Embryonic viability experiments

All mutant strains were confirmed and outcrossed two times before the experiments. Worms
were synchronized using the hypochlorite treatment and allowed to hatch in M9 buffer (22mM
KH2PO4, 42mM Na:HPOs, 85mM NaCl, 1mM MgS04) for 16h. Synchronized L1 larvae were
grown to the L4 stage, after which individual worms were transferred to NGM plates (60 mm)
and placed at the appropriate temperature (15°C, 20°C or 25°C) depending on the experimental
conditions. Worms were allowed to reproduce for 24-48 hours, after which the adult progenitors
were removed from the plates, and the embryos were counted. Plates were incubated for an
additional 48-72 hours, after which the number of hatched larvae was recorded. Embryonic

viability was calculated as the proportion of hatched larvae to the total number of embryos.

RNA extraction and sequencing

RNA extraction from embryos

To extract RNA from embryos, synchronized gravid adults were washed with M9 buffer and

subjected to hypochlorite treatment to isolate embryos. The recovered embryos were washed
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four times with cold M9 buffer and then frozen in “worm balls” using liquid nitrogen. The frozen
"worm balls” were ground with a mortar and a pestle, and five volumes of TRIzol™ LS Reagent
(Art. No. 10296010, Invitrogen™) were added. RNA extraction was performed using the Direct-
zol RNA Microprep kit (Art. No. R2060, Zymo Research™), following the manufacturer’s protocol,
with an additional TURBO DNAse treatment (Art. No. AM2208, Invitrogen™) to remove residual

genomic DNA. The extracted RNA was resuspended in nuclease-free water.

RNA extraction from larvae

For RNA extraction from larvae, animals were harvested in cold M9 buffer and added with ten
volumes of TRIzol LS Reagent (Art. No. 10296010, Invitrogen™). The mixture was flash-frozen in
liquid nitrogen to facilitate cell lysis. Subsequent RNA isolation steps were carried out as

described for embryos.

Library preparation and RNA sequencing

NGS library prep was performed with Illumina's Stranded mRNA Prep Ligation Kit following
Stranded mRNA Prep Ligation ReferenceGuide (June 2020) (Document # 1000000124518 v00).
Libraries were prepared with a starting amount of 1000 ng and amplified in 10 cycles. For
normalization, 2pl of a 1:100 dilution of ERCC spike-ins (Ambion) were added to the starting
material. Libraries were profiled in a DNA 1000 chip on a 2100 Bioanalyzer (Agilent
technologies) and quantified using the Qubit dsSDNA HS Assay Kit, in a Qubit 2.0 Fluorometer (Life
technologies).

All 12 samples were pooled in equimolar ratio and sequenced on 1 NextSeq500 Highoutput FC,
SR for 1x 80 cycles plus 10 cycles for the index read plus 1 dark cycle upfront Read.

Read processing and mapping

Sample demultiplexing and FastQ file generation were performed using Illumina's bcl2fastq
Conversion Software (v.2.19.1.403). The raw sequence reads were quality assessed using FastQC
(v.0.11.8) (https://www.bioinformatics.babraham.ac.uk/projects/fastqc), aligned to the C. elegans
genome (WBcel235/cel1 assembly) with gene annotation from Ensembl release 104 using STAR
(v.2.7) (https://github.com/alexdobin/STAR) with parameter "--outFilterMismatchNoverLmax

0.04" and all secondary alignments were removed with Samtools v.1.9 (http://www.htslib.org).
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The mapped sequence data was quality assessed wusing QualiMap (v.2.2.1)
(http://qualimap.conesalab.org) and dupRadar (v.1.37.0)
(https://bioconductor.org/packages/dupRadar). Coverage tracks of aligned reads were produced
with deepTools bamCoverage (v.3.1) (https://deeptools.readthedocs.io) using Counts Per Million
mapped reads (CPM) normalisation. Read counts were summarised on the gene level using
Subread featureCounts (v.1.6) (https://subread.sourceforge.net). Differential gene expression
analysis was performed with DESeq2 (v.1.26.0) (https://bioconductor.org/packages/DESeq2)
following the recommended analysis workflow with independent gene filtering and using 1%

FDR significance threshold.

5’ Rapid Amplification of cDNA Ends (RACE) PCR

RNA was purified from mixed-stage wild-type worms as described above, and cDNA was
synthesized using the ProtoScript First Strand cDNA Synthesis Kit (Art. No. E6300, NEB). The 5’
RACE was performed using the FirstChoice® RLM-RACE Kit (Art. No. AM1700, Invitrogen™),
following the manufacturer’s instructions. Specific oligonucleotides targeting his-67, his-46 and
tost-1 5’UTRs were used to assess trans-splicing events (Table 4). The resulting 5’ RACE products
were cloned using TOPO™ TA Cloning™ kit (Art. No. K4575]J10) and transformed into One Shot™
TOP10 chemically competent cells (Art. No. C404003, Invitrogen). Successful clones were

confirmed by Sanger sequencing.

Table 4 | Oligos used in the RACE PCR experiment

Name Gene Sequence 5’ -3’

JP105 his-67 TGTGACGGTCTTCCTCTTGG
JP106 ACACCTTGAGAACTCCACGA
JP107 GTGGAAAGGGAGGAAAAGGC
JP122 his-46 GAGTTCTTCCTTGGCGCTTC
JP123 GTCTTTCTCTTGGCGTGCTC
JP108 tost-1 CGAATTCAAGTTCCGGTCGT
JP109 CGTTAAGCGCTTAGAGCCGAATG
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iCLIP

Samples and library preparation

iCLIP in C. elegans embryos was performed as described in (Buchbender et al., 2020). Wild-type
worms were grown on egg plates, and embryos were harvested via bleaching as described above.
Unless otherwise stated, embryos were cross-linked four times using 100 m]/cm2 in a
Stratalinker 2400 at 254 nm. Cross-linking was performed in Worm Lysis Buffer (25mM Tris HCI
pH7.5,150mM NaCl, 1.5mM MgCl;, 1mM DTT, 0.1% Triton X-100), and samples were snap-frozen
in liquid nitrogen as “worm balls”. 100 ul of Novex™ DYNAL™ Dynabeads™ Protein G (Art. No.
10004D, Invitrogen™) were conjugated with 2 pg of TOFU-6 antibody for 1h at room
temperature, followed by two washes with Worm Lysis Buffer. Embryo extracts were prepared
by grinding as described above, and 1 mg of total protein was used per replicate. Extracts were
incubated for 3 minutes at 37°C with specified concentrations of RNase I (Art. No. AM2295,
Ambion) and TURBO DNase (Art. No. AM2208, Invitrogen™), then cooled on ice for 3 minutes.
Lysates were clarified by centrifugation at 4°C for 11 minutes and filtered using Proteus
Clarification Mini Spin Columns (Art. No. GEN-MSF500, Generon). The lysates were incubated
with antibody-conjugated beads for 2 hours at 4°C, followed by washes with high-salt buffer and
PNK buffer. RNA-protein complexes on beads were treated with T4 PNK enzyme and RNase
inhibitor for RNA 3’end dephosphorylating for 20 min at 37°C. After additional washed, L3-App
adapter ligation was performed using T4 RNA ligase overnight at 16°C. Beads were washed, and
RNA 5’-end labelling was performed with 32P-y-ATP at 37°C for 5 minutes. Samples were
washed, mixed with 1x NuPAGE loading buffer (Art. No. NP0008, Novex), boiled at 70°C for 10
minutes, and supernatants were collected and run on a 4-12% NuPAGE Bis-Tris gel (Art. No.
NP0321PK2, Invitrogen). The RNA-protein complexes were transferred to a Protan BA85
Nitrocellulose Membrane (Whatman), visualised using a phosphoimager (GE Typhoon
FLA9500), and the protein-RNA complexes were isolated from the membrane according to the
autoradiograph mask.

Membrane fragments were treated with Proteinase K, and RNA was extracted using
phenol/chloroform (Art. No. P3803, Sigma) and 2 ml Phase Lock Gel Heavy tube (Art. No. 713-
2536, VWR). RNA was precipitated with GlycoBlue (Art. No. 9510, Ambion), 3M sodium acetate
pH 5.5, and 100% ethanol. Reverse transcription was performed using RToligo and SuperScript
[II (Art. No. 18080093, Invitrogen) as described in the manuscript. RNA clean-up was performed
using MyONE Silane beads (Art. No. 37002D, Invitrogen). A second adapter was ligated using High
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concentration RNA Ligase (Art. No. M0437M, NEB), followed by another clean-up using MyONE
Silane beads. cDNA was amplified with the primer mix P5Solexa/P3Solexa for 18-24 cycles,
depending on the sample. Primer dimers were removed using ProNex Chemistry (Art. No.
NG2001, Promega). Library size distribution was assessed with High Sensitivity D1000 Kit on the
TapeStation system, and library concentration was quantified using Qubit High
Sensitivity D1000 Kit. All 4 samples were pooled in equimolar ratio and the library was diluted

to 4nM further sequenced.

The experiment was performed using 4 replicates and 2 replicates for negative control without

antibody.

RNA sequencing and read processing and mapping

The iCLIP libraries were sequenced on an Illumina NextSeq 500 sequencing machine as 150 nt
single-end reads including a 6 nt sample barcode as well as 5+4 nt unique molecular identifiers
(UMIs).

Basic quality controls were done with FastQC (v0.11.9)
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and reads were filtered based
on sequencing qualities (Phred score) in the barcode and UMI regions using the FASTX-Toolkit
(v0.0.14) (http://hannonlab.cshl.edu/fastx_toolkit/) and seqtk (v1.3)
(https://github.com/lh3/seqtk/). Reads with a Phred score below 10 in the considered regions
were removed from further analysis. The remaining reads were de-multiplexed based on the
sample barcode on positions 6 to 11 of the reads using Flexbar (v3.5.0) (Roehr et al,, 2017).
Barcode and UMI regions as well as adapter sequences were trimmed from read ends using
Flexbar requiring a minimal overlap of 1 nt of read and adapter. UMIs were added to the read

names and reads shorter than 15 nt were removed from further analysis.

Duplicated reads were defined as identical reads including identical UMIs. They were removed
from the de-multiplexed and trimmed reads of each sample using basic Bash commands. De-
duplicated reads were mapped using STAR (v2.7.3a) (Dobin et al,, 2013) and genome assembly
WBcel235 and annotation of Ensembl release 108 (Harrison et al., 2024). During mapping, up to
4% of the bases were allowed to be mismatched (--outFilterMismatchNoverReadLmax 0.04 --
outFilterMismatchNmax 999), a splice junction overhang of 134 nt (--sjdbOverhang 134) was
used and soft-clipping at the 5' end (--alignEndsType Extend5pOfRead1) was prohibited. Since

many reads were expected to map to multiple locations, the maximally accepted number of
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locations was set to 999 (--outFilterMultimapNmax 999) and the maximal number ofloci anchors
are allowed to map to was set to 100 (--winAnchorMultimapNmax 100). Multiple alignments of
reads were output in random order and the choice of the primary alignment from the highest
scoring alignments was made at random (--outMultimapperOrder Random). Secondary hits were
removed using Samtools (v1.10) (Danecek, 2021) (samtools view -F 256) keeping only one hit
per multi-mapping read. The resulting BAM files were sorted using Samtools (v1.10). Reads
directly mapped to the chromosome ends were removed since they do not have an upstream

position and, thus, no crosslink position can be extracted.

The position upstream of mapped reads was extracted using BEDTools (v2.29.2) (Quinlan & Hall,
2010) bamtobed, shift (with parameters -m 1 -p -1) and genomecov (with parameters -bg -strand
+ -5 for reads on the forward strand and with parameters -bg -strand - -5 for reads on the reverse
strand). The resulting bedGraph files were converted to bigWig files using bedGraphToBigWig of
the UCSC tool suite (v385) (Kent et al., 2010).

In addition to the position upstream of mapped reads, the last position of mapped reads, which
were trimmed at the 3' end by at least 6 nt, was extracted as well using BEDTools (v2.29.2)
bamtobed and genomecov (with parameters -bg -strand + -3 for reads on the forward strand and
with parameters -bg -strand - -3 for reads on the reverse strand). Requiring at least 6 nt to be
trimmed ensures that the last position of the reads is indeed the end of the RNA insert. The
resulting bedGraph files were converted to bigWig files using bedGraphToBigWig of the UCSC
tool suite (v385).

Exonic reads per gene were counted using featureCounts from the Subread tool suite (v2.0.0)
(Liao et al., 2014) with non-default parameters --donotsort -M -s1. Raw counts per gene were
normalized to reads per million (RPM). The normalized data were visualized using scatter plots,
where the log-transformed mean RPM values were compared between specific conditions: Cnt
vs TOFU6 rep1-6 and TOFU6 rep1+2 vs TOFU6 rep3-6. In these plots, replication-dependent (RD)
histone genes were highlighted in blue, replication-independent (RI) histone genes in brown, and
all other genes in light pink.

Genes differentially bound between TOFU-6 iCLIP and control iCLIP samples were detected using
the R package DESeq2 (v1.38.1) (Love et al,, 2014) in an R/Bioconductor environment (v3.16/
v4.2.2 (Huber et al,, 2015; R Core Team, 2019). As control iCLIP samples only differ from TOFU-
6 iCLIP samples by not using the TOFU-6 antibody, we are confident that the differences we see
are due to different binding behaviour and not due to different expression. However, to be sure,

this would require expression data in addition to the iCLIP data to be confirmed.
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Results from DESeq2 were visualized as a volcano plot comparing log2 FC of normalized counts
of Cnt iCLIP and TOFU-6 iCLIP conditions. A false discovery rate (FDR) threshold of = 1e-5 and
the negative log10 of the adjusted p-values (corrected for multiple testing) were used to identify
significant changes. Genes below the log2 FC threshold were shown in light pink, with RD histone
genes highlighted in blue, RI histone genes in brown, and other gene categories represented in

distinct colours.

Using bigWig coverage tracks of either positions upstream of mapped reads or last positions of
trimmed mapped reads, we extracted the coverage +/-100 nt around the start and stop codons
as well as around the stem-loop regions of selected histone genes using R packages rtracklayer
(v1.58.0) (Lawrence et al., 2009), GenomicRanges (v1.50.1) (Lawrence et al.,, 2013), stringr
(v1.5.0) (Wickham, 2022), Biostrings (v2.66.0) (Pages et al., 2022), and BSgenome (v1.66.1)
(Pages, 2022) in an R/Bioconductor environment (v4.2.2/v3.16) (Huber et al.,, 2015; R Core
Team, 2019). Histone genes were selected based on the presence of the conserved stem-loop
(Pettitt et al., 2002). Start and stop codon locations were taken from WBcel235 annotation of
Ensembl release 108 (Harrison et al., 2024). Per histone gene, the coverage of each position was
normalised by dividing it by the sum of the coverage of all positions in the respective region in
the respective gene. All normalised coverages are between 0 and 1 and can be compared between
the genes. The average normalised coverage of all selected histone genes is plotted as blue bars
in Figure R4 using the R package ggplot2 (v3.4.0) (Wickham et al., 2016). Average normalised
coverages shown in Figure R4.A-C are based on positions upstream of mapped reads, while
coverages shown in Figure R4.D-F are based on last positions of trimmed mapped reads. The
black line shows the rolling mean of the position-wise average normalised coverage using a

window size of 20. It was calculated using the R package RcppRoll (v0.3.0) (Ushey, 2022).

In addition to extracting coverages around start and stop codons as well as stem-loop regions
separately, we extracted the coverage of the complete gene starting 100 nt upstream of the start
codon and ending 100 nt downstream of the stem-loop region using bigWig coverage tracks of
positions upstream of mapped reads and R packages rtracklayer (v1.58.0), GenomicRanges
(v1.50.1), stringr (v1.5.0), Biostrings (v2.66.0), and BSgenome (v1.66.1) in an R/Bioconductor
environment (v4.2.2/v3.16). Start and stop codons as well as stem loop regions were kept as
anchor points in order to be able to compare different genes. Since genes have different lengths
(CDS region) and also different distances between the stop codon and the stem-loop sequence,
these regions have to be made equally long in all genes in order for them to be averaged and

shown in the same plot. This was done by equal binning in these regions, i.e. the same number of
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bins was used for every gene. Since the region between start and stop codon is typically several
100 ntlong, this region was splitinto 100 equal sized bins and the average position-wise coverage
per bin was calculated. The region between the stop codon and the stem-loop sequence varies
between 31 and 57 nt. It was split into 31 bins for all considered genes and the average position-
wise coverage per bin was calculated. The regions upstream of the start codon as well as
downstream of the stem-loop sequences were not binned, but kept as 100 individual positions.
The coverage of all bins and positions was normalised by dividing it by the sum of the coverage
of all bins and positions. The average normalised coverage of all selected histone genes was
calculated per sample, smoothed using a rolling mean as implemented in the R package RcppRoll
(v0.3.0) with a window size of 5 and visualized in Figure R3.B using the R package ggplot2
(v3.4.0). Figure R3.C shows the normalized coverage of all positions of histone gene his-11. Here,
no binning was done and individual positions were visualized. The coverage in TOFU-6 iCLIP

replicates is shown as stacked bars.

RT-qPCR

Cultured worms and RNA samples were prepared as described above. Reverse transcription was
performed for each sample using a normalised amount of total RNA using the ProtoScript First
Strand cDNA Synthesis Kit (Art. No. E6300, NEB) and qPCR Random Primer Mix. qPCR 10pl
reactions were set up using PowerUp™ SYBR™ Green Master Mix (Art. No. A25742, Applied
Biosystems), 500mM primer concentration and cDNA diluted to approximately 1 ng/uL (1:10 of
total PCR volume). Amplifications were performed on Applied Biosystems ViiA7 Real Time PCR
System (ThermoFisher Scientific) with cycling conditions as recommended by the manufacturer:
Standard run, initial hold at 95°C for 10 minutes, followed by temperature increments of 1,6°C/s;
40 cycles of 95°C for 15 seconds and 60°C for 1 minute; melt curve calculation: 15 seconds at
95°C, 1 minute at 60°C, temperature increments of 0,05°C/s to 95°C and hold for 15 seconds.
Technical triplicates and biological duplicates or triplicates, as indicated for each experiment,
were used. The AACT method was applied for data analysis (Schmittgen & Livak, 2008), with
pmp-3 serving as the reference gene for normalization (Hoogewijs et al.,, 2008). Error bars
represent the standard deviation of three technical replicates. Used primers are listed below

(Table 5).
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Table 5 | qRT-PCR oligonucleotides.

Target Sequence 5’ - 3’
pmp-3_control_Fw GTTCCCGTGTTCATCACTCAT
pmp-3_control_Rev ACACCGTCGAGAAGCTGTAGA

his-66_Fw CAAGCAAGTTCACCCAGACA
his-66_Rev TCTCCTGGGAGAATCAAACG
his-65_Fw GTCGGTCGTCTTCACCGTAT
his-65_Rev AGCTTGTTGAGCTCCTCGTC

Embryo extracts

Synchronized gravid adults were bleached and washed three times with cold M9 buffer, followed
by two times with Worm Lysis Buffer (25mM Tris HCI pH7.5, 150mM NaCl, 1.5mM Mg(Cl2, 1mM
DTT, 0.1% Triton X-100). Embryo pellets were flash-frozen with liquid nitrogen as “worm balls”
and kept at -80°C until usage. Frozen embryo pellets were ground using a pre-chilled mortar and
pestle, followed by homogenization with a Dounce homogenizer (40 strokes). The lysates were
centrifuged at 21,000 x g for 10 minutes at 4°C. Supernatants were carefully collected into a fresh
tube, avoiding contamination from the pellet. Protein concentration of embryo lysates was
quantified using the Pierce BCA Protein Assay Kit (Art. No. 23225, ThermoFisher Scientific)
according to the manufacturer’s instructions, and measurements were performed on an

Infinite® M200 Pro plate reader (Tecan).

Immunoprecipitation

Protein extracts were normalised to total protein concentration and diluted with 1x Worm Lysis
Buffer to a final volume of 500 pl. 50 ul of each extract were mixed with 1x Novex™ NuPAGE™
LDS sample buffer supplemented with 100 mM DTT and served as input controls.

For TOFU-6 IP, 50 pl Novex™ DYNAL™ Dynabeads™ Protein G (Art. No. 10004D, Invitrogen™)
were washed three times with 500 pl 1x wash buffer (25 mM Tris HCI pH 7.5, 150 mM NacCl, 1.5
mM MgCl2, 1 mM DTT, cOmplete™ Mini EDTA-free Protease Inhibitor Cocktail). The washed
beads were conjugated with 2 pg antibody (TOFU-6 in-house antibody (Podvalnaya, 2023)) and
then incubated with 450 pl of the diluted protein extract for 1 h at 4°C with rotation. After three
washes with 500 ul 1x wash buffer, the beads were resuspended in 25 pl 1.2x Novex™ NuPAGE™
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LDS sample buffer supplemented with 120 mM DTT. The samples were heated at 70°C for 10
minutes, and the beads were pelleted using the magnetic stand, with the supernatant collected

for further analysis.

For 2xFLAG::TOST-1 IP, 30 ul Anti-FLAG® M2 Magnetic Beads (Art. No. M8823, Millipore) were
washed three times with 500 pl 1x wash buffer. The beads were then incubated with 450 ul of
the diluted protein extract for 1 h at 4°C with rotation. 50 pl of the sample were separated as
flow-through. Following the incubation, the beads were washed three times with 500 pl 1x wash
buffer and resuspended in 50 pl of 25 mM Tris-HCl pH 8.0 + 1%[w/v] SDS. The samples were
heated at 70°C for 10 minutes, and the beads were pelleted using the magnetic stand, with the

supernatant collected for further analysis.

For INTS-6::3xFLAG::eGFP IP, 15 pul of GFP-Trap® Magnetic Agarose (Art. No. gtma, Chromotek)
or in-house Magnetic GFP binder beads (PPCF) were washed three times with 500 pl of 1x wash
buffer and incubated with 450 pl of protein extracts. The remaining steps were performed as
described above, except that the beads were resuspended in 1x Novex™ NuPAGE™ LDS sample
buffer, boiled for 5 minutes at 95°C, supplemented with 100 mM of DTT and boiled for another 5

minutes at 95°C.

Western-blot

Embryo extracts were prepared and normalised to total protein concentration as described
previously. For immunoprecipitation experiments, equal amounts of input samples, flow-
through and IP samples were adjusted to the same volume with 1x Novex™ NuPAGE™ LDS sample
buffer (Art. No. NP0007, Invitrogen™) supplemented with 100 mM DTT and incubated for 10 min
at 95°C.

Samples were loaded onto 4-12% gradient gels (Art. No. NP0321BOX, ThermoFisher,) and
separated using 1x NuPAGE MES SDS Running Buffer (Art. No. NP0002, ThermoFisher,) for INTS-
6::3xFLAG::eGFP IP or 1x NuPAGE MOPS SDS Running Buffer (Art. No. NP0001, ThermoFisher,)
for TOFU-6 IP. Proteins were transferred to Protan BA85 Nitrocellulose Membrane (Art. No.
10600002, Amersham) for 1h at 120 V using a Mini Trans-Blot® Cell (Art. No. 1703930, Bio-Rad)
using 1x NuPAGE™ Transfer Buffer (Art. No NP0006, Invitrogen™) supplemented with 10 %
methanol. Membranes were blocked in 1x PBS containing 5 % skim milk and 0.1 % Tween®20
for 1 h, then sectioned as necessary based on protein molecular weights. Each section was

incubated overnight at 4°C in 1x PBS containing 5 % skim milk, 0.1 % Tween®20, and the
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appropriated primary antibody: in-house anti-TOFU-6; anti-FLAG (rabbit, 1:1000, F7425-2MgG,
Sigma), anti-a Tubulin (mouse, 1:1000, ab7291, Abcam). Membranes were washed three times
for 10 minutes each with 0.1% PBS-T (1x PBS + 0.1% Tween®20), incubated for 1 h in 0.1% PBS-
T with the secondary antibody (1:2500 anti-rabbit IgG HRP-linked, Art. No. 7074, Cell Signaling
Technology®; or 1:2500 anti-mouse IgG HRP-linked, Art. No. 7076, Cell Signaling Technology®),
and washed three additional times with 0.1% PBS-T. Protein detection was carried out using
Amersham™ ECL Select™ Western Blotting Detection Reagent (Art. No. RPN2235, GE Healthcare)
and imaged on a LI-COR Odyssey M Western blot imager.

Mass-spectrometry

Enzymatic protein digestion

Immunoprecipitation experiments associated with mass spectrometry were performed as
explained above, in quadruplicates.

All samples were processed using the SP3 approach (Hughes et al,, 2019). The proteins were
reduced in DTT and alkylated by iodoacetamide in the dark. Enzymatic protein digestion was
performed using trypsin overnight at 37°C. The resultant peptide solution was purified by solid

phase extraction in Cig StageTips (Rappsilber et al,, 2003).

Liquid chromatography tandem mass spectrometry

Peptides were separated via an in-house packed 30-cm analytical column (inner diameter: 75
um; ReproSil-Pur 120 C18-AQ 1.9-um silica particles, Dr. Maisch GmbH) on an EASY-nLC 1000
UHPLC system (Thermo Scientific). The online reversed-phase chromatography separation was
conducted through a 105-min non-linear gradient of 1.6-32% acetonitrile with 0.1% formic acid
at a nanoflow rate of 225 nl/min. The eluted peptides were sprayed directly by electrospray
ionization into a Q Exactive Plus Orbitrap mass spectrometer (Thermo Scientific). Mass
spectrometry was conducted in data-dependent acquisition mode using a top10 method with one
full scan (mass range: 300 to 1,650 m/z; resolution: 70,000, target value: 3 x 106, maximum
injection time: 20 ms) followed by 10 fragmentation scans via higher energy collision dissociation
(HCD; normalised collision energy: 25%, resolution: 17,500, target value: 1 x 105, maximum

injection time: 120 ms, isolation window: 1.8 m/z). Precursor ions of unassigned or +1 charge
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state were rejected. Additionally, precursor ions already isolated for fragmentation were

dynamically excluded for 20 seconds.

Mass spectrometry data processing and statistical analysis

Mass spectrometry raw data were processed by MaxQuant software package (v 2.1.3.0) (J. Cox &
Mann, 2008) using its built-in Andromeda search engine (J. Cox et al., 2011). Spectral data were
searched against a target-decoy database consisting of the forward and reverse sequences of the
3XFLAG::TOST-1 bait protein, the UniProt C. elegans (release 2023_02; 28,540 entries) and E. coli
(release 2023_01; 5,064 entries) reference proteomes and a list of common contaminants.
Trypsin/P specificity was assigned. A maximum of 2 missed cleavages were tolerated.
Carbamidomethylation of cysteine was set as fixed modification. Methionine oxidation and
protein N-terminal acetylation were chosen as variable modifications. The “second peptides”
option was switched on. The “match between runs” function was activated. The minimum peptide
length was set to 7 amino acids. False discovery rate (FDR) was set to 1% at both peptide and

protein levels.

The MaxLFQ algorithm (J. Cox et al,, 2014) was employed for label-free protein quantification
without using its default normalization option. Minimum LFQ ratio count was set to be one. Both
the unique and razor peptides were used for quantification. Detected E. coli proteins, reverse hits,
potential contaminants and “only identified by site” protein groups were filtered out. Data
normalisation was performed on the log-transformed data. Under the assumption that the
majority of the detected proteins were non-specific background binders, the distribution of
protein LFQ intensities was assessed using kernel density estimation to find the peak density (A.
K. Rai et al., 2018). The LFQ intensities of each pull-down were then normalised by adjusting to
the point at which the peak density was found. Proteins were further filtered to retain only those
detected in at least two out of the four replicates in either group of each comparison. Following
imputation of the missing LFQ intensity values, the statistical significance of the difference
between the two groups was assessed using a modified t-statistic (t(SAM, statistical analysis of
microarrays) (Tusher et al., 2001) and visualized on a volcano plot. The combined significance

threshold (hyperbolic curve) was defined as ¢ty = 1.4 and sp = 1.5.
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Wide-field microscopy

Adult hermaphrodites were prepared by washing 20 - 30 animals in a drop of 100 pl M9 buffer,
followed by transfer to a 50 ul drop of M9 buffer supplemented with 40 mM sodium azide on a
coverslip. After incubating for 15 to 30 min, excess buffer was removed, and a glass slide with a
freshly prepared agarose pad (2 % (w/v) in water) was placed over the coverslip. For imaging

embryos, adult hermaphrodites were washed and dissected in M9 buffer before mounting.

Imaging was performed using a Leica DM6000B or Leica DMi8 wide-field microscope. For
embryo imaging, a 63x objective (NA 1.43) was used, and a 40x objective (NA 1.25) was used for

larvae. Images were processed and analysed using Fiji software.

Spinning disk microscopy

Adult hermaphrodites were washed and dissected in M9 buffer to isolate embryos, which were
then mounted as previously described. Time-lapse imaging of embryos was performed over 66
minutes with a 3-minute interval using a spinning disk confocal microscope from Visitron
Systems (VisiSope 5Elements) based on a Nikon Ti-2E stand and a spinning disk from Yokogawa
(CSU-W, 50 pm pinhole) controlled by the VisiView® software. The microscope was equipped
with a 60x plan apochromatic water immersion objective (NA 1.49), a twofold magnification lens
in front of the sCMOS camera (BSI, Photometrics), and a stage-top incubation chamber for live
imaging (20°C, ambient CO2). Embryos were excited by an argon laser at Aex= 488 nm (200 mW,
power set to 20 %) and the emission was detected in a range of Aem= 500 - 550 nm (ET525/50m,

Chroma). Z stacks were acquired with 5 um step size.

Image processing and quantification

Microscopy images were processed using Fiji. For measuring the GFP mean intensity in embryo
nuclei, background subtraction was first applied to the images. Regions of interest (ROIs) for
nuclei were defined using the Difference of Gaussian (DoG) filter (sigmas set to 11 and 7),
followed by thresholding with the Otsu method. In each embryo, the average GFP mean intensity
was calculated from three nuclei that were in focus. For embryos where GFP expression in nuclei
was absent, ROIs were manually defined using the brightfield channel. In addition to GFP mean

intensity, the nuclear area was quantified
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For time-lapse experiments (Figure R22), z-stacks were combined using the Sum Z projection in
Fiji. GFP mean intensity and standard deviation across the entire embryo were calculated after
background subtraction. ROIs for this analysis were manually defined based on the brightfield
channel. For the nuclei counting (Figure R23), the same procedure described above for defining

ROIs and quantifying nuclear GFP intensity was applied.

smFISH

Sample preparation and imaging

Single-molecule FISH probes (Table 6) targeting the gfp sequence present in the alleles ne4846
and ne4847 (Makeyeva et al., 2021) were designed using the Sterallis Probe designer. C. elegans
embryos were harvested three days after bleaching, as described previously. To slow
developmental progression, all buffers and centrifugations were performed at 4°C. Embryos
were fixed in 4% paraformaldehyde (PFA) in 1x PBS for 15 minutes at room temperature. The
samples are vortexed and immediately subjected to freeze-cracking by immersion in liquid
nitrogen for one minute, followed by thawing in water at room temperature. After thawing, the
samples were vortexed again, placed on ice for 20 minutes, and washed twice with 1x PBS. For
permeabilization, the embryos were resuspended in 70% ethanol and stored overnight at 4°C.
Hybridization was performed by mixing the probes in hybridization buffer (100 mg/mL Dextran
sulfate, 1 mg/mL E. coli tRNA, 2 mM Vanadyl ribonucleoside complex, 0.2 mg/mL RNase-free
BSA, 10% (v/v) Formamide (deionized)) at a final concentration of 125 nM. After washing the
embryos with wash buffer (10% (v/v) Formamide (deionized), 1X SSC buffer), the hybridization
buffer was added, and the samples were incubated overnight at 30°C. The samples were
subsequently washed twice for 30 minutes at 37°C, with DAPI added to the final wash at a
concentration of 5 ng/ml to stain the nuclei. After a final 5-minute wash with 2x SSC at room
temperature, the embryos were mounted in Ibidi mounting medium (Art. No. 50001, Ibidi) and
directly imaged using a Spinning Disc Confocal Microscope BC43 (Andor) and the objective 100x

(NA 1.45). Z-stacks were acquired with 0.5 um intervals.

Table 6 | Probes used in smFISH experiment.

Probe name Sequence
his-61_GFP_1 aagttcttctcctttactgg
his-61_GFP_2 gaattgggacaactccagtg




his-61_GFP_3 cccattaacatcaccatcta
his-61_GFP_4 cctctccactgacagaaaat
his-61_GFP_5 gtaagttttccgtatgttgc
his-61_GFP_6 gtagttttccagtagtgcaa
his-61_GFP_7 acaagtgttggccatggaac
his-61_GFP_8 ggtatctcgagaagcattga
his-61_GFP_9 tcatgccgtttcatatgatc
his-61_GFP_10 gggcatggcactcttgaaaa
his-61_GFP_11 ttctttectgtacataacct
his-61_GFP_12 gttcccgtcatctttgaaaa
his-61_GFP_13 tgacttcagcacgtgtcttg
his-61_GFP_14 taacaagggtatcaccttca
his-61_GFP_15 ataccttttaactcgattct
his-61_GFP_16 gtgtccaagaatgtttccat
his-61_GFP_17 gtgagttatagttgtattcc
his-61_GFP_18 gtctgecatgatgtatacat
his-61_GFP_19 ctttgattccattettttgt
his-61_GFP_20 ccatcttcaatgttgtgtct
his-61_GFP_21 atggtctgctagttgaacgc
his-61_GFP_22 cgccaattggagtattttgt
his-61_GFP_23 gtctggtaaaaggacagggc
his-61_GFP_24 aagggcagattgtgtggaca
his-61_GFP_25 tcttttegttgggatctttc
his-61_GFP_26 tcaagaaggaccatgtggtc
his-61_GFP_27 aatcccagcagctgttacaa
his-61_GFP_28 tatagttcatccatgccatg

Image analysis and quantification

Materials and Methods

smFISH image analysis were performed using Imaris software (v 10.1). The "Spots" function

within the software was used to detect and quantify individual fluorescent molecules. The

detection of smFISH molecules was guided by the "Quality" threshold parameter, which

determines the minimum signal intensity required for a spot to be considered. This parameter

was optimized to minimize background detection while ensuring accurate identification of true

smFISH signals. For each detected spot, the maximum fluorescence intensity was also measured

to assess variability in signal strength. This experiment was performed in two independent times.

EMS screening

Mutagenesis

The protocol used was based on (Brenner, 1974; Jorgensen & Mango, 2002). Mix stage plates of

the RFK912 strain, containing a large number of early L4 larvae, were washed with M9 buffer.
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The worms were collected in 15 ml sterile plastic centrifuge tube, and the supernatant was
discarded following centrifugation. The worm pellet was then resuspended in 3 ml of M9 buffer
and transferred to a new tube containing diluted EMS (Art. No M0880, Sigma) in M9 buffer to a
final concentration of 47mM. The worms were incubated at 20°C for 4 hours on a spinning wheel.
After incubation, the worms were pelleted again, the supernatant removed, and the worms were
washed twice with M9 buffer. The treated worms were then transferred to NGM plates (90 mm)
seeded with OP50 and incubated at 15°C. Seven days later, 1100 F1 offspring were singled onto
new NGM plates (60 mm), with 5 worms per plate, and incubated at 15°C. After five days, when
the F1 generation reached the L4 stage, the worms were transferred to 25°C. After an additional
five days, plates were screened for F3 suppressors, which were then singled onto individual
plates. F3 plates were incubated at 25°C to confirm homozygosity of the suppressor mutation for
one more generation. F4 animals with viable progeny were selected and backcrossed twice to the
original RFK912 strain. The clonal population from the F4 generation of the outcrossed strains
was expanded until the plates were starved for genomic DNA extraction. The RFK912 strain was

used as the reference genome for subsequent analyses.

Genomic DNA extraction and library preparation

Genomic DNA (gDNA) was extracted using the Gentra Puregene Tissue Kit (Art. No. 158667,
Qiagen), according to the manufacturer’s instructions. A total of 1.5 ug of gDNA was diluted to a
final volume of 55 pl using TE buffer and fragmented using a Covaris S2 sonicator, using the
following parameters: Intensity: 5; Duty Cycle: 10%; Cycles/burst: 200; Time (sec): 120; Number
of cycles: 2.; Power mode: Frequency sweeping.; Degassing mode: Continuous. The fragmented

gDNA was pooled and analysed using the Tape Station with High Sensitivity D1000 ScreenTape.

Library preparation was performed using NEBNext Ultra II DNA Library Prep Kit for [llumina
Version 7.0_9/22. Libraries were prepared with a starting amount of 10ng of fragmented DNA
and were amplified in 9 PCR cycles. Libraries were profiled in a High Sensitivity DNA on a 2100
Bioanalyzer (Agilent technologies) and quantified using the Qubit 1x dsDNA HS Assay Kit, in a
Qubit 4.0 Fluorometer (Invitrogen by Thermo Fisher Scientific). All 22 samples were pooled
together in equimolar ratio and sequenced on 1 NextSeq2000 P2 FC,PE for 2x 100 cycles plus 2x

8 cycles for the dual index read.
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Sequencing and analysis

Libraries were sequenced on a NextSeq2000 with a read length of 100 base pairs in paired end
mode. Reads were trimmed for sequencing adapters using Cutadapt (M. Martin, 2011) (v4.4) and
mapped against the C.elegans genome (WBcel235) using BWA-MEM?2 (H. Li, 2013) (v2.2.1), read
duplicates were removed using Picard (‘Picard Toolkit’, 2019) (v3.0.0). Tracks were generated
using bamCoverage (Ramirez et al, 2016) (v3.5.1). The variants were called using GATK
Haplotypecaller (Poplin et al, 2018) (v4.4.0.0) and subsequently filtered using GATK’s
SelectVariants tool for SNPs, Indels and mixed variants. The identified variants were ten filtered
filtered for variants present in the TOST sample using vcftools (Danecek et al., 2011) (v0.1.16).
The TOST sample serves as the background of the used strain towards the reference strain.
Additional filtering was done for standard quality and a minimal depth of 6 (parameter “-filter
+/d=6") by vcftools. The variants were then classified as homozygous and heterozygous calls
using GATKSs SelectVariants and VariantFilteration tools. Afterwards vcf files were converted to

maf (Mayakonda etal., 2018) (v1.6.21) and annotated using VEP (McLaren etal., 2016) (v110.1).

The expected transitions from G to A and C to T were selected, using bcftools (Danecek et al,,
2021) (v1.17). The filtered vcf files for homozygous calls were then converted to XLSX format
using R/Bioconductor (Huber et al.,, 2015) (v3.16) and a range of R/Bioconductor packages
(Maftools (Mayakonda et al., 2018) v2.16, VariantAnnotation (Obenchain et al., 2014) v1.46,
openxlsx (Schauberger et al.,, 2024) v4.2.5.2, tidyr (Wickham et al., 2024) v1.3.0, purrr (Wickham
& Henry, 2024) v1.0.1, dplyr (Wickham et al,, 2023) v1.1.2, tibble (Miiller & Wickham, 2024)
v3.2.1).

Y2H

Two-hybrid assays were performed using the haploid Saccharomyces cerevisiae strains P]69-4a
and PJ70-4q, along with the pGAD and pGBD plasmid series, as described previously in (James et
al,, 1996). Briefly, plasmids were constructed by cloning the cDNA of the respective gene into the
appropriate plasmid vector using restriction enzymes (Table 7). The resulting plasmids were
then transformed into one of the two yeast strains and allowed to grow on -Trp or -Leu YPD
plates to select for successful transformation. Colonies carrying the pGAD plasmid were then
pooled with colonies carrying the pGBD plasmid and allowed to mate at 37°C overnight. The
mating solution was spotted onto -Trp -Leu YPD plates, and the plates were incubated for 3 days

at 30°C to confirm successful mating. A colony from each mating pair was subsequently used for
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pinning onto selection plates [a) -Leu -Trp; b) -Leu -Trp -His; c) -Leu -Trp -His -Ade]. These
plates were incubated for three days, and interactions were scored based on growth. Cell pinning

was performed using the Rotor HAD (Singer Instruments, ROT-001).

Table 7 | List of plasmids used in the Y2H experiment.

Plasmid number | Construct/Backbone | Plasmid number | Construct/Backbone
pRFK1394 pGAD pRFK3186 ints3a in pGAD
pRFK1395 pGBD pRFK3187 ints3c in pGAD
pRFK1396 ife-3 in pGAD pRFK3188 ints3d in pGAD
pRFK1397 ife-3 in pGBD pRFK3189 ints6a in pGAD
pRFK1398 erh-1in pGAD pRFK3190 spt5 in pGAD
pRFK1399 erh-1in pGBD pRFK3191 spt4 in pGAD
pRFK2100 pid-1 in pGAD pRFK3192 nabplain pGAD
pRFK2101 pid-1 in pGBD pRFK3193 nabp1b in pGAD
pRFK2102 tost-1 in pGAD pRFK3194 ints3a in pGBD
pRFK2103 tost-1 in pGBD pRFK3195 ints3cin pGBD
pRFK2104 tofu-6 in pGAD pRFK3196 ints3d in pGBD
pRFK2105 tofu-6 in pGBD pRFK3197 ints6a in pGBD
pRFK2106 pid-3 in pGAD pRFK3198 spt5 in pGBD
pRFK2107 pid-3 in pGBD pRFK3199 spt4 in pGBD
pRFK2115 erh-2 in pGAD pRFK4500 nabplain pGBD
pRFK2116 erh-2 in pGBD pRFK4501 nabp1b in pGBD

Statistics

Statistical analyses of microscopy data and viability assays were performed using RStudio (v
4.2.2). Normality of the data distribution was assessed using the Shapiro-Wilk test. Homogeneity
of variance for normally distributed data was evaluated using Levene’s test. For normally
distributed data with equal variances, an unpaired Student’s t-test was used for comparisons
between two groups. For non-normally distributed data, the Mann-Whitney U test was used for
comparisons between two groups. For multiple group comparisons of non-normally distributed
data, the Kruskal-Wallis test followed by Dunn’s post-hoc test with Benjamini-Hochberg
correction was applied to adjust p-values. A p-value < 0.05 was considered statistically

significant. All experiments were performed at least twice.
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Materials and Methods

All databases, predictors and other online resources are listed in Table 8.

Table 8 | List of online resources used in this study.

Name

URL

Reference

BLAST®

https://blast.ncbi.nlm.nih.gov/Blast.cgi

(Camacho etal., 2009)

Clustal Omega

https://www.ebi.ac.uk/Tools/msa/clustalo/

(Madeira et al,, 2019)

CRISPOR http://crispor.tefor.net/ (Haeussler et al., 2016)
IDT™ OligoAnalyzer https://eu.idtdna.com/calc/analyzer -
Omero https://www.openmicroscopy.org/ (Allan et al.,, 2012)

Primer3web v4.1.0

http://primer3.ut.ee/

(Untergasser et al,, 2012)

UniProt

https://www.uniprot.org/

(Bateman, 2019)

Stellaris Probe Designer v 4.2

https://www.biosearchtech.com/stellaris-designer

Wormatlas https://www.wormatlas.org/ -
Wormbase https://wormbase.org/ -
Wormbook http://wormbook.org/ -
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Results

TOFU-6 binds specifically RD histone mRNAs in embryos

Our group, along with others, previously identified the PETISCO complex, which includes the
proteins TOFU-6, PID-3, ERH-2 and IFE-3 (Cordeiro Rodrigues et al., 2019; Zeng et al., 2019).
PETISCO interacts with two distinct small ligand proteins, PID-1 and TOST-1, which appear to
direct the complex towards different RNA targets. In the presence of PID-1, PETISCO associates
specifically with piRNAs precursors. However, the RNA targets of PETISCO in the presence of
TOST-1 remain unknown. Importantly, both PETISCO and TOST-1 are essential for early
embryogenesis; loss of either result in a maternal-effect embryonic lethality (Mel) phenotype.

PID-1 on the other hand, is not necessary for embryonic development.

TOFU-6 iCLIP optimization

To identify the RNA targets of PETISCO in embryos, we optimized Individual-nucleotide
resolution UV crosslinking and immunoprecipitation (iCLIP) on endogenous TOFU-6, a 41 kDa
protein with an RRM domain, making it well-suited for RNA binding experiments. Using an anti-
TOFU-6 antibody, we detected a distinct, specific band in immunoprecipitated (IP) samples from
embryos (Figure R1.A). We optimized the iCLIP protocol across several parameters, such as UV-
C irradiation intensity, antibody concentration, and RNase concentration, each tested
sequentially to determine optimal TOFU-6/RNA complex formation, monitored via
phosphoimaging (Figure R1.B). UV-crosslinking confirmed that TOFU-6 associates with RNA in
vivo, as indicated by a clear band in UV-treated samples (Figure R1.B, sample 1) that was absent
in untreated samples (Figure R1.B, sample 3). We tested two antibody concentrations (2 pg and
10 pg) and found that 2 pg provided the best specificity (Figure R1.B, samples 5, 6); thus, we
proceeded with this concentration. Next, we optimized the UV-C dose and observed that 400
mJ/cm? produced the most stable protein-RNA complexes (Figure R1.B, samples 7-10).
Adjustments in RNase concentration generated RNA fragments of various sizes, with lower
RNase levels producing more diffused signal due to longer protein-RNA complexes (Figure R1.B,
samples 11-14). Using an RNase inhibitor instead of RNase resulted in a highly diffuse signal,
indicating the presence of untrimmed RNA (Figure R1.B, sample 15).

Based on these optimizations, we used 2 pg of anti-TOFU-6 antibody, an RNase dilution of 1:300,
and 400 mJ/cm2 UV-C irradiation for all subsequent library preparations. Inmunoprecipitations

and RNA extractions were performed in two separate batches, resulting in six biological
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replicates for TOFU-6 iCLIP (samples 1 to 6) along with two negative controls lacking anti-TOFU-
6 antibody (Cnt1 and Cnt2) (Figure R1.C).

After RNA purification and cDNA synthesis, we amplified the libraries using varying PCR cycles
to maintain optimal yield: 21 cycles for replicate 1, 19 cycles for replicate 2, and 24 cycles for the
remaining samples. We assessed the library size distribution using a TapeStation (Figure R1.D).
All samples, including the negative controls, showed prominent bands at approximately 50 bp
and 70-80 bp, which likely corresponded to primer dimers. However, only TOFU-6 iCLIP samples
showed diffuse signal spanning from 70 bp to 150 bp and from 200 bp upwards, which was
absent in Cnt1 and Cnt2. The libraries were pooled, and excess primers were removed through

two rounds of ProNex size selection (Figure R1.E).
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Figure R1 | TOFU-6 iCLIP optimization in C. elegans embryos. A. Inmunoprecipitation (IP) experiment using embryo
lysates incubated with beads conjugated to anti-TOFU-6 antibody (a-TOFU-6) or unconjugated beads (no Ab). Input,
IP and flow-through (FT) fractions were analysed by western blot. The predicted TOFU-6 protein is indicated by the
arrow. B. Autoradiographs showing radioactively labelled TOFU-6-RNA complexes from optimiza