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Xenopus laevis oocytes are transcriptionally silent cells that require hormone stimulation
for maturing into fecundation-competent eggs. Meiosis resumption underlying oocyte
maturation is governed by sequential waves of protein synthesis, which in these cells is
promoted by cytoplasmic polyadenylation, a mechanism that has been mostly studied
for the CPEBs. CPEBs are a family of RNA binding proteins that can both promote
translational repression in quiescent cells and translational activation in maturing oo-
cytes. This dual activity has been shown to be regulated by post-translational modifica-

tions that impact on their interactome, stability and aggregation properties.

Several studies have addressed the composition of the CPEB complexes in stage VI oo-
cytes and their remodeling upon hormone stimulation. However, these studies show
inconsistent and mutually exclusive results. In this regard, we have tailored an adapta-
tion of the BioID methodology to identify the 7z vivo interactors of the CPEBs in both
contexts. With this approach we have established novel links between the CPEBs and
machineries associated to miRNA translational control, adenosine methylation and the
CCR4-NOT complex. In addition, we show that all four CPEBs have a similar inter-

actomic landscape in stage VI oocytes, though they have also interesting specificities.

To add another layer of complexity, we have characterized the phase separation proper-
ties of the four CPEBs, a principle that is becoming increasingly relevant in all the pro-
cesses regulating gene expression. We have found that CPEBI has clearly different LLPS
properties compared to CPEB2-4, even though these three paralogs have also different
material properties that need to be further addressed. We propose that these differences

explain why there are four CPEBs with non-redundant functions in higher organisms.

Our findings pave the way for more specific research focused on the potential links
between the CPEBs and other master translational regulators, both in repression and
activation, as well as provide a starting point for a deeper understanding on how the

composition and material properties of a condensate impact translational control.

vii
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mRNA:s: at the crossroads of gene expression

The Central Dogma of Molecular Biology

A living organism is described as an open system that uses the gradients found in the en-
vironment to create imperfect replicates of itself (Prigogine et al., 1972). This definition
of life already associates the biological processes characteristic of any living organism
(metabolism, growth, adaptation, reproduction...) with a flux of information. For bio-
logical systems, as for modern societies, information is the most valuable resource and,
consequently, mechanisms have been developed for its writing, storing, reading, trans-

fer, surveillance and even hijacking.

Although it may be surprising for people my age, who have grown up in the boom
of the post-genomic era, what we all know as the Central Dogma of Molecular Bio-
logy was defined not so many years ago (Crick, 1970). The Central Dogma establishes
a flux of information that has allowed us to understand the molecular mechanisms un-
derlying several experimental observations (Horowitz et al., 1945) as well as it has served

as a framework for the development of fundamental models that are broadly accepted

nowadays.
Replication
Transcription Translation

protein

DNA

Figure 1: Central Dogma of Molecular Biology. The Central Dogma establishes the flux of
information from DNA to proteins. Although it has been revisited several times since its defin-
ition (i.e. incorporating non-coding RNA molecules), it stills serves as a conceptual framework

for gene expression.

As a consequence of the development of Molecular Biology techniques such as the well-

known PCR, there has been an eruption in the last years of valuable experimental data

Introduction



4 mRNA:s: at the crossroads of gene expression

regarding the control of gene expression at the genomic and transcriptomic level. Some
instances of this are public research projects like the Human Genome Project, the EN-
CODE Project and the 1000 Genomes Project, which have permitted the identification
and characterization of important transcription factors and their cognate binding sites,
transcription enhancers and start sites, chromatin architecture and modifications and

also the identification of genetic variants that explain biological variability and disease.

Despite the advances in this field, historically less effort has been devoted to better un-
derstand the processes downstream RNA synthesis. In the recent years though, thanks
to the development of methodologies including RNA immunoprecipitation, ribosome
profiling, CLIP, RNA interactome capture..., post-transcriptional control of gene ex-
pression has been more broadly studied in a variety of contexts (cancer, inflammation,

metabolism, memory acquisition...).

In this first section we will focus on the mRNA molecule, specially on its synthesis and

processing in the nucleus as well as the molecular features that characterize it.

pre-mRNA nuclear processing

Transcription and the main pre-mRNA processing steps are physically and function-
ally coupled (Zhao, 2002; Soop, 2003). This coupling is mediated by the C-terminal
domain (CTD) of the largest subunit of the RNA polymerase II complex (RNAPII),
which acts as an interaction hub for several transcription and mRNA processing factors
(Fong, 2001; Buratowski, 2005). While an mRNA is being transcribed it is concomit-
antly associated with mRNA binding proteins that will determine its processing, nuc-
lear export, subcellular localization, translation and stability (Aguilera, 2005). Overall,
maturation of a pre-mRNA involves its 5’-end capping, splicing and 3’-end cleavage
and polyadenylation. Importantly, correct pre-mRNA processing is critical for generat-

ing stable and functional mnRNAs (Ghosh and Lima, 2010).
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The first step in pre-mRNA processing occurs as soon as the first 22-25 nucleotides of
the nascent mRNA emerge from the exit channel of the RNAPII complex (Aguilera,
2005). At this moment, the RNA molecule is capped in three sequential steps by the
Hcel and Heml enzymes with the well-known 7-methyl-guanosine cap (m7GpppRNA)
(Moteki and Price, 2002; Ramanathan et al., 2016). The m7G cap, which is essential for
recognition by the cap-binding complexes in the nucleus and the cytoplasm, contributes
significantly to mRNA splicing (Edery and Sonenberg, 1985), nuclear export (Goodfel-
low and Roberts, 2008; Carmody and Wente, 2009), translation (Shatkin and Manley,
2000; Fischer, 2009) and stability (Shimotohno et al., 1977).

Even though it can also occur uncoupled to transcription (Kornblihtt, 2004), it is well
established that the removal of introns from the pre-mRNA and the subsequent liga-
tion of the flanking exons, a process called splicing, occurs co-transcriptionally (Kotovic
et al., 2003). Indeed, the nuclear cap-binding complex (CBC) favors the assembly of
the splicing-commitment complex on the cap proximal intron by facilitating the recruit-
ment of the small nuclear ribonucleoprotein (snRNP) core spliceosome components,
such as Ul snRNP. Remarkably, the deposition of the exon-junction complex on the
spliced molecule has a vital contribution to the formation of mRNPs and marks the

mRNA for downstream processing steps (Wahl et al., 2009).

Genome-wide studies estimate that 90-95% of human genes undergo some level of al-
ternative splicing. This process is a ubiquitous regulatory mechanism of gene expression
that allows the generation of more than one unique mRNA species from a single gene
(Papasaikas et al., 2015), as it can make mRNA species differ in their untranslated re-
gions or coding sequence by mechanisms that involve exon skipping, use of alternative
splice sites, choice between mutually exclusive exons and intron retention (Baralle and
Giudice, 2017). Alterative splicing of mRNA molecules can have also an impact on

mRNA stability, localization and/or translation.

Introduction
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5’-end capping Splicing 3’-end formation
m7G
Export and
localization
CTD
m7GTP m7G
RNA 5’-end %
RNA exit cleavage and
channel J polyadenylation
; complex
. Spliceosome
Capping
complex [

Nascent RNA RNAPII

Figure 2: Nuclear pre-mRNA processing. While an mRNA is being transcribed, it is con-
comitantly modified in its 5’- and 3’-ends by capping and cleavage and polyadenylation. Also,
introns and alternatively spliced exons are removed and the mRNA is coated with proteins that

will determine its stability, localization and fate. Picture adapted from Desterro et al. (2020).

The last step in pre-mRNA maturation is 3’-end processing. With the exception of
replication-dependent histone transcripts (Marzluft et al., 2008), the maturation of eu-
karyotic mRNA 3’-ends involves an endonucleolytic cleavage followed by synthesis of
a 250 nucleotides-tail onto the upstream cleavage product in a template independent
manner (Millevoi and Vagner, 2010; Eckmann et al., 2011; Jurado et al,, 2014). The
assembly of the 3’-end processing complex begins with the cooperative interaction of
the CPSF and CstF complexes with the hexanucleotide or polyadenylation signal (PAS)
(Proudfoot, 2011) and the downstream sequence element, a U/GU-rich region, respect-
ively. Importantly, the formation of this complex also relies on the CTD of the RNAPII
complex and the capped 5’-end (Darnell, 2013). Notably, polyadenylation impacts on
many aspects of mRNA metabolism, especially transcription termination, mRNA sta-

bility, nuclear export and translation.

Similar to the combinatorial potential of alternative splicing, alternative polyadenyla-

tion (APA) is also extensively used to regulate gene expression. In fact, around 50-
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70% of human genes have been found to encode multiple transcripts derived from APA
(Di Giammartino et al., 2011; Elkon et al., 2013). Alternative usage of poly(A) signals
can either generate transcripts with 3’ untranslated regions (UTRs) of different length,
when APA occurs at the 3’ end, or can even produce different protein isoforms, when
the selected PAS is located in internal introns/exons. Consequently, alternative poly-
adenylation as well has an impact on mRNA localization, stability and translation (Bava

etal., 2013).

Finally, RNA molecules can also be post-transcriptionally modified by a collection of
more than 100 distinct chemical modifications (Machnicka et al., 2012). The addi-
tion or removal of these chemical moieties is reversible, highly dynamic and context-
dependent, forming what is known as the epitranscriptome. RNA modifications can
occur in the base, the ribose or both, and have been shown to affect RNA stability, func-
tion and translation by direct and indirect mechanisms (Kuge, 1998). Direct effects are
mediated by changes in the physicochemical properties of the RNA molecules, which
can trigger restructuration of their secondary structure, while indirect effects are medi-
ated through increased or reduced affinity for a certain group of RNA binding proteins,

the modification readers (Liu et al., 2015; Zhao et al., 2017).

mRNA features

The mature mRNA can be dissected into two untranslated regions, at the 5’- and 3’-
ends, and the coding sequence in between. Importantly, an mRNA is neither a linear
nor a naked molecule, for it is coated by a plethora of RNA binding proteins (RBPs)
throughout its lifetime and it is also able to acquire secondary and tertiary structures,
altogether vital for determining its fate. It is important to mention that the 3>-UTR of
an mRNA is the only region that is not swept by the ribosome, as there is no scanning

through this region in normal conditions.

Introduction
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The 5’-end of most of the eukaryotic nRNAs, with the exception of the few mitochon-
drial genes (Montoya et al., 1981), harbors not only the 5’ cap but also an untranslated
sequence, with a median length of 53-218 nucleotides, that works as a loading platform
for the ribosome. Ribosomes recruited to the mRNAs scan the 5’-UTR sequences until
they reach the start codon, though genes with an extremely short 5’-UTR can undergo

translation by scanning-free initiation (Mignone et al., 2002; Haimov et al., 2015).

Secondary RNA modifications
structures ‘
miRNA
A A%
mGTP ~[uORF -~~~ CcDS —— “~[CPE PAS (A),
Regulatory
protein
5-UTR 3’-UTR

Figure 3: Collection of mRNA features. The untranslated regions of an mRNA are hubs of
regulatory elements, secondary structures and chemical modifications. The integration of these

signals decides the fate of the transcript.

Highly structured 5’-UTRs, containing folded domains such as hairpins, RNP com-
plexes, RNA G-quadruplexes or pseudoknots, impair the recruitment of the ribosome
required for cap dependent translation (Leppek et al., 2018). Interestingly, other folded
regions (i.e. internal ribosome entry sites or IRES) can favor cap-independent transla-
tion in contexts where cap-dependent translation is impaired (Holcik and Sonenberg,
2005) . The 5’-UTR is also a platform for RBPs and long non-coding RNAs that can
control the translational status of their cognate mRNAs . In addition, RNA modi-
fications at the 5-UTR such as N°-Methyladenosine (m®A) can favor cap-dependent
translation mediated by eIF3 (Zhao et al., 2017), and other possible mechanisms (Kuge,
1998), in certain cellular contexts. It is also worth mentioning the existence of upstream
open reading frames (uORFs), which generally inhibit translation by limiting the access

of ribosomes to the main start codon (Zhang et al., 2019).
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As it is the case for the 5’-UTR, there has been an increase in 3’-UTR length during the
development of higher organisms, suggesting a role for both of them in the regulation of
biological complexity (Mayr, 2016, 2017). 3>-UTRs mediate in the regulation of mRNA
localization (Martin and Ephrussi, 2009), stability, translation (Mendez and Richter,
2001) and, more recently described, protein-protein interactions (Ma and Mayr, 2018),
largely by AU-rich elements and miRNA binding sites (Barreau, 2005; Bartel, 2009).
These cis elements are recognized by RBPs in a sequence- or structure-dependent man-
ner and recruit effector proteins that will determine the fate of the mRNA. Remarkably,

the composition of RBPs bound to the 3>-UTR is dynamic and context-dependent.

Importantly, alternative splicing and alternative cleavage and polyadenylation generate
mRNAs with different 3>-UTR length that can regulate differentially their fate (Bava
et al,, 2013). Notably, differentiated cells in later developmental stages tend to express
mRNAs with longer 3>-UTRs, whereas highly proliferating cells tend to generate shorter
ones (Ulitsky et al., 2012).

On the other hand, the coding sequence (CDS) is the only region that is translated
into a protein sequence. Even though it does not have ¢zs elements described to mediate
in the regulation of the mRNA life, in the last years several studies have demonstrated
that codon composition of the CDS can have an impact on the translation rate (Ko-
mar, 2009; Pechmann and Frydman, 2013; Schuller and Green, 2018). Recent works
suggest that the coding region is also a platform for RNA modifications such as m®A,
5-hydroxymethylcytosine, pseudouridine and 2’-O-methylation, which have been de-
scribed to have a potential role in the regulation of mRNA processing, stability and

translation (Roundtree et al., 2017).

Now that we have a nuanced view of a messenger RNA, we will dedicate the follow-
ing section to translation, the process by which these messengers serve as templates for

protein synthesis.

Introduction



10 Translation: from the message to the product

Translation: from the message to the product

Translation of an mRNA represents the final step in the gene expression pathway and
is used to fine-tune protein levels in time and space. In the cell, mRNAs are generally

distributed between an actively translated and a non-translated pool in the cytoplasm.

oo e
aQ “od 60S
Amino acid “
80S ribosome ?
o I& f& % S N
m’Gppp o o e s AAAAAAA
Phase |Initiation Elongation Termination Recycling

Figure 4: Overview of mRNA translation. The main steps in translation are initiation,
elongation and termination. The proteins participating in each step are different and, specially

for translation initiation, tightly regulated. Figure adapted from Schuller and Green (2018).

Translation initiation

There are several models for translation initiation, from cap-dependent translation to
cap-independent mechanisms that rely on mRNA structural features (IRES), RNA
modifications (m6A) or trans-acting factors (eIF3) (Leppek et al., 2018). For this sec-

tion we will just focus on cap-dependent translation.

Translation initiation involves the positioning of an elongation-competent 80S ribo-
some at the start codon (AUG) . In the case of cap-dependent translation, the small
ribosomal subunit (40S) assembles with the eukaryotic initiation factors eIF1, 1A, 3 and
5, and the ternary complex (composed of the initiator methionyl-tRNA (Met-tRNAi)
and the GTP-bound form of eukaryotic initiation factor 2 (eIF2)) to form the 43S pre-
initiation complex (Gebauer and Hentze, 2004; Hinnebusch and Lorsch, 2012; Shat-
sky et al., 2018). This complex associates with the 5’-cap structure by the interaction
between elF3 and the eIF4F protein complex, which contains the cap-binding protein

elF4E, the DEAD-box helicase eIF4A and the scaffolding protein eIF4G. Importantly,
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elF4G also interacts with poly(A)-binding protein (PABP), which in turn is bound to
the poly(A) tail, and it is believed to cause the pseudocircularization of the mRNA mo-
lecule (Gallie, 1991). Though still in debate (Adivarahan et al., 2018; Khong and Parker,
2018), this conformation enhances ribosome recruitment, mRNA stability and ribo-
some recycling and provides a spatial framework in which the 3-UTR binding factors

can regulate translation initiation.

3-UTR

- Release
of elFs

RNA structure
unwinding

)
(elF3) glF2)) FTernary complex 43S scanning
sy

t-tRNA,

43S pre-initiation
complex

Figure 5: Overview of translation initiation. Cap-dependent initiation requires the forma-
tion of a 43S pre-initiation complex and its association with the eIF4F complex. Then, the 43S
complex scans along the 5’-UTR until it reaches the start codon, which allows recruitment of

the 60S subunit to form the 80S complex. Figure adapted from Leppek et al. (2018).

Once assembled, the 43S pre-initiation complex scans along the 5’-UTR in an ATP-
dependent manner until it reaches and identifies the start codon (AUG) in an optimal
context (Kozak, 2002). Binding of the 43S complex to this codon results in the form-
ation of a stable complex known as the 48S initiation complex. Upon binding of the
tRNA with the AUG, elF2-bound GTP undergoes hydrolysis catalyzed by the GTPase-
activating protein eIFS, which is necessary for the recruitment of the 60S subunit to
form the 80S complex. This hydrolysis induces the release of most of the initiation
factors, including eIF2-GDP, leaving the initiator tRNA base-paired with AUG at the
P-site. Finally, GTP hydrolysis of eIF5B is stimulated by the ribosome and renders it

competent for protein synthesis (Jackson et al., 2010; Hinnebusch and Lorsch, 2012).

Introduction



12 Translation: from the message to the product

Translation elongation

During elongation, ribosomes move processively along the mRNA molecule, codon by
codon, synthesizing the encoded protein one aminoacid at a time (Schuller and Green,
2018). Translation elongation happens in three sequential steps: tRNA selection, pep-
tide bond formation and translocation of the mRNA-tRNA complex. First, the codon-
matching aminoacyl-tRNA is loaded into de A site of the ribosome by the eukaryotic
elongation factor 1A GTPase (¢EF1A) in a ternary complex with GTP (Carvalho et al.,
1984); then, the peptide bond linking the nascent polypeptide with the aminoacid at
the A site is formed by a nucleophilic attack assisted by eIFSA, hence transferring the
growing peptide chain to the A site (Beringer and Rodnina, 2007). Translocation of
the mMRNA-tRNA complex to the next codon is assisted by the eEF2 GTPase, which

allows the repetition of the elongation cycle until the ribosome reaches the stop codon

(Shao etal., 2016).
eEF1 A
Me‘[-tRNA”\"et eEF2
elF5A @
m7G ------ - ............
start

Figure 6: Overview of translation elongation. Elongation of the peptide sequence is medi-
ated by a fully-competent 80S complex. This process consists of three sequential steps: tRNA
selection by eEF1A, peptide bond formation by a nucleophilic attack and mRNA-tRNA trans-
location by eEF2. Figure adapted from Schuller and Green (2018).

Translation termination and ribosome recycling

Translation termination begins when the ribosome encounters a stop codon in the A
site, a process that is assisted by the eukaryotic release factor 1 (eRF1), which has a strik-

ingly similar shape to that of a tRNA and is also bound by the GTPase eRF3 (Songetal.,
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2000; Schuller and Green, 2018). Upon engagement of the eRF1-eRF3 complex with
the ribosome, eRF3 dissociates following GTP hydrolysis, which in turn poises eRF1
to coordinate a water molecule at the peptidyl-transferase center, thus hydrolyzing and
releasing the nascent peptide from the peptidyl-tRNA and, ultimately, from the 80S

ribosome (Frolova et al., 1999; Dever and Green, 2012).

Translation termination

Figure 7: Overview of translation termination and ribosome recycling. (a) When the 80S
complex encounters a stop codon, eRF1 hydrolyses and releases the nascent peptide assisted by
eRF3-mediated GTP hydrolysis. (b) Ribosome recycling required for new rounds of translation
is mediated by the ATPase ABCEL. Picture adapted from Schuller and Green (2018).

Once translation termination has been completed, the 80S complex containing a deacyl-
ated tRNA in the P site must be recycled into its 40S and 60S subunits. Ribosome
recycling is attained by ABCEIL, which uses the force generated by ATP binding and
hydrolysis to dissociate the ribosomal subunits, assisted by eRF1 (Pisarev et al., 2010).
Interestingly, ABCEI could also have a role coupling translation termination with ribo-
some recycling in yeasts, as it stimulates peptidyl hydrolysis by eRF1 (Shoemaker and
Green, 2011). Finally, the mRNAs and tRNAs must also be removed from the 408 sub-

unit, potentially through the activity of ligatin or DENR proteins.
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Remarkably, ABCEI has been shown to interact with several initiation factors, and ge-
netic depletion of this gene in yeast impairs the assembly of pre-initiation complexes.
Therefore, it is likely that ABCEI has an important role in connecting the sequential
processes of ribosome recycling and translation initiation, which would underscore the
importance of the pseudocircularization step required for translation to be initiated

(Dong et al., 2004; Andersen and Leevers, 2007).

Bridging the edges: the closed-loop model

As mentioned earlier, the translation initiation factor eIF4G simultaneously binds eIF4E
and PABP, hence linking the two ends of an mRNA molecule (Gallie, 1991). These in-
teractions promote the pseudocircularization of the mRNA, which is suggested to stim-
ulate translation initiation (by recruitment of eIF3 and eIF4A and increasing the interac-
tion of eIF4E with the cap), inhibit decapping and assisting in ribosome recycling (Am-
rani et al., 2008; Sonenberg and Hinnebusch, 2009; Jackson et al., 2010; Tomek and
Wollenhaupt, 2012). Remarkably, adoption of the closed-loop conformation would be
facilitated by polyadenylation, as poly(A) strengthens the binding of PABP to EIF4G
(Wells et al., 1998).

3’-UTR

Figure 8: Closed-loop model conformation. Pseudocircularization of the mRNA has been
postulated to play an important role in translation initiation. This conformation is attained by
the interaction of both ends of the mRNA: on the 5’-end side the cap-binding complex eIF4E-
eIF4G and on the 3™-end the poly(A) tail and PABP. Picture adapted from Leppek et al. (2018).
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Despite the evidences for these interactions and the observations of circular conforma-
tions, specially 2z vitro, there are also works that compromise the validity of this model
(Adivarahan et al., 2018; Khong and Parker, 2018). The more recent conception pro-
poses a transient nature for the closed-loop conformation (once the ribosome has been
recruited), which would conceal the fact that these interactions favor translation initi-
ation with the fact that they haven’t been observed 7z vivo and are not indispensable for
cells. Alternatively, this model could also apply to only a subset of mRNA molecules.
Nonetheless, it is important to stress that the integrity of the closed-loop conformation
is allegedly a target of a number of factors that stimulate or inhibit translation (Stebbins-

Boaz et al., 1999; Kim and Richter, 2006; Minshall et al., 2007).

We will dedicate the following section to the mechanisms that eukaryotic cells have de-

veloped for controlling gene expression by fine-tuning translation.

Translational control of gene expression

In eukaryotes, the nucleus physically separates transcription from translation, which has
permitted the development of a complex post-transcriptional control system, largely ab-
sent in prokaryotes. The long lifetimes of the eukaryotic mRNAs, generally from hours
to days, is another feature that allows tuning of translation rates and yields. Notably,
global gene expression analyses in mammalian cells have revealed that translation efh-
ciency is the best predictor of protein expression, thereby underscoring the importance

of this last step in the gene expression flux.

It is vital to stress that, while almost every step of mRNA translation is target for regu-
lation, translation initiation is the rate-limiting process and also the most complex one,
hence being the main target for translational control mechanisms. For this reason, we

will mainly focus on the regulation at this crucial step.
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We will distinguish between those mechanisms that affect globally to translation and
those that have an impact only on the translational status of a smaller set of genes. Other
importantaspects of translational control such as mRNA localization, decay and poly(A)

tail length dynamics will be discussed as well.

Global control of gene expression

Global control of translation is generally attained by changes in the phosphorylation
status of initiation factors or their regulators (Gebauer and Hentze, 2004; Hinnebusch
and Lorsch, 2012), though proteolysis is implicated in some cellular contexts as well,

such as viral infections or apoptosis (Sonenberg and Hinnebusch, 2009).
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Translational control by elF2a phosphorylation
Met
Translation initiation
Ternary GTP Sequestered
complex elF2-elF2B complex
e‘m GDP
Active elF2
b

Translational control by 4E-BPs phosphorylation

Blocked translation @ or @
© @

®
eore
o
Active translation

Figure 9: Global control of gene expression. (a) Global translation shut-down can be
achieved through phosphorylation of eIF2, which reduces the availability of this factor for
the formation of functional ternary complexes. (b) Global translation activation can be attained
by phosphorylation of 4E-BPs, which increases the availability of eIF4E for binding the cap of
translationally active mRNAs . Picture adapted from Gebauer and Hentze (2004).



Translational control of gene expression 17

The best-characterized examples are phosphorylation of eIF2 ot and 4E-binding proteins
(4E-BPs). Phosphorylation of elF2a subunit (by kinases such as PERK, HRI, PKR
and GCN2) reduces the dissociation rate of elF2 with e[F2B, which has GEF activ-
ity, thus impairing the reconstitution of functional ternary complexes required for new
rounds of translation initiation (Rowlands et al., 1988; Jackson et al., 2010). On the
other hand, hyperphosphorylation of 4E-BP proteins (for example by the mTOR cas-
cade in response to insulin) increases the availability eIF4E, thus favoring its interaction
with eIF4G, required for the cap-mediated recruitment of the 43S pre-initiation com-

plex (Pause et al., 1994; Gingras et al., 1999).

During the last decade, regulatory mechanisms that don’t act at the initiation step have
also been described, especially for the elongation phase. As an example, phosphoryla-
tion of eEF2 by the eEF2 kinase inhibits its activity by preventing it from binding to
the ribosome, thereby affecting its translocation and, ultimately, translation elongation.
This kind of regulation will ensure that, under conditions where energy availability is
compromised, it is not dedicated to protein synthesis, as well as it also warrants that
translation can be rapidly reversed upon return to homeostasis (Kaul et al., 2011; Roux

and Topisirovic, 2012).

mRNA-specific control of gene expression

Control of the expression of certain mRNA subsets is essential for the life of complex
organisms. Again, most of the mechanisms described to regulate translation of specific
mRNAs impact on translation initiation, though more recent work is unraveling the

control of the elongation step.

The association of the 43S pre-initiation complex with specific mRNAs is controlled
by some aforementioned 5’-UTR features (IRES, pseudoknots, hairpins...) as well as

RNA-binding proteins (Gebauer and Hentze, 2004; Leppek etal., 2018). RNA-binding
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proteins controlling translation initiation can exert their function by steric hindrance in
the cap-proximal region, as it is the case for IPR1/2 inhibiting the translation of the fer-
ritin mRINA (Muckenthaler et al., 1998), or by interfering with the eIF4F complex, as
it is the case for the repressor protein Cup with the unlocalized 7za7os mRNA (Nelson
et al., 2004). Remarkably, translation initiation can also be inhibited after 43S recruit-
ment: hnRNPK and hnRNPE1 have been observed to prevent the binding of the 60S
ribosomal subunit at the start codon of the LOX mRNA (Ostareck et al., 2001).

Interestingly, global reduction of translation initiation can favor the translation of a
subset of genes that share presence of a number of uORFs in their 5>-UTRs before the
main open reading frame (ORF), as it is the case of the 47F4 mRNA. Translation of
ATF4is enhanced upon endoplasmyc reticulum (ER ) stress, a condition in which eIF2
phosphorylation reduces the availability of ternary complexes and uORFs upstream the

ATF4-coding ORF are skipped (Barbosa et al., 2013).

Cap-dependent translation initiation of specific mRNAs can also be inhibited by mi-
croRNAs. These small RNA molecules can exert this inhibitory effect by interfering
with the 43S pre-initiation complex scanning (mediated by the locking of eIF4A2 onto
the target’s 5>-UTR) and by the recruitment of the CCR4-NOT complex, a deadenyla-
tion machinery that promotes removal of the poly(A) tail and decapping (Bartel, 2009;
Jonas and Izaurralde, 2015). Notably, mechanisms targeting the length of poly(A) tails
(miRNAs, 3°>-UTR-binding RBPs...) impact on translation initiation, possibly through

the stability of the closed-loop conformation and/or affecting ribosome recycling.

Translational control at the elongation step can also be mediated by s features found
in the CDS of the regulated mRNAs. For instance, certain aminoacid sequences can
cause ribosome stalling, either because of the poor reaction kinetics of some aminoacids
or from inhibitory conformations of the nascent peptides in the exit tunnel (Schuller

and Green, 2018). In addition to it, mRNA sequences rich in codons of lowly expressed
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cognate tRNAs can also elicit ribosomal pausing, a phenomenon that has been observed
through ribosome profiling experiments and thatis known as codon optimality (Richter
and Coller, 2015). Additionally, the ribosome can also encounter strong mRNA sec-

ondary structures that can arrest elongation (Riba et al., 2019).

Remarkably, in recent years it has been shown that the composition of the ribosomes in
a cell is heterogeneous, which endows them with differential selectivity for translating
subsets of transcripts, including those controlling metabolism, cell cycle and develop-

ment (Shi et al., 2017; Simsek et al., 2017).

mRNA localization

Transcript localization is a key step in the regulation of gene expression. From an ener-
getic point of view, localization of an mRNA template optimizes energy expenditure, as
it is far cheaper than mobilizing a myriad of protein molecules to the desired location.
In addition, regional targeting of mRNAs can serve to prevent proteins from reaching
the wrong subcellular compartment, as well as it can assist in complex formation, by

bringing together the respective transcripts (Chin and Lécuyer, 2017).

While docking of certain mRNAs to the membranes of some cellular compartments
(endoplasmic reticulum, mitochondria...) occurs co-translationally, upon emergence
of signal sequences in the nascent peptides (Walter et al., 1981), several transcripts har-
bor c¢zs-localization elements within their sequences that modulate their subcellular dis-
tribution and fate early from transcription (Smith, 2004; Lécuyer et al., 2007; Martin
and Ephrussi, 2009). Indeed, there is growing evidence that gene promoters can dic-
tate the behavior of the transcribed products by the recruitment and handover of trans-

regulators to the nascent mRNA (Zander et al., 2016).

The most prevalent mechanism modulating mRNA localization involves the transport
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of transcripts along the cytoskeleton through the interaction of mRNPs with motor
proteins that favor directional movement. Alternatively, mRNAs can also be distrib-
uted asymmetrically in the cell due to diffusion-entrapment and selective stabilization

mechanisms (Chin and Lécuyer, 2017).
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Figure 10: mRNA localization in stress granules and processing bodies. mRNAs can
be localized in membraneless organelles in order to provide spatial and temporal control over
their expression. Paradigmatic examples of these ensembles are stress granules, which assemble
upon stress and contain polyadenylated mRNAs and stalled ribosomes, and P-bodies, which are
assembled constitutively and are potential sites of mRNA storage. Picture adapted from Parker

and Sheth (2007).

In normal conditions, but especially under stress, mRNAs can be detected at micro-
scopic assemblies that are membraneless. In the cytoplasm, two kinds of biomolecular

condensates have been extensively studied: processing bodies (P-bodies, PBs) and stress
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granules (SGs) (Decker and Parker, 2012). Stress granules appear under acute or chronic
stress conditions, which induce the phosphorylation of eIF2«, and consist of stalled pre-
initiation complexes that include the 40S subunit, translation initiation factors eIF4F,
elF3 and PABD, as well as polyadenylated mRNAs that cannot be translated. On the
contrary, Processing-bodies can be found constitutively in cells and are composed of pro-
teins associated with mRINA silencing and decay as well as deadenylated mRNA (Luo
et al,, 2018). Despite the historical conception of P-bodies as mRNA decay centers, it
is now becoming widely considered the possibility that the sequestration of mRNAs
in processing-bodies may instead allow their rapid mobilization into the translationally
active pool to ensure fast temporal and/or spatial control over gene expression (Standart

and Weil, 2018).

Noteworthy, P-bodies and SGs are dynamic structures with partially overlapping func-
tions. Accordingly, some of their components are shared and both proteinsand mRNAs
move between these compartments in an equilibrium with polysomes (Balagopal and

Parker, 2009; Youn et al., 2018; Hondele et al., 2019).

Mechanisms of mRNA decay

The last step in the mRNA lifecycle is mRNA decay. Regulation of mRNA turnover is
essential for controlling the abundance of cellular transcripts and thus protein expres-
sion levels (Garneau et al., 2007). Broadly, cellular mRNA decay can be divided into
two pathways: basal mRNA decay and quality control decay.

Degradation of mRNAs at the end of their translational life, also known as basal mRNA
decay, occurs in several stages, but initiates with the rate-limiting gradual shortening of
the poly(A) tail, termed deadenylation, by cellular decay factors including the CCR4-
NOT complex and poly(A)-specific ribonuclease (PARN) (Abernathy and Glaunsinger,

2015). Transcript deadenylation triggers removal of the cap by the decapping complex
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DCP1/2 and its activators (Tharun, 2009; Nishimura et al., 2015). These events expose
the mRNA to rapid exonucleolytic degradation, primarily from the 5’-end by XRNI1
(Jinek etal., 2011), but also from the 3’-end by the exosome and DIS3L2 (Tomecki et al.,
2010).

Besides basal mRNA decay, cells require a quality control system to maintain the tran-
scriptome fidelity, thereby destroying cytoplasmic mRNAs recognized as aberrant. In
such cases, deadenylation-indepenent mechanisms operate to degrade mRNAs with
premature termination codons, a process known as nonsense-mediated decay (Parker
and Song, 2004; Popp and Maquat, 2013), or mRNAs with stalled ribosomes or non-
terminating ribosomes, processes known as no-go decay (Doma and Parker, 2006) and
nonstop decay respectively (van Hoof, 2002). All these mechanisms start with the en-
donucleolytic cleavage of the affected mRNAs followed by the gradual trimming from

either end (Gallouzi and Wilusz, 2013).

Prunning the 3’-end: mRNA deadenylation

The length of a poly(A) tail is a critical determinant of mRNA stability and translation
efficiency (Chen and Shyu, 2011). Generally, poly(A) tails undergo partial deadenyla-
tion following mRNA transport to the cytoplasm. There is, then, a default deadenyla-

tion that occurs regardless of transcript lability or stability.

As mentioned above, nearly all major mRNA decay pathways are initiated by deadenyla-
tion, with the predominant deadenylase being the CCR4-CAF1 complex. Many stud-
ies have demonstrated that deadenylation is biphasic, involving the sequential actions of
PAN2/3 (initial trimming up to 110nt) and CCR4-CAF1 complexes in mammalian
cells (Yamashita et al., 2005; Webster et al., 2018; Yi et al,, 2018). Apart from these
deadenylases, many others can also be found in eukaryotes, such as Nocturnin, AN-

GEL and 2’PDE (Yan, 2014).
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Importantly, poly(A) tail shortening is not exclusively linked to mRNA decay. As pre-
viously stated, deadenylated mRNAs can be stably stored in processing bodies and can
then resume translation upon re-elongation of their poly(A) tail in the cytoplasm. There-
fore, deadenylation is an important mechanism also in translational repression or silen-

cing (Kim and Richter, 2006; Standart and Weil, 2018).

Several RNA-binding proteins can regulate the length of the poly(A) tail of their tar-
gets, thereby promoting their silencing or degradation. These RBPs recognize specific
sequences at the 3>-UTR of the targets, among which the best characterized examples
are AU-rich elements and the cytoplasmic polyadenylation elements. These sequences
are bound by proteins such as TTP and CPEBs respectively, and are known to recruit

deadenylases to their targets (Goldstrohm and Wickens, 2008).
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Figure 11: Overview of mRNA-specific deadenylation. poly(A) tail shortening or
deadenylation is mediated by several deadenylases (PARN, CCR4/CAF1, PAN2/3...) and can
be triggered by specific cis elements in the mMRNA 3’-UTR and their cognate trans-acting factors.

Depending on the context, deadenylation can drive either nRNA degradation or storage.
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Notably, miRNA-mediated repression and decay involves poly(A) tail shortening as
well, generally through recruitment of the CCR4-NOT complex. Alternatively, when
miRNAs are fully complementary to their targets, deadenylation is bypassed and de-

gradation is attained by direct endonucleolytic processing (Fabian etal., 2011; Yan, 2014).

Remarkably, deadenylation may also be regulated by translation through a yet unknown
mechanism (Lima et al., 2017; Heck and Wilusz, 2018). It has been shown that PABP
influences translation by interacting with eIF4G and eRF3 while, at the same time, pro-
motes mRNA deadenylation (Bresson and Tollervey, 2018). Accordingly, it has been
proposed that PABP might mediate the putative coupling between translation rate and
deadenylation, which would ensure the coordination of translation, storage and decay.
According to Lima et al. (2017), this coupling might explain why poly(A) tail length is

not associated with translational efficiency in nonembryonic cells (Park et al., 2016).

Cytoplasmic polyadenylation

Cytoplasmic polyadenylation is the elongation of the poly(A) tail of an mRNA after it
has been exported to the cytoplasm. Typically, this process increases protein expression
from specific transcripts by the translational activation of stored mRNAs with short
poly(A) tails, especially as a response to a specific signal (Villalba et al., 2011; Weill et al.,
2012; Charlesworth et al., 2013). This process was first discovered in the 1970s in sea
urchin embryos (Wilt, 1973) and since then it has been observed not only in the oo-
cytes and early embryos of many animal species including insects, amphibians (Fox et al.,

1989) and mammals (Yang et al., 2020b), but also in somatic cells (Du, 2005).

Regulation of translation by cytoplasmic polyadenylation allows mRNA nuclear ex-
port to be separated from the synthesis of the encoded proteins in space and time. Con-
sequently, many of the mRNAs that are regulated by this process are localized to specific

positions in the cell and/or are only translated upon certain stimuli (Eliscovich et al.,
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2008; Radford et al., 2008; Martin and Ephrussi, 2009; Darnell and Richter, 2012).
Notably, cytoplasmic polyadenylation itself is only one function of a family of RNP
complexes that can also mediate translational repression, deadenylation and mRNA loc-
alization, as the same sequence elements and RBPs mediating the control of poly(A) tail

size normally contribute to these other processes as well.
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Figure 12: Overview of nuclear and cytoplasmic polyadenylation. (a) mRNAs are cleaved
and polyadenylated co-transcriptionally in the nucleus. This process requires two ¢s elements
in the 3-UTR, namely the PAS and the U/GU-rich sequence recognized by CPSF and CstF
complexes respectively. After cleavage, a poly(A)-polymerase elongates the poly(A) tail to favor
mRNA export and transcript stability. (b) Elongation of the poly(A) tail in the cytoplasm upon
a stimulus requires not only the PAS but also ¢zs elements recognized by RBPs that mediate the

recruitment of polyadenylation factors. Picture adapted from Weill et al. (2012).
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Cytoplasmic polyadenylation requires not only the poly(A) signal that is needed for
polyadenylation in the nucleus, which is recognized by the CPSF machinery (Colgan
and Manley, 1997), but also specific ¢zs elements at the 3’-UTR of the target mRNA,
which allow regulation of this process. The sequence elements described to be medi-
ating cytoplasmic polyadenylation are few : TCS (Wang et al., 2008), MBE (Charles-
worth et al., 2006), PBE (Suh et al., 2009), DAZL binding sequence..., and the best-
characterized is the cytoplasmic polyadenylation element, henceforth the CPE (Paris

and Richter, 1990).

The set of poly(A)-polymerases that have been related in different organisms and cel-
lular contexts to cytoplasmic polyadenylation is limited to five proteins, namely Gld2,
Gld2, ZCCHC6, ZCCHCI11 and POLS (Shin et al., 2017a). These proteins are only
recruited to specific mnRNAs by certain RBPs under certain stimuli (Rouhana, 2005;

Kim and Richter, 2006; Charlesworth et al., 2013).

Intriguingly, there have also been described instances of translational activation inde-
pendent of cytoplasmic polyadenylation, as it is the case of some studies with DAZL in

Xenopus laevis oocytes (Padmanabhan, 2006).

The paradigm of translational activation upon cytoplasmic polyadenylation might be re-
visited considering the findings of Yangetal. (2020b). Their work with high-throughput
approaches suggests that poly(A) tail length changes rather than raw length correlate
better with changes in translation and, on top of that, poses the density and spacing of
U-rich motifs in the 3-UTR as critical determinants for controlling translation. Tak-
ing into account these observations, cytoplasmic polyadenylation would only have an
impact on translation provided the transcript 3>-UTR has also an optimal U-rich motif
composition. According to the authors, this cooperative fashion of promoting trans-
lation could be attributed to DAZL, though other proteins such as CPEB, FUBPI or
ELAV are possible candidates.
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We will devote the following section to describe a family of RNA binding proteins, the
CPEBs, focusing on the molecular principles by which they exert their dual function as

translational regulators.

Translational control by the CPEBs

The CPEB family of proteins

The cytoplasmic polyadenylation element-binding family of proteins (CPEBs) are es-
sential regulators of post-transcriptional gene expression. Even though they were ini-
tially described to have a role in early embryogenesis and germ cells development (Paris
etal.,1991; Lantz et al., 1994; Hake and Richter, 1994; Walker et al., 1999; Stebbins-Boaz
etal., 1999), it is now clear that these proteins are also key mediators of cellular homeo-
stasis in a variety of somatic tissues, regulating important biological processes such as
cell proliferation, senescence, cell polarity and synaptic plasticity (Novoa et al., 2010;
Fernandez-Miranda and Méndez, 2012). Hence, when misregulated, they contribute to
the development of several pathological manifestations, including tumor development,
memory defects... (Ortiz-Zapater et al., 2012; Calderone et al., 2016; Maillo et al., 2017;

Villanueva et al., 2017; Parras et al., 2018).

In vertebrates, this family is composed of four members, namely CPEB1-4, where CPEB1
is the more distant paralog and CPEB2-4 are more closely related (Wang and Cooper,
2010). In other species, CPEBs can be found in different numbers, such as Orb and
Orb2 in Drosophila (Lantz et al., 1992; Walker et al., 1999; Hasegawa et al., 2006). Not-
ably, knock-out mouse models for CPEB1-4 display different phenotypes, thereby un-

derscoring that these proteins are not functionally redundant (Ivshina et al., 2014).

All four paralogs harbor a highly conserved C-terminal region comprised of two RNA

Introduction



28 Translational control by the CPEBs

recognition motifs (RRM:s) in tandem and a ZZ-box, responsible for the binding of
CPE-containing RNAs (Hake et al., 1998). Importantly, the RRM:s are required for
sequence-specific recognition of the CPE sequence, whereas the ZZ domain only con-
tributes to the affinity (Afroz et al., 2014). On the other hand, the N-terminal domains
of the four CPEBs are highly variable in length and composition across orthologs and
paralogs, and lack any recognizable structure, which renders them as putative intrins-
ically disordered sequences. Nonetheless, this region has been shown to contain the
regulatory elements of CPEB1 and CPEB4 and more evidence is appearing for the other
members (Mendez et al., 2000b; Setoyama et al., 2007; Pavlopoulos et al., 2011; Guillén-
Boixet et al., 2016).
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Figure 13: Phylogenetic tree of the CPEB family. Unrooted phylogenetic tree of the most
representative CPEB proteins based on a multiple sequence analysis using complete protein se-
quences. As depicted, distances between orthologs are significantly shorter than those between
paralogs. CPEBI vertebrate orthologs are the most distant members, whereas those of CPEB2-4

are evolutionarily closer. Picture from Fernindez-Miranda and Méndez (2012).
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The cytoplasmic polyadenylation element

The CPE is a sequence that was originally characterized as conferring cytoplasmic poly-
adenylation during Xenopus oocyte maturation (Fox et al., 1989; McGrew and Richter,
1990). Essentially, it is a U-rich element containing a stretch of at least four uridines,
defined by the consensus sequence 5-UUUUA, 3U-3’, though several non-consensus

CPEs have also been identified (Piqué et al., 2008).
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Figure 14: CPEBs domains and regulation. All four CPEBs share a similar structure: a highly
ordered C-terminal domain comprising two RNA-recognition motifs (RRMs) in tandem and
a ZZ-box, responsible for the binding to the targets, and a highly variable N-terminal domain
which presumably contains the regulatory sites. Specially for CPEB1, CPEB3 and CPEB4, post-
translational modifications affecting their function and/or stability have been identified. CPEBs
can also be alternatively spliced, giving rise to isoforms with potential different behaviors and

functions.

Importantly, most of the work on the interaction between CPEBs and CPEs has been
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performed with CPEBI. For CPEB3-4, a distinct U-rich loop motif, not recognized by
CPEBI, was identified by SELEX, though more recent studies show that CPEB2 and
CPEB4 also recognize the same CPE as CPEB1 (Novoa et al., 2010; Igea and Méndez,
2010). CLIP experiments with the Drosophila orthologs Orb and Orb2b showed differ-
ent binding motifs, suggesting that CPEBs can bind more elements than the canonical
CPE:s (i.e. Orb2 seems to have affinity for CPEs with a G at the fifth position) and that,
despite sharing overlapping targets, some mRNAs might be preferentially bound by
one CPEB subfamily (Stepien et al., 2016). This last statement is underscored by the
fact that while the RNA-binding domain (RBD) of Orb2 can be functionally replaced
by that of mouse CPEB2, it cannot be replaced by the RBD of Orb or mouse CPEB1.

Solution NMR studies suggest that structural differences in the RRMs of CPEBI and
CPEB4 in recognizing a CPE may explain why CPEBI could be more permissive for
non-consensus CPEs as compared to CPEB2-4, based on the recognition of A5. Non-

etheless, the same work shows that both paralogs can bind to the CPEs with comparable

affinities (Afroz et al., 2014).

Several studies in Xenopus laevis oocytes have established the principles of CPE-mediated
translational control in the context of meiosis (Piqué et al., 2008; Belloc and Méndez,
2008). These seminal works demonstrated that CPE-mediated repression requires a
cluster of at least two CPEs, irrespective of its position along the 3’-UTR, where the
distance between the pair of CPEs defines the repression efficiency. More recently, other
studies have confirmed these observations (Luong et al., 2020; Yang et al., 2020b). In
addition, the Pumilio binding element (PBE) was also shown to enhance repression,

possibly through stabilization of CPEB binding to the target mRNA.

Regarding the role of the CPEs in translational activation, Piqué et al. (2008) demon-
strated that CPE-mediated cytoplasmic polyadenylation and the subsequent activation

of translation require a single consensus CPE, proposing also that the distance between
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this element and the PAS modulates the extent of polyadenylation, with an optimal sep-
aration of 25 nucleotides. Notably, only for the case of non-consensus CPEs the PBE

would be a requirement.

Another recent work with mouse oocytes poses a different paradigm. CPE-mediated
repression would be attained by preclusion of the binding of CPSF4 with the PAS by
CPEBI, even for mRNAs with single CPEs (Dai et al., 2019). Therefore, translational
repression requires a relative close distance between PASs and CPEs, though it varies
among different 3>-UTRs. In brief, the numbers and positions of CPEs in relation to
PASs within the 3>-UTR of a given transcript determine its repression efficiency in GV
oocytes. About translation activation after germinal vesicle breakdown, the same work

shows that it requires at least one CPE adjacent to the PAS.

Irrespective of the models proposed, it is widely accepted that in Xenopus laevis oocytes
a combinatorial code of CPE, PAS, PBE, ARE and possibly other czs elements, ensures a
fine-tuned control of meiosis, which has recently been related to APA in mouse oocytes

(Yang et al., 2020b).

CPEB:s role in translational repression

Translational control by cytoplasmic changes in the length of the poly(A) tail of the
mRNAs was originally discovered as a key mechanism governing gene expression dur-
ing meiotic progression in transcriptionally silent Xenopus laevis oocytes. As mentioned
above, control mediated by CPEBI is the best-characterized example of this mechanism

of regulation.

Stage VI or fully-grown oocytes store huge amounts of silent mRNAs required for mei-
otic resumption upon progresterone stimulation (LaMarca et al., 1973; Rodman and

Bachvarova, 1976; Schmitt and Nebreda, 2002). While CPEBI itself doesn’t have any
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intrinsic catalytic activity, it is presumed that its main function is to recruit effector pro-
teins to mRNAs that are intended for repression or masking. So far, three models have

been proposed to explain CPEBI-mediated repression.

The first model contemplates the recruitment of Maskin to the CPEBI particle (Stebbins-
Boaz et al., 1999). This protein contains a peptide sequence that is conserved among
elF4E-binding proteins and would compete with eIF4G for binding to the cytoplasmic
cap-binding complex, in a similar manner eIF4E-BPs exert their function. As a con-

sequence, translation initiation would be precluded by impairment of the eIF4E-eIF4G

interaction.
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Figure 15: Sequential waves of polyadenylation determined by the CPE combinatorial
code. Upon progesterone stimulation, CPEBs regulate the three key activities that drive meiotic
progression by establishing three sequential waves of cytoplasmic polyadenylation. The CPE
combinatorial code endows the oocytes with the capacity to fine-tune translation in a temporal

fashion. Picture from Weill et al. (2012).
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The second model is built on the proteins with opposite roles PARN and GId2 (Barnard
etal.,, 2004; Kim and Richter, 2006,2007). PARN, as mentioned earlier, has deadenylase
activity and would be responsible for the cytoplasmic poly(A) tail shortening of CPEBI
targets in Xenopus laevis oocytes. On the contrary, GId2 is a poly(A)-polymerase that
elongates the poly(A) tail of its targets. As the model suggests, the activity of PARN
overtakes that of Gld2, hence ensuring short poly(A) tails. However, for PARN to be
active it requires binding to the cap, which would not be possible as long as Maskin is

bound to eIF4E. Consequently, these two models are mutually exclusive by definition.

Finally, a third work proposes a model without Maskin and PARN. Rather, CPEBI
targets would be translationally inactive due to the interaction of an ovary-specific iso-
form of eIF4E, termed eIF4E-1b, with the cap (Andrei, 2005; Minshall et al., 2007).
According to this model, this isoform has less affinity for eIF4G and this would prevent
translation initiation. In addition, translational repressors like eIF4E-T (EIF4ENIF1),
p54 (DDX6), RAP55 (LSM14 family of proteins) and PAT1 would be also present in
the complex. This model, though, would not explain how the mRNAs repressed by
CPEBI would have their poly(A) tails shortened.

Despite the implications that these models arise, there still lacks a study which determ-
ines, in a holistic manner, if all these models coexist in Xenopus laevis oocytes, if they
represent different repression complexes for specific mRNAs or specific phases of the
cell cycle, or if any of them predominates over the others (Rouhana, 2005). In any case,
CPEBI mediated repression seems to require both poly(A) tail shortening and eIF4F
complex formation impairment, which are key steps in the circularization of mRNAs
necessary for translation initiation. Nevertheless, it remains unknown as to which of
these models may apply to somatic mammalian cells. For instance, the mammalian or-
tholog of Maskin (TACC3) does not contain the eIF4E-binding motif and, according

to the third model, repression requires an ovary-specific isoform of eIF4E.
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Figure 16: Proposed models for CPEB1-mediated repression in stage VI Xenopus laevis

oocytes. (a) Repression complex mediated by the interaction between CPEBI1 and PARN,
which results in shortening of the poly(A) tail and cap-blockade. (b) Repression complex medi-
ated by CPEB1 interaction with Maskin, which masks the cap-binding protein 4E, thus preclud-
ing the formation of the cap-binding complex. (c). Repression complex mediated by CPEBI in-
teraction with DDX6, eIF4E-T and eIF4E1-b, an isoform of 4E with reduced affinity for eIF4G.
Picture adapted from Fernindez-Miranda and Méndez (2012).

At the same time, alternative repression mechanisms have been described for the other
CPEBs in somatic cells. CPEB2, for instance, has been observed to repress translation
elongation by interacting with the eEF2, impairing eEF2/ribosome-triggered GTP hy-
drolysis (Chen and Huang, 2012). In another study CPEB3 was shown to mediate trans-
lational repression by the recruitmet of the deadenylase CAF1 to G/#R2 mRNA by dir-
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ect interaction with Tob, which promotes the destabilization of the target mRNA in
neurons (Hosoda et al., 2011). Finally, CPEB4 has been proposed to repress translation

during terminal erythropoiesis in an eIF3-dependent fashion (Hu et al., 2014).

CPEBs role in translational activation

CPEBI inhibits translation of its targets during oocyte development and in stage VI oo-
cytes, which are arrested at Prophase I, yet it is also required for the efficient translation

of the CPE containing mRNAs upon progesterone stimulation (Mendez et al., 2000Db).

Oocytes that have been stimulated with progesterone activate signaling cascades that
trigger the activation of Aurora Kinase A, which in turn phosphorylates CPEB1 at Ser174,
thereby eliciting a rearrangement of the repression complex (Andresson, 1998; Cao,
2002; Cao et al., 2006). The single phosphorylation of CPEBI engages the first poly-
adenylation wave, necessary for the synthesis of important cell cycle regulators (Emil,
Mos, cyclin B2 and cyclin BS among others) and CPEB4. This first wave allows the

proper entry into metaphase I (MI).

Atmetaphase I, CPEBL is targeted for degradation by phosphorylation at multiple proline-
directed sites conducted by Cdkl and Plk1 (Reverte et al., 2001; Mendez, 2002; Setoy-
amaetal,, 2007). At this stage, CPEBI engages the second polyadenylation wave, or late
polyadenylation, which is necessary for the synthesis of proteins such as cyclin Bl and

cyclin BS (Hake and Richter, 1994; Mendez and Richter, 2001).

Finally, from interkinesis until the metaphase IT (MII) arrest, CPEB4 takes over CPEBI
and, when hyperphosphorylated by ERK2 and Cdkl, is responsible for the translation
of the mRNAs required for oocyte fecundation (Igea and Méndez, 2010; Guillén-Boixet
et al., 2016). Importantly, translation at this late-late phase, is ensured by the presence

of AREs at the 3-UTRs of certain mRNAs and the negative feed-back loop established
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by C3H-4 (Belloc and Méndez, 2008).
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Figure 17: CPEBI and CPEB4 concerted functions in the meiotic cell cycle. Upon pro-
gesterone stimulation, AurKA phosphorylates CPEBI and switches its role from translational
repressor to activator. During this first polyadenylation wave which drives the progression to
Metaphase I, proteins such as Mos and CPEB4 are synthesized. Transition from MI to MII
is facilitated by a late wave of polyadenylation mediated by Plk1/Cdkl-phosphorylated CPEBI
which, in turn, poises it for degradation. Once at MII, CPEB4 takes over CPEBI and sustains

the late-late polyadenylation wave. Picture adapted from Guillén-Boixet et al. (2016).

At the molecular level, Aurora A kinase phosphorylation of CPEBI increases its affinity
for CPSF, hence favoring the recognition of the PAS and, in turn, stabilizing the bind-
ing of Gld2 to elongate the poly(A) tail (Mendez et al., 2000b; Barnard et al., 2004).
In addition, CPEBI phosphorylation decreases the affinity of the complex for PARN,
thereby inducing its exclusion and, consequently, facilitating poly(A) tail lengthening
(Kim and Richter, 2006). Concomitantly, CPEBI phosphorylation also helps dissoci-
ating ePAB (embryonic PABP) from the core, which allows its binding to the poly(A)
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tail, a key step for mRNA circularization (Kim and Richter, 2007). On the other hand,
it has also been proposed that Maskin phosphorylation upon progesterone stimulation
would be necessary for breaking its interaction with eIF4E, hence favoring the recruit-

ment of eIlF4G to the cap (Barnard et al., 2005).

There are also some evidences of translation activation mediated by the CPEBs in mam-
malian somatic cells. CPEBI, for instance, represses NR24 mRNA in neurons when as-
sembled with PARN, SYMPK, Gld2 and Neuroguidin, while it dissociates from PARN
and NGD upon neuronal stimulation (Udagawa et al., 2012). Regarding CPEB2, it has
been proposed that ablation of its interaction with eEF2 releases HIFla mRNA from
elongation blockage (Chen and Huang, 2012). As for CPEB3, Pavlopoulos et al. (2011)
showed that, when mono-ubiquitinated by the E3-ligase activity of Neuralized, it is able

of increasing the translation of G/uAI and G/nA2 mRNAs.

We will finish the introduction talking about phase separation, an old concept applied

very recently to Cell Biology, and will link it to the CPEBs.

CPEBs and phase separation

Principles of phase separation

Cells have exploited component compartmentalization to optimize spatiotemporal con-
trol over cellular materials, metabolic processes and signaling pathways (Ditlev et al.,
2018; Mittag and Parker, 2018; Langdon and Gladfelter, 2018). Whereas component
partitioning by membrane-bound organelles has been long understood, less was known
about the membraneless counterparts (e.g., P-bodies, SGs, the Balbiani body, the nuc-
leolus, germ granules...) until a seminal paper from Anthony Hyman’s lab showed that
C. elegans P-granules have liquid-like properties and form by a process known as liquid-

liquid phase separation (Brangwynne et al., 2009).
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Phase separation is a physical phenomenon that occurs when a supersaturated homo-
geneous solution of macromolecular components spontaneously separates (or demixes)
into two phases, a dense phase and a dilute one, that then stably coexist. From a ther-
modynamic point of view, liquid-liquid phase separation (LLPS) occurs when the inter-
actions of components for each other are sufficiently more energetically favorable than
interactions with the solvent such that the total free energy of the system is favorable for
demixing. Importantly, this process depends on the volume fractions of the compon-
ents and environmental factors such as pH, temperature, ionic strength and the presence

of other solutes (Banani et al., 2017; Boeynaems et al., 2018).

From this paper on, more evidences have been provided on this regard. Now, itis broadly
considered that phase separation underlies many biological processes, including hetero-
chromatin formation (Strom et al., 2017; Sanulli et al., 2019), nucleocytoplasmic trans-
port (Schmidt and Gérlich, 2016) and the formation of membraneless compartments
(Sachdev etal., 2019; Kriwacki etal., 2019). Among the features of this kind of compart-
mentalization there is the selective enrichment of components into the condensates, the
generation of microenvironments amenable for certain biochemical reactions, buftering
of protein concentrations, the formation of signaling compartments and the nucleation

of cytoskeletal structures (Langdon and Gladfelter, 2018).

Proteomic and genetic studies have identified protein components of several membrane-
less organelles (Fong et al., 2013; Boke et al., 2016; Jain et al., 2016; Youn et al., 2018).
These studies suggest that the most important step towards forming a condensate is the
establishment of a dense network of interacting molecules, which relies in the multi-
valency of adhesive domains and/or linear motifs between proteins and/or nucleic acids.
In essence, phase separation results from weak multivalent interactions that form highly
cooperatively and hence have the necessary properties to form large and dynamic assem-

blies (Oldfield and Dunker, 2014; Pak et al., 2016).
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Figure 18: Schematic representation of a phase diagram over time. As depicted, dense
liquid droplet formation occurs upon reaching a critical concentration, over which these con-
densates are stable and dynamic. The critical concentration can be affected by PTMs in the pro-
tein sequence and environmental cues such as pH, ionic strength and temperature. Noteworthy,

droplet formation is a reversible process. Picture adapted from Alberti (2017).

At the conceptual level, the components of these membraneless compartments can be
divided in scaffolds and clients (Banani et al., 2016). While scaffold proteins drive the
formation of condensates and are critically required for their integrity, client proteins
only partition into condensates after they have been formed. In general, scaffold pro-
teins are present at higher concentrations and have many valences, whereas client pro-

teins are typically less abundant and have a lower number of valences.

Multivalency can occur by a number of different manners, including oligomerization
of proteins with folded domains, proteins with multiple interaction sites and proteins

with intrinsically disordered regions (Langdon and Gladfelter, 2018).

Intrinsically disordered regions (IDRs) display a sequence-intrinsic preference for con-
formational heterogeneity (i.e., disorder), which is generally promoted by low-complexity
domains (LCDs) found in these regions. LCDs have a biased aminoacid composition

(specially enriched in polar small chain aminoacids such as G,S,N,Q,R) and may be
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repetitive in sequence. These residues are often found as short linear interaction mo-
tifs (SLiMs), alternating charge blocks or degenerate repeats. Interestingly, aromatic
residues are essential for the phase separation of intrinsically disordered proteins (IDPs),
as they drive most of the intermolecular interactions mainly through cation-7t and 7t-7t

systems (Kato et al., 2012; Tompa et al., 2014; Vernon et al., 2018).
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Figure 19: Features of phase separating proteins. Proteins that undergo liquid-liquid phase
separation are able to establish several interactions with other proteins and/or nucleic acids,
either via multiple folded domains (mutivalent proteins) or via linear motifs found in intrins-

ically disordered regions. Picture adapted from Shin and Brangwynne (2017).

A property of liquids is their ability to fastly rearrange in short timescales, which is
critical for membraneless organelles function. This is achieved mostly by the network
of weak interactions that stabilizes the condensates but also through regulation of the
protein and RNA components by reversible post-translational/transcriptional modi-
fications, which fine-tune the valence of scaftold or client proteins to drive condensate
formation or client partitioning respectively (Guillén-Boixet et al., 2016; Hofweber and

Dormann, 2019).

Recent work suggests the presence of stronger interactions in cellular granules such as

RNP granules, whose dynamics would be regulated by ATP-driven machines, raising
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the question as to which extent cellular phase separation is a passive phenomenon and,
therefore, which active processes could be playing important roles (Jain et al., 2016; Fa-

lahati and Wieschaus, 2017; Hondele et al., 2019).

Accumulating data underscores the variety of difterent phases that can derive from phase
separation. So far, we have focused on liquid condensates, but transitions to gel and solid
compartments have also been characterized (Boke et al., 2016; Jain et al., 2016; Boeyn-

aems et al., 2018).

Phase separation and disease

Several proteins associated with neurodegenerative disorders are components of mem-
braneless organelles (Ramaswami et al., 2013; Li et al., 2013). Experimental evidence
suggests that these organelles may be metastable or inherently unstable, as they tend to
maturate to solid aggregates 7z vitro and in vivo. Indeed, there is increasing evidence that
disease mutations aftect the properties of condensates, generally by accelerating liquid-
to-solid phase transitions (Murakami et al., 2015; Molliex etal., 2015). Among the phase

separation-related mechanisms leading to disease we can find:

1. Mutation of beta-zippers in IDRs, which make them more prone to fold into

stable amyloid structures (Thompson et al., 2006)

2. Generation of aberrant RNA or protein species, with repeat expansions that can

lead to RBPs loss of function (Wojciechowska and Krzyzosiak, 2011)

3. Mutations in autophagy genes necessary for granules clearance (Renton et al.,

2014)

4. Mitochondrial dysfunction, leading to a reduction in ATP levels required for the

regulation of membraneless organelles (Lin and Beal, 2006)

5. Affected PTMs in tau protein (Wegmann et al., 2018)

Introduction



42 CPEBs and phase separation

Nevertheless, it is important to note that there is currently no direct evidence that patho-
logical protein aggregates in patient brains result from solidification of SGs or other

membraneless organelles.

State-of-the-art of CPEBs phase separation

There is growing evidence that CPEBs can form oligomers with biological activity that

can be found in certain subcellular compartments or regions.

CPEBI has long been linked to stress granules and P-bodies (Wilczynska, 2005). It is
not only present in these structures but it also seems to be able to assemble them in non-
stressed conditions or increase their number upon ectopic expression. The formation of
CPEBI bodies is dependent on translation, as they are assembled or disassembled upon
cycloheximide or puromycin treatments respectively, and seems to require competent
RRMs. Other members of the family, specially CPEB4, have been repeatedly identified

as P-bodies and stress granules components as well (Youn et al., 2018).

CPEB3 and its Aplysia and Drosophila orthologs (ApCPEB and Orb2) have been shown
to form amyloidogenic oligomers 77 vitro and in vivo (Si et al., 2003, 2010; Majumdar
et al,, 2012; Joag et al., 2019). For these proteins it has been shown that they are crit-
ical for the persistence of long term synaptic facilitation and behavioral memory, as they
are thought to maintain memory through sustained and regulated protein synthesis (Si
and Kandel, 2016). The best characterized mechanism has been established for CPEB3:
while the SUMOylated version of CPEB3 is responsible for translation repression in the
dendrites of basal state neurons, mono-ubiquitinyation and deSUMOylation-driven
oligomerizaton of CPEB3 would favor translation activation upon neuronal stimula-

tion (Raveendra etal., 2013; Stephan etal., 2015; Fioriti et al., 2015; Drisaldi et al., 2015).

Finally, a recent work from our lab has demonstrated that CPEB4 activity is regulated
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by hyperphosphorylation, which impacts on the ability of this protein to phase separate
into liquid-like droplets. On this regard, unphosphorylated CPEB4 forms condensates
that are not competent for cytoplasmic polyadenylation and thereby repress the target
mRNAs by sequestration, while phosphorylated and monomeric CPEB4 acquires a dif-

fuse distribution that renders it for translational activation.

Notably, phase separation of CPEB4 relies on its intrinsically disordered NTD, and is

affected by phosphorylation due to changes in the negative charge patterning (Guillén-

Boixet et al., 2016).
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Figure 20: CPEB4 LLPS in U2-OS cells. Unphosphorylated CPEB4 undergoes liquid-liquid
phase separation and represses translation of its target mRNAs. When hyperphosphorylated by
ERK2 and Cdkl, changes in the charge pattern trigger condensate disassembly, thus facilitating
translational activation of CPEB4 targets. In this case, phase separation properties rely on the

intrinsically disordered N-terminal domain. Picture from Guillén-Boixet et al. (2016).
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Research aim and objectives

Since their discovery, several incompatible models have been proposed for the molecu-
lar mechanisms underlying translational regulation mediated by the CPEBs. Moreover,
recent work on the phase separation properties of several RNA-binding proteins (in-
cluding CPEB4) is adding yet another layer of complexity to the field of translational
control. Consequently, the main goal of our work is to study the CPEBs mRNP com-
position and remodeling from a high-throughput and 7% vzve perspective, providing also

new insights into the principles controlling their dynamic condensation inside the cell.

With this aim, we have dedicated our work to the 7% vivo study of the CPEBs repres-
sion and activation complexes in Xenopus laevis oocytes through proximity-dependent
biotinylation methodologies. Additionally, we have provided a characterization of the
in vivo liquid-liquid phase separation properties of the Xenopus lacvis othologs, putting

emphasis on CPEB1-3, which had not been previously studied in this regard.

Opverall, our specific objectives are:

1. To adapt the BioID methodology to Xenopus lacvis oocytes

2. To characterize the CPEBI repression complex in stage VI oocytes

3. To determine the role of RNA in the formation of the repression complex

4. To determine the role of the NTD in the formation of the repression complex
5. To compare the complexes assembled by the four CPEBs in Xenopus laevis oocytes
6. To characterize the CPEBI activation complex in response to progesterone

7. To test the ability of CPEBI-3 to undergo LLPS 7z vivo

8. To compare the features of CPEB1-4 liquid-liquid phase separation

47

Objectives












Development of a BioID protocol for frog oocytes 51

Development of a BioID protocol for frog oocytes

To study the complexes that CPEBs assemble and their remodeling in an 77 vzvo scenario
we decided to make use of a recent approach, based on proximity-dependent biotinyla-
tion, called BioID. This methodology was initially developed for cultured cells (Roux
etal., 2012,2013) and, from then on, its use has been expanded to other systems such as
yeasts (Opitz et al., 2017) or plants (Khan et al., 2018). Briefly, BioID consists of fusing
to a protein of interest a promiscuous biotin ligase (BirA* or BirA(R118G)), henceforth
termed BirA that, upon biotin exposure, will biotinylate any surrounding protein in a
radius of 10-20nm, leaving an irreversible mark that will serve as a readout of proximity.
After a controlled exposure to biotin, cells are lysed and the modified proteins are puri-

fied using streptavidin columns and identified through mass spectrometry.

BioID ofters two main advantages over other interactomic approaches: first, itallows the
high-throughput identification of interactors (direct or indirect) of a protein of interest

in vivo and, second, its experimental design permits the detection of transient or weak in-

teractions, which are generally missed in other settings such as co-immunoprecipitations.

For these reasons, we decided to adapt the original protocol to Xenopus laevis oocytes, a
system in which there are two clearly distinct scenarios: translational repression in stage
VI oocytes and translational activation upon hormone stimulation. By these means, we
expected to obtain a detailed description of the components of the CPEBs mRNP be-
fore and after exposure to progesterone, being able to build up a model for the dual role

of this family of proteins.

Extensive biotinylation is achieved after 40h incubation

A schematic representation of the protocol we designed for the BiolD in Xenopus lacvis
oocytes is depicted in figure 21a. In brief, oocytes are microinjected with 7z vitro tran-

scribed RNAs coding for a protein of interest fused to BirA and then incubated with

Results
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biotin until they are collected. Streptavidin-HRP western blots are used to monitor bi-

otinylation over time and to check the specificity of the labeling.
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Figure 21: Setting up the conditions for efficient biotin labeling. (a) Schematic repres-
entation of the protocol for BiolD in Xenopus laevis stage VI oocytes: oocytes are microinjected
with capped and polyadenylated RNA coding for the BirA fusion protein and are then incub-
ated with 20 uM biotin for 40h prior to collection. (b) Streptavidin-HRP western blot showing
the biotinylation attained by CPEB1-BirA over time. Maximum biotinylation signal is achieved
after 40h incubation, demonstrating high specificity. C) Streptavidin-HRP Western Blot show-

ing the constitutively biotinylated proteins, later identified using mass spectrometry.

While in cultured cells the labeling step requires typically incubation for 24 hours, in
the case of stage VI Xenopus laevis oocytes we observed that efficient labeling required
around 40 hours. This increased exposure time may be explained by a reduced cellular
permeability for biotin (Said et al., 1990) and, most likely, to the incubation temper-
ature (182C). In fact, Kim et al. (2016) showed that outside the optimal temperature of

the BirA enzyme (37°C) its activity decreases dramatically, yielding poorer biotinylation.

Even though these slower kinetics might be bypassed by increasing the incubation time,

the viability of Xenopus laevis oocytes once extracted from the frog ovaries is a limiting
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factor. Consequently, we concluded that 40 hours of biotin exposure would allow the

agreement between the enzymatic activity of the BirA enzyme and the oocytes lifespan.

As shown in figure 21b, 40h incubation with 20uM biotin at 18°C allows efficient la-
beling of several proteins, presumably in a CPEBI-specific fashion. Not surprisingly,
even in the absence of free biotin in the medium there is biotinylation, as oocytes have

constitutive levels of this vitamin.

Notably, there are already biotinylated proteins that are expressed at high levels (fig. 21c),
which can potentially affect the affinity purification step. Through mass spectrometry
we determined the identity of these proteins, which contain at their active center a bi-
otinyl group: propionyl-CoA carboxylase, methylchrotonyl-CoA carboxylase and pyr-
uvate carboxylase (Tong, 2013).

It is important to stress that the performance of this approach in identifying the com-
ponents of the CPEBs mRNPs highly depends on the extent of biotinylation achieved
by the fusion proteins. In this regard, even though we have been able to set a condition
in which extensive and specific biotinylation occurs for the desired fusions but notin the
controls, we speculate that other approximations could help increase the biotin signal

and reduce the incubation time (Kim et al., 2016; Branon et al., 2018).

On-bead digestion facilitates release from streptavidin columns

After oocytes have been incubated with biotin, they are collected and lysed. To purify
the biotinylated proteins streptavidin-coated beads are used. Since the biotin-streptavidin
interaction is incredibly stable (it is one of the strongest non-covalent interactions in
nature, with a kg = 10°M (Weber et al., 1989)), stringent washes can be used to re-
move the non-specifically bound proteins, a feature that is desirable for purification

purposes. However, when we tried to elute the bound proteins from the beads follow-
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ing the manufacturer’s indications we did not observe clear differences with the control
when checked by silver staining, not even for more stringent elution buffers containing
biotin, thiourea or NH4HCI (data not shown). Consequently, identification of CPEB

mRNPs components through band excision was not a possible option.

Similarly, we tested an alternative proposed by Schiapparelli et al. (2014), based on the
tryptic digestion of the samples before the streptavidin column (pre-bead digestion pro-
tocol). According to the authors, digestion of the proteins increases peptide solubility in
an aqueous phase, which enhances the retention of biotinylated peptides in the beads,
and then these can be efficiently eluted using 80% acetonitrile. Accordingly, this strategy
increases the direct detection of biotinylated peptides, which serves as a double-check of
the interaction of the protein of interest with the candidates. Despite our expectations,
in our hands this approach had a really low yield of biotinylated peptides, despite the

organic-phase elution (data not shown).

Most likely, the inefficient elution of these two protocols results from the strength of
the biotin-streptavidin interaction. Therefore, with the aim to improve the affinity puri-
fication step, we decided to try a different approximation, independent of breaking the
biotin-streptavidin interaction. Following an on-bead digestion protocol (Schiappar-
elli et al., 2014), instead of eluting intact proteins, these are treated with trypsin (or any
other protease) while bound to the beads so that the non-biotinylated peptides are eluted
whereas the modified ones are retained in the column. Consequently, biotinylation of
the enriched proteins is inferred rather than direct. Besides, in order to increase the spe-
cificity we adopted new washing steps, introducing a combination of harsh bufters con-
taining high concentrations of urea, SDS and Gdn-HCI (Pirone et al., 2017). Following
this new protocol we were able to detect a greater number of proteins and with higher

spectral counts. In turn, the number of potential hits could be increased as well.
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Data analysis and hits selection

All the BioID experiments in the present work have been performed using four biolo-
gical replicates. Since the frogs that we use in the lab are not inbred nor littermates,
there is an important biological variability associated to our data that on the one hand
increases the biological relevance and coverage of our findings but on the other restricts
the statistical power of the data. For the identification of potential candidates we tested

three label-free quantification methods.

At the beginning we used the MStats software, based on Top3, which takes the aver-
age intensity of the three peptides (or less, if fewer are detected) with the highest intens-
ity, and uses this value for pairwise comparisons (Krey et al., 2014). A limitation of this
quantification method is that, if peptides are not detected in the control (which indeed is
desirable), the program cannot calculate statistics such as fold-change (FC) or p-value.
In order to minimize this limitation, imputation of the missing values for a near-zero

value allows calculation of ad hoc FC and p-values.

We also tried the Significant Analysis of Interactome (SAINT) algorithm, which has
been broadly used for analyzing affinity purification and BioID data (Choi et al., 2011;
Youn etal., 2018). SAINT models the spectral counts of each prey-bait pair into a mixed
distribution of two components: true and false interactions. The SAINT version that
we have been using, SAINTv2, estimates the spectral count distribution for false inter-
actions from negative controls and the spectral count distribution for true interactions
from the spectral counts for all interactions that involve this specific prey and bait. Im-
portantly, SAINT normalizes the spectral counts to the length of the proteins and to

the total number of spectra in the purification.

Compared with MStats, SAINT has higher specificity but lower sensitivity, since it is

heavily dependent on spectral count number, which has a smaller order of magnitude

Results
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and does not fully correlate with peptide intensity. In order to get the maximum number
of interactions, the union of SAINT and MStats hits is a good approach. Nonetheless,
these two label-free quantification methods have three main drawbacks. First, they are,
in general, not adequate for the detection of smaller proteins or for proteins that yield
a small number of tryptic peptides. Second, they are not fully recommended for com-
paring between baits, which was important for our experiments and third, they treat

missing values as 0 or near zero, which can accentuate slight differences.

For these reasons, together with the Proteomics and Biostatistics Core Facilities of the
IRB, an ad hoc pipeline was developed to overcome these limitations. This method uses
logi9iBAQ as the quantitative variable. The iBAQ value corresponds to the sum of all
the peptides intensities of a given protein divided by the number of observable peptides
(Krey et al., 2014). By using iBAQ, sensitivity is increased in comparison to the use of
spectral counts and, moreover, this value is normalized for protein length or observab-
7lity, hence favoring the detection of smaller proteins as well. Commonly, this value
is considered a proxy for relative abundance of a protein in the sample, which makes
it amenable for comparisons between different conditions. To minimize batch effects

across studies, a percentile normalization was included.

As it happens with MStats and SAINT, the presence of missing values hinders the ana-
lysis. Missing values can come from peptides that are not detected due to their low
abundance in the sample but can also be due to common spectrometer-derived and/or
random errors. In our case, we observed a negative correlation between the number of
missings and the log;9iBAQ value, which means that low abundance proteins were more

likely not to be detected (figure 22a).

In order to solve this limitation as much as possible, an imputation method was de-
veloped: for those conditions for which one or two missing values had been identified in

the four replicates, the remaining two or thee non-missing values were used for imputa-
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tion using a k-nearest-neighbors approximation according to the iBAQ distributions
of each replicate. For these bait-prey pairs, candidate interactions can be determined

through a differential expression analysis using linear models.

a b

! MStats SAINT

64 P
o 1 2 3
Number missings

ad hoc analysis

Figure 22: Analysis of BioID data. (a) Boxplot showing the distribution of mean log;oiBAQ
values depending on the number of missings for the proteins identified in the four replicates
of a CPEBI-BirA condition. As observed, the number of missing values anticorrelates with the
iBAQ, thus suggesting that less abundant proteins are detected worse. (b) Comparison of the

hits identified for CPEB1-BirA using the three alternative methods.

Another scenario that can be found with this data are those conditions with more than
two missing values, for which imputation cannot be performed, as it would be less ac-
curate. From this subset of cases, we just considered proteins with 3 or 4 missing values
in the control and 0 or 1 missing value in the desired condition, as we want to detect
enrichment over the controls. In these cases there are no statistics provided and the ar-
bitrary selection criteria that we chose was to take those proteins whose logioiBAQ was
above the first quartile of the log;0iBAQ values distribution in the desired conditions
and below this threshold in the control condition. Importantly, the use of an arbitrary
threshold entails the inherent possibility that true interactors appear as false negatives,

though allows a systematic and uniform selection criteria.

Results
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With this quantification method we were able to identify most of the hits that had been
detected using MStats or SAINT (fig. 22b). In addition, a subset of new potential hits
was identified. Importantly, while the hits selection using MStats required a dedicated
manual curation and the selection with SAINT required increasing the FDR threshold,
lowering the strength of the conclusions, the analysis with the ad hoc method is more
powerful statistically, allows the comparison between conditions and, as we will observe

in the next section, provides true hits as validated by co-immunoprecipitation.

To sum up this section, we have described for the first time the BioID pipeline adapted
for Xenopus laevis oocytes, emphasizing its caveats and the strategies we have adopted
to bypass or control some of its limitations. By these means we have not only obtained
novel results in the CPEB field but we have also provided a valuable contribution to the
cell and molecular biology fields, by making frog oocytes (transcriptionally silent cells
that undergo an incredible translational reprogramming upon hormone stimulation) a

system amenable for 7z vivo interactomics.

CPEBI repression complex in stage VI oocytes

In stage VI Xenopus laevis oocytes, CPEBI is the highest expressed member, which ex-
plains why it is, by far, the most studied paralog in this context. Accordingly, several
works modeling the molecular mechanism behind CPEB-mediated translational repres-
sion and activation have been built using CPEBI as reference (Stebbins-Boaz et al., 1999;
Kim and Richter, 2006; Minshall et al., 2007). For these reasons, we decided to set up
and test the performance of the BiolD using this paralog. To start with, the context of

translational repression was preferred, as more stable complexes were expected.

BiolD of wild-type CPEB1

In stage VI Xenopus laevis oocytes, itis well known that CPEB1 is exerting a translational

repressor function. In contrast to other repressor proteins such as DDX6 (Hondele
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etal., 2019), which have a well-characterized enzymatic activity, CPEB1 is considered to
have a role in the recruitment of effector proteins to its target mRNAs. For the i vivo
identification of these recruited proteins we adapted the BiolD methodology to stage VI
oocytes and fused CPEBI to the BirA enzyme. In order to control for fusion effects, we
performed all the experiments with fusions at the N- and C-termini (fig. 23a). Hence-
forth, we will refer to the proteins detected in our BioID, which can either be CPEBI

interactors or proteins in close proximity, as the CPEB1 proximome.

By using the thresholds described in the previous section (adjusted p-value < 0.05 when
statistics can be performed or log10iBAQprotein > Qlcondition)s @ total of 30 proteins were

identified in the CPEBI proximome for both fusion proteins (fig. 23b).

Despite the big overlap between CPEBI-BirA and BirA-CPEBI, there are some poten-
tial candidates that have been detected only with one fusion, which may reflect a slight
change in the structure of CPEBI or, more possibly, differences in the spatial architec-
ture that can be acquainted by positioning the BirA at one terminus or at the other.
Comparing appendix tables 1 and 2, in terms of protein enrichment (surrogate for pro-
tein biotinylation), C-terminal BirA constructs tend to work better, possibly due to the

fact that this domain is highly ordered and, thus, could be less affected by the fusion.

To assess if there is evidence that these proteins can form a complex or, otherwise, they
have been spuriously related in our experiment, we took data from a database of curated
protein-protein interactions (Szklarczyk et al., 2017) and checked the network that these
proteins form according to works on Xenopus species (Xenopodinae). As it is depicted
in figure 23c, these proteins form a highly connected and significant network, provid-
ing evidence that the proximome we have identified through our BioID adaptation has

robust biological meaning.

Results
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Figure 23: CPEBI1 BioID provides bona fide repression complex components. (a)
Streptavidin-HRP western blot showing the biotinylation attained by the BirA alone and fused
to CPEBI at both termini. After 40h of biotin exposure, extensive and highly specific biot-
inylation is observed for the CPEB1 fusions. (b) Table of proteins identified as potential CPEBI
interactors, in gray. Despite some unique hits for each fusion, most of the putative CPEBI prox-
imal proteins are common in the two conditions. (c) Network graph with Xenopodinae data for
the CPEBI hits using string-db. As observed, most of the hits identified in the CPEB1-BioID

form a highly connected network. Only interactions with score > 0.6 have been depicted.

This list of proteins is enriched in biological processes related to regulation of transla-
tion, post-transcriptional control and mRNA metabolism, which is expected for CPEB1
interactors. Interestingly, at the level of cellular component, the proximome of CPEB1
is highly connected to non-membrane bound organelles such as P-bodies, stress gran-

ules and, in general, mRNA ribonucleoprotein complexes (fig. 24).
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While some of these proteins had already been associated to CPEBI (Minshall et al.,
2007), we have identified a plethora of new interactions (i.e. YTHDF1, ATXN2, SLBP2,
MOV10, PTBP1, IGF2BP3...), providing new insights into CPEB1-mediated transla-
tional repression. Interestingly, described interactors such as Maskin, PARN and Gld2
(Stebbins-Boaz et al., 1999; Kim and Richter, 2006) did not appear in our BioID data,
which can either mean that they are not real partners of CPEBI or that they cannot be

detected with our experimental setting.
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Figure 24: GO categories enriched for the CPEBI proximome. Barplot displaying the gene
ontology categories enriched for components, functions and processes by the number of genes

found in our dataset. Only categories with FDR < 0.0001 are shown.

Co-immunoprecipitation experiments (co-IPs) were performed for validating some of
the candidates. For these assays we either immunoprecipitated overexpressed HA-CPEB1
and checked the co-immunoprecipitation of endogenous candidates or immunoprecip-

itated HA-candidates and checked co-precipitation of endogenous CPEBI. Since we

could not overexpress CNOTT1, we decided to perform the validation with other CCR4-

NOT complex components, namely CCR4, CNOT2 and CNOT10.

Asshownin figure 25, HA-CPEBI efficiently co-precipitates endogenous HUR, DDXe,

Results
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Figure 25: Validation of CPEBI BioIlD data through co-immunoprecipitation. (a)
Western blots showing HA-CPEBI co-immunoprecipitation (I, input; E, elution) of: (left)
EIF4ENIF1 (eIF4E-T), EIF4E1b, SYMPK, CNOT?2 and Gld2; (middle) CCR4, CPSF2, DDX6
and HUR; (right) Maskin and PARN. Except for Maskin and PARN, all the candidates tested
co-precipitate with CPEBI, validating the results obtained with BioID. For each candidate,
three independent experiments were performed. (b) Western blots showing HA-candidate
co-immunoprecipitation of: (top left) IGF2BP3, PTBP1, YTHDFI and ZAR2; (top right)
FXR1b and MOV10; (bottom) PARN, Gld2, Maskin, CNOT2 and CNOT10. Interaction
with CPEBI is confirmed for all tested proteins except PARN, Maskin and Gld2. For each can-
didate, two independent experiments were performed. HA-IP with not injected oocytes (NI)

were performed as controls.
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elF4E-T, eIF4E-1b, CNOT?2, CPSF2 and SYMPK. Apart from these proteins, we also
tested some that did not appear in our BioID data but had been previously identified in
the CPEBI repression complex: Maskin, PARN and Gld2. While Gld2 was efficiently
co-immunoprecipitated with HA-CPEBI, PARN and Maskin were not. In addition,
co-immunoprecipitation of a catalytical subunit of the CCR4-NOT complex, CCR4,
was observed as well, suggesting that PARN may not be the deadenylase of the CPEB1
repression complex but, instead, it is the CCR4-NOT complex.

Regarding the HA-candidate co-immunoprecipitations, we observed robust interaction
with CNOT2, CNOT10,ZAR2, PTBP1, YTHDF1, IGF2BP3 and MOV10. Again, no
interaction was observed for PARN and Maskin, supporting our prior observations. In-
triguingly, no significant association was detected between HA-GId2 and CPEB1 with

this experimental setting, a result possibly due to the inefficient overexpression of HA-

Gld2 achieved in oocytes. Remarkably, FXR1b, which was just below the BioID threshold,

also interacts with CPEBI1 but to a lower extent than MOV10.

Considering our results, Maskin is not a component of the main cytoplasmic pool of
CPEBI repression complexes, since it has not been identified either by BioID or co-IP.
We speculate that, in fact, this interaction may occur only in a fraction of complexes
found in the centrosome or the mitotic spindle, based on the literature (Groisman etal.,
2000; O’Brien et al., 2005; Minshall et al., 2007). On the other hand, our data indic-
ates that CPEBI recruits the CCR4-NOT machinery instead of PARN, hence ensuring
that the targets have short poly(A) tails. Indeed, as we will further discuss, several works
suggest that PARN is a nuclear enzyme with little, if none, activity on the cytoplasmic

pool of mRNAs (Yamashita et al., 2005; Wiihr et al., 2015; Yi et al., 2018).

Apparently, the interaction of CPEB1 with proteins such as PTBP1, MOV10, HUR,
FXR1b and ATXN?2 suggests that CPEBs may act synergistically with the miRISC to

efficiently recruit the CCR4-NOT complex to their targets. Moreover, our findings es-

Results
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tablish for the first time a putative connection between the CPEBs and the mC®A mark,
as interaction with methylation readers such as YTHDF1, YTHDEF2 and IGF2BP3
has been observed in our BioID experiments and then further validated through co-

immunoprecipitation.

Importantly, our results prove the specificity of the BiolD methodology adapted to
Xenopus laevis oocytes. By means of this 7z vivo approach we have portrayed a more
physiological approximation of the CPEBI repression complex, providing an interest-
ing set of new interactions that pave the way for a new conception of the molecular

mechanism underlying CPEBs-mediated translational repression.

CPEBI repression complex formation requires RNA binding

Several studies have used R Nase treatments to discern the nature of the CPEB1-candidate
interactions (Mendez et al., 2000a; Minshall et al., 2007; Lin et al., 2010). However,
these experiments are performed 77 vitro, which can hinder the real nature of these inter-
actions. To understand the requirements of these bindings and, in a more fundamental
way, to what extent the CPEB1 complex assembly relies on its target mRNA, we con-
ducted a BioID experiment using an RNA-binding mutant of CPEB1. This mutant
consists of a Y365A substitution, designed from the CPEB1 C-terminus solved struc-

ture and validated functionally through competition assays (Afroz et al., 2014).

Our results indicate that a high number of interactions are reduced (tiles in red) or even
lost in the mutant condition compared to the wild-type (fig.26b), suggesting that the
interactions between these proteins depend on CPEB1 RNA binding competency 77
vivo. To validate these findings we proceeded with co-IPs of some of the candidates. For
all the proteins tested, we observed a reduction in the co-immunoprecipitation with the
RNA-binding mutant (fig.26c), even in the case of candidates for which the BioID did
not detect any difference (e.g. SYMPK, eIF4E and HUR).
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Figure 26: CPEB1 RNA-binding mutant is not able to form a repression complex. (a)
Western blot showing biotinylation and expression (CPEB1 and HA) of the Y365A-mutants.
Endogenous CPEBI was used as loading control. (b) Table of CPEBI and Y365A mutant hits.
For each condition, the union of the N- and C-terminal fusion hits is depicted. Tiles in red
indicate a significant reduction in the interaction compared to the wild-type (p-value < 0.05).
As shown, most of the interactions are lost or reduced in the mutant condition, yet unique in-
teractions for the Y365 A-mutant also appear. (c) Western blots showing HA-CPEBI and HA-
Y365A co-immunoprecipitation of: (top) SYMPK, DDX6, CCR4, EIF4ENIF1, Gld2; (bot-
tom) CNOT?2, CPSF2, HUR and EIF4EID (n = 2). HA-IP with not injected oocytes served as

controls. As shown, Y365A mutant fails to co-immunoprecipitate CPEBI partners.
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Considering the differences between the BiolD data, which captures transient and weak
interactions 7z vivo and the co-IPs, in which these interactions can be affected by lysis
and are less stable kinetically, discrepancies between methodologies are expected. Non-
etheless, both approaches share the same interpretation: the interactions between CPEBI

and its partners are lost in general upon RNA-binding capacity ablation.

It is noteworthy that some new hits appear in the proximome of the mutant. Notwith-
standing, this set of proteins do not form a highly connected network according to string
database data, since only isolated functional groups appear to be significant and none of
the GO terms enriched for these proteins can be related to a role in translational control
(data notshown). We attribute this appearance of interactions to a less hindered CPEBI

molecule, as it would not be coated by the components of the repression complex.

Opverall, from this data we conclude that the CPEBI repression complex, and poten-
tially those assembled by the other CPEBs, does not stably form unless it is bound to a
target mRNA, which ensures specificity and the persistent repression required for main-

taining the quiescence of cells.

Even though we cannot rule out the possibility that some interactions may occur inde-
pendent of RNA binding, as has been pointed out by RNase treatment assays (Mendez
et al., 2000a; Minshall et al., 2007; Lin et al., 2010), we speculate that the discrepan-
cies with previous studies may be attributed to kinetic considerations: while the Y365A
mutation is likely affecting complex nucleation in our experiments, RNase treatment
is probably triggering complex disassembly, a process that might be RNA-independent

once protein-protein interactions form a stable network.
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CPEBI potentially recruits repression factors through the NTD

The structure of the CPEBs, highly ordered at the CTD and intrinsically disordered at
the NTD, is suggestive of modularity: while the CTD is responsible for binding the tar-
get mRNA, the NTD is a hub of regulatory elements (Mendez et al., 2000a; Pavlopoulos
et al., 2011; Guillén-Boixet et al., 2016) and a platform for protein-protein interactions
(Schelhorn et al., 2015). This assumption is apparently confirmed by experimental ob-
servations carried out by Afroz et al. (2014), which showed that the CTDs of CPEBI
and CPEB4 are able to compete polyadenylation mediated by their full-length coun-
terparts, possibly because they are not able to recruit the polyadenylation machinery

despite binding to the target.

Considering this hypothesis we decided to perform the BioID using a truncated version,
expecting to observe an NTD-dependence for the vast majority of interactions that we
had identified for the full-length. Since we had observed that the formation of the re-
pression complex requires RNA binding and we suspected that the intrinsic disorder of
the NTD may be affected by the fusion of the BirA enzyme, we chose to perform the
BioID with an NTD-truncated version. Accordingly, the information of which interac-
tions are mediated by the NTD itself would be obtained by subtraction comparing the

CTD to the full-length CPEB1.

As shown in figure 27b, the BioID data points to a general reduction in the interac-
tion of CPEBI with its partners if it lacks its NTD. These results are consistent with
observations from Tsvetkov et al. (2020), who observed loss of CPEB2 and CPEB3 in-
teractors upon truncation of their prion-like domains, which are found in the NTD.
Consequently, the formation of the repression complex does not only require binding
to RNA, as we mentioned in the previous section, but it also seems to require the motifs

that lie in the N-terminal domain to establish additional stabilizing contacts.

Results
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Figure 27: CPEBI potentially recruits its partners through the NTD. (a) Western blot
showing biotinylation and expression of the CTD variants. Endogenous c-myc was used as load-
ing control. (b) Table of CPEB1and CTD hits. For each condition, the union of the two fusions’
hits is depicted. Red tiles indicate a significant reduction compared to full-length (p-value <
0.05). As shown, most of the interactions are lost or reduced upon truncation, yet CTD-specific
partners also appear. (c) (top) HA western blot showing the ratio 20:5 (20 oocytes CTD : 5 oo-
cytes full-length) used for loading the co-IP gels. (bottom) Western blots showing HA-CPEB1
and HA-CTD co-IP (I, input; E, elution) of: (left) SYMPK, CNOT2, HUR and Gld2; (right)
EIF4ENIFI1, EIF4EIb and CPSF2. As shown in the figure, CPEBI interaction with the tested
partners seems not to be compromised by NTD truncation. Only one replicate was performed.

HA-IP with not injected oocytes was used as control.



CPEBI repression complex in stage VI oocytes 69

To validate this observation, we performed co-immunoprecipitation experiments with
the full-length CPEB1 and the NTD-truncated version. As the expression of HA-CTD
is lower than that of the full-length, we loaded a ratio of 20:5 oocytes, to have a sim-
ilar amount of precipitated protein in both conditions (fig.27c). Contrary to what we
expected from the BioID data, co-immunoprecipitation of most of the tested CPEBI
partners seemed not to be significantly compromised by the truncation of its N-terminal
domain (fig.27c). From the tested candidates, only a potential reduction is observed for

CNOT?2, though more replicates and a curated quantification are still pending.

The discordance between these two alternative approaches may arise from the interpret-
ation of the results: while the BiolD data indicates changes in the local environment of
the CTD-BirA protein (the biotinylation radius spans to just 10-20nm, (Varnaité and
MacNeill, 2016)), the co-IPs may be capturing a much bigger complex that would be
less affected by the truncation as it can still interact with RNA. For this reason, we still
consider the hypothesis that the NTD mediates an important fraction of the protein-

protein interactions that take place in the CPEBI repression complex.

From the results obtained for the two variants, the RNA-binding mutantand the NTD-
truncated CPEBI, we propose that both RNA binding and the NTD are important for
the assembly of the CPEBI repression comple. We hypothesize that the formation of a
competent repression complex only occurs once the CPEBs are bound to their targets:
this contact would serve as the nucleation step, in order to ensure specificity. However,
the stability and functionality of the complex would be guaranteed by additional con-
tacts, most likely established by the NTD, which may explain why some interactions
are RNase-resistant (Mendez et al., 2000b; Minshall et al., 2007) and the ability of the

CTD to compete polyadenylation.

With these experiments, the data from the Y365A mutant and the characterization of

the wild-type CPEBI proximome, we have not only verified the feasibility of the BioID

Results
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in Xenopus oocytes but we have also explored the ability of this approach to detect in-
teractomic changes upon mutation or truncation. Considering this, we next decided to
use the BiolD for CPEB2-4 to assess to which extent the four CPEBs assemble similar

complexes.

Even though the experiments addressing the RNA and NTD dependence of CPEB2-4
are yet to be performed, we speculate that the same principles described for CPEB1 may

apply to them, in view of their structural similarity (Afroz et al., 2014; Tsvetkov et al.,

2020).

CPEBI-4 share a core of interactors in stage VI oocytes

In stage VI oocytes, CPEBI is the highest expressed CPEB (Igea and Méndez, 2010;
Peuchen et al., 2017). However, the fact that the other paralogs are also present in this
scenario, yet at lower levels (Duran (2020), unpublished), poses the question whether
the four CPEBs act seemingly as translational repressors or, conversely, they exert dif-
ferent or non-redundant functions. To address this question we performed BioID of
CPEB2-4 in collaboration with Berta Duran from our lab. Importantly, these experi-
ments were carried out with the two fusion positions as well and, for each condition,
four biological replicates were used. Venn diagrams of the BirA-fusion variants show
less hits overlap for CPEB2-4, which proves the need to work with both constructions

in order to increase the scope of the technique (fig.28b).

As we can observe in figure 28c, the proximomes of the four CPEBs have a certain de-
gree of overlap but, at the same time, show exclusive interactions. The more dissimilar
condition seems to be CPEB2, with fewer targets than its counterparts. This observa-
tion could allegedly be attributed to the lower expression of CPEB2-BirA, which results
in less biotinylation of its vicinal proteins and, ultimately, poorer detection of them,

though there could be other explanations, as despite being BirA-CPEB2 highly
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Figure 28: CPEBI1-4 BiolD results suggest functional similarities in stage VI oocytes.

(a) Western blot showing biotinylation (streptavidin-HRP) and expression (HA and myc) of the

CPEB2-4 BiolD fusion proteins. (b) Venn diagrams depicting the overlap between fusion vari-

ants for each condition. While there is a high overlap between CPEB1 versions, a poorer overlap

is observed for CPEB2-4. (c) Table of CPEB1-4 targets identified using the ad hoc analysis. For

each condition, the union of the N- and C-terminal fusion hits is depicted. As shown, though

CPEBI-4 share a core of proximal proteins, there are CPEB-specific interactors that suggest pos-

sible functional differences among the paralogs.
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expressed it has yielded few hits as well. Taking into account the profiles of CPEBI,
CPEB3 and CPEB4, we speculate that CPEB2 has a broader scope than what we have
been able to detect. Nonetheless, there are a few CPEB2-specific hits that do not appear
for the other CPEBs in spite of their higher expression, which suggests that they may be
actual CPEB2-specific partners. These specific hits, however, have not yet been related

in the literature according to the string-db database (data not shown).

Looking at the proximomes of CPEB1, CPEB3 and CPEB4 there seems to be a con-
served core of interactions (MOV10, LSM14, EPAB, eIF4E-T, ZAR proteins, SYMPK,
PTBP1, CNOTIL...), which we speculate is bigger if we take into account that CNOT?2
and CNOT]10, that appear as candidates for CPEB3 and/or CPEB4, co-precipitated
with CPEBI1 despite not appearing as BioID hits.

For validating the BioID results through co-IPs we used candidates that appeared only
for CPEBI (CPSF2), for all of them (SYMPK, EIF4ENIF1) and hits that appeared for
both CPEB1and CPEB4 (HUR, EIF4E1b, CPEB1, DDXG6). Interaction with Gld2 was
also tested, yet it did not appear as a hit for any CPEB. Even though the expression of
the HA proteins is not the same and the efficiency of the HA-IPs differs among condi-
tions, all four CPEBs apparently interact with all the tested candidates (fig.29b). The
interaction between CPEB2 and CPSF2 or EIF4Elb was validated in other replicates,
and also the interaction of CPEB4 with EIF4ENIFI.

These observations suggest that complexes assembled by CPEB1-4 may have more in
common than the BioID results indicate and, additionally, may be physically in con-
tact, as CPEB2-4 efficiently co-immunoprecipitated the endogenous CPEBI. Notwith-
standing, there is a significant number of CPEB-specific interactions that we have not
tested yet and may be actually exclusive, raising the question as to which extent are the

four CPEBs exerting a similar function in the oocyte.
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Figure 29: CPEBI-4 candidates interaction network and validation through co-
immunoprecipitation. (a) Network graph with Xenopodinae data from string-db.org for the
CPEBI-4 hits. Only interactions with score > 0.6 have been depicted. Dots in green indicate
targets found for CPEBI and the union of CPEB2-4, dots in blue are CPEB2-4 common tar-
gets and yellow and red indicate CPEB1-only and CPEB4-only targets respectively. As shown,
CPEBI-4 targets form a highly connected network of functionally related proteins, which indic-
ates the similarity between the complexes they can potentially assemble. (b) Western blots show-
ing HA-CPEB1-4 co-immunoprecipitation (I, input; E, elution) of: (left) SYMPK, EIF4ENIF1,
CPEBI, Gld2 and HUR; (right top) DDX6; (right bottom) CPSF2 and EIF4E1b. As shown in
the figure, all four CPEBs interact seemingly with the tested candidates. For each condition,
three independent experiments were performed. In all experiments, HA-IP with not injected

oocytes (NI) were performed as controls.
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Notably, these specific interactors of CPEB3 and CPEB4 have also been implicated in
the regulation of mRNA stability, localization and translation, as is the case of G3BP1
and PRRC2 (Youn et al,, 2018), TARDBP and PRKR A (Kok et al., 2007), DDX3X
(Phung et al., 2019), ESRP1 (Fagoonee et al., 2013) and CAPRIN2 (Konopacka et al.,
2015). In addition, these proteins are tightly connected to CPEBI interactors according
to the string database (fig.29a), which suggests that the function of CPEB2-4 may not
differ much from that of CPEBI.

Considering all these findings, we speculate that all four CPEBs may act as translational
repressors in stage VI oocytes, possibly through the assembly of partially different com-
plexes. However, we propose that this inhibition of translation would be achieved by
a similar mechanism: preclusion of translation initiation by targeting the adoption of
the closed-loop conformation. Accordingly, cap-blockage is hinted by the interactions
with eIF4E-1b and eIF4E-T and poly(A) tail shortening is expected from the interac-
tions with the CCR4-NOT complex components, which had already been observed
for CPEB3 (Hosoda et al., 2011).

Remarkably, to this general mechanism other complementary regulators are also ad-
ded for the CPEB2-4 branch: interaction with the miRNA-induced silencing complex
(MOV10, PTBP1, ATXN2), m°A readers (YTHDF1/2) and master translational regu-
lators such as CSDE1, STAU2 or HUR.

CPEBI activation complex in maturing oocytes

As previously mentioned, CPEBs have been described to have a dual role in translational
control: they can both repress and activate translation of their targets by controlling the
length of their poly(A) tails (Kim and Richter, 2006; Fernandez-Miranda and Méndez,
2012; Hu et al., 2014). While for CPEB4 it has been suggested that the switch from

repressor to activator is not a consequence of changes in the complex composition, but
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rather by a change in its condensation status (Guillén-Boixet et al., 2016), for CPEBI
this switch entails a remarkable complex remodeling (Stebbins-Boaz et al., 1999; Men-
dezetal.,2000b; Kim and Richter, 2006, 2007). So far, the reorganization of the CPEBs
repression complex has not been addressed by any high-throughput 7z vivo approxim-
ation, and for this purpose BioID stands as a useful approach, specially because it was
developed with the aim to capture transient and/or weak interactions in live cells (Roux
et al., 2012), which we assume will be predominant in a complex that favors translation
of a target mRNA. To set up the methodology we decided to start with CPEBI, for

which there is more knowledge in this regard.

Notably, during meiosis resumption CPEBI not only gets phosphorylated by Aurora
A kinase for the early polyadenylation wave but then gets also hyperphosphorylated by
Cdk1 and PIk1, triggering its degradation. Consequently, for the study of the CPEBI
activation complex we decided to use a 6-alanine mutant (Cdkl and Plk phosphonull),
which had been described to prevent CPEBI degradation in canonical maturation ex-
periments while not compromising its role as an activator (Mendez, 2002; Setoyama

etal., 2007).

In our hands, even though this mutant was not fully degraded as the endogenous CPEB1
upon progesterone stimulation, its levels were reduced (fig.30a), possibly due to longer
incubation times with the hormone. As a consequence, the detection range of the stage
VI and MII samples was difterent, being the progesterone-stimulated conditions those
that rendered fewer hits. In addition, since we did not control for the global proteomic
changes between stage VI and MII oocytes, a quantitative comparison between the two

conditions was not possible.

To reduce the impact of these limitations and get the most out of our data, we considered
taking the hits of both conditions, ranking them according to their fold-changes, and

then compare them in the two scenarios. Accordingly, proteins that are more import-
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ant in the context of translational repression will have lower ranks in the MII samples,
while those necessary for translational activation will appear in higher ranks. In any case,

changes in these ranks may be attributed to proteomic and/or interactomic reasons.
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Figure 30: Determination of the CPEBI activation complex through BioID. (a)
Streptavidin-HRP western blot showing biotinylation attained by CPEB1-BirA and CPEBI-6A-
BirA with and without progesterone stimulation. Overexpression was monitored using CPEBI
western blot. As depicted, CPEBI-6A gets partially degraded upon hormone incubation, com-
promising the extent of biotinylation in these samples. (b) Plot showing the rank comparison
of the SAINT data (BFDR < 0.15) for CPEBI-6A samples with and without progesterone.
While some interactions seem to be kept or favored in terms of rank, others are lowered or even
not detected upon progesterone stimulation. (c) Network graph with Xenopodinae data from

string-db.org for the CPEBI activation hits. Interactions with score > 0.6 are depicted.

With these considerations, we found upregulation of factors related to polyadenylation,

namely WDR33, CPSF2, FIP1L1, CSTF2 and PABPCI (Sun et al., 2018), and also
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translational regulators such as YTHDF1 (Shi et al., 2018) and DDX6 (Weston, 2006;
Wang et al., 2015b), as expected (fig.30b). Accordingly, the identified proteins form
a highly connected network (fig.30c). Symplekin, though not upregulated compared
to stage VI conditions, still acts as a scaffold protein for the activation complex, as it
had been observed previously (Kim and Richter, 2006). In this scenario, MOV10 and
ATXN2 seem to be important, which provides more evidence to their possible dual role
controlling translation of certain mRNAs (Lim and Allada, 2013; Kenny and Ceman,
2016; Kute et al., 2019). Interestingly, the BiolD detected association with PCM1, a
component of the pericentriolar material, supporting the role of CPEBI in mediating

spindle-localized translation (Eliscovich et al., 2008).

Other proteins with a relevant role in translational repression such as the CCR4-NOT
components, PATL2 and the LSM14 family, have not been detected, which can indic-
ate that the interaction with CPEBI has been reduced, though other scenarios are also
possible. PATL2, for instance, gets degraded upon maturation (Nakamura et al., 2010).
On the other hand, with this approach we have not been able to detect new interactions
(even not a poly(A) polymerase), which, as mentioned above, may be a combination of

lack of biotinylation and more labile or transient interactions.

Albeit preliminary, these findings indicate that the translational activation mediated
by CPEBI is assisted by other RNA binding proteins, such as MOV10, YTHDFI and
ATXN2, which paradoxically also play a role in the context of translational repression.
It is tempting to speculate that protein-protein interactions may not be sufficient to ac-
count for a univocal biological function but, rather, there are extra layers of regulation

that ultimately decide the role a complex is exerting.

Considering that CPEB4 and many components of the CPEBs mRNPs undergo liquid-
liquid phase separation, a process generally regulated by PTMs, we speculate that phos-

phorylation of some CPEB repression complex components triggered by progesterone
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stimulation will affect the LLPS properties of the whole particle which, in turn, may also
affect the activity of components such as the CCR4-NOT machinery, as it has been re-

cently described 77 vitro (Sheu-Gruttadauria and MacRae, 2018; Kim et al., 2019).

In line with this hypothesis, the following Results sections will be devoted to the study of
theliquid-liquid phase separation properties of the CPEB family since we believe that, as
an increasing number of other RN A-binding proteins, all four CPEBs have their func-

tion regulated or exert their function through this principle.

Sequence analysis suggests different features for the CPEBs

Previous work from our lab demonstrated that CPEB4 is able to phase separate i vitro
and 7z vivo in an RNA-independent fashion. Accordingly, CPEB4 LLPS relies solely on
its NTD intrinsic properties, possibly through the multivalency conferred by the IDRs
found in this region (Guillén-Boixet et al., 2016). On the other hand, little is known
about the phase separation properties of the remaining CPEBs, for which only the abil-
ity to form cytoplasmic foci or amyloid deposits has been addressed for CPEBI and

CPEB2-3 respectively (Wilczynska, 2005; Stephan et al., 2015; Tsvetkov et al., 2020).

The ability of a protein to undergo liquid-liquid phase separation is determined by its
sequence. As previously mentioned, the concept of multivalency explains the condensa-
tion properties of proteins 7z vivo or in potential physiological conditions (Banani etal.,
2016; Wang et al., 2018). Motifs mediating protein-protein interactions (PPI) found
in intrinsically disordered regions provide multivalency to proteins that lack multiple
ordered protein-binding domains, and this is the principle that we speculate explains
CPEBs phase separation, as they only have one ordered region, responsible for a single

valency (the RRMs bind to RNA in a fly-trap conformation) (Afroz et al., 2014).

With these assumptions, we used on-line predictors to check the extent of intrinsic dis-
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order and the potential PPI-mediating motifs in the CPEBs sequences.

Prediction of order/disorder using the metapredictor PONDR-FIT algorithm (Xueetal.,
2010) shows clear differences between the highly structured CTDs and the more un-
structured N'TDs (fig.31a, black line), as expected. Remarkably, CPEB1 was the only

member of the family without long disordered stretches.

Disordered proteins are enriched in SLiMs (Mooney et al., 2012) and MoRFs (Mo-
han et al., 2006), which are motifs with the ability to fold upon binding and mediate
protein-protein interactions. Theoretically, these sequences increase the valency of the
IDPs they lie at, hence favoring the formation of phase separated compartments. We
checked the presence of these kind of motifs through open source predictors, namely
SLIMPred v0.9 and MoRFchibi (Malhis et al., 2016). As depicted below, these mo-
tifs accumulate at the NTD of all four CPEBs, specially in the case of CPEB2-4 (fig.31a,
highlighted stretches). Interestingly, some motifs can be found at the CTD of CPEBI-4,
for example in regions in the vicinity of the ZZ-box, which indeed has also been sugges-

ted to mediate protein-protein interactions (Merkel et al., 2013).

Charge content and patterning has been established as a modulator of protein solva-
tion properties and, therefore, contributes enthalpically to phase separation (Martin and
Mittag, 2018). Accordingly, we checked the net charge distribution along the NTDs of
CPEBI-4 at pH 7.4 in 9-amino acids windows (fig.31b). Charge distribution in IDRs is
critical for phase separation: charge blockiness increases the propensity for LLPS whereas
charge alternation severely impairs this phenomenon (Das and Pappu, 2013; Elbaum-
Garfinkle et al., 2015). Using these settings, we observed a clear difference between
CPEB1 and CPEB3-4, having CPEBI an alternate pattern and CPEB3-4 a more blocky
one, with long patches of negatively and positively charges residues. Notably, CPEB2

has an in-between profile.
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Altogether, these analyses strongly suggest that, from the CPEB family, CPEB1 would
have the lowest propensity for phase separation while CPEB2-4 would be more prone
to undergo LLPS. To validate this hypothesis, which could help us propose an evolu-
tionary purpose for the splitting of CPEBI and CPEB2-4 branches, we conducted 7z

vivo phase separation experiments using overexpression of GFP-tagged versions in U-2

OS cells.
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Figure 31: Comparative analysis of the CPEB sequences. (a) Plots displaying the disorder
score obtained using PONDR-FIT for the four CPEB sequences in Xenopus laevis. Stretches
with values over 0.5 are predicted as disordered and are concentrated at the N-terminal domain.
Motifs predicted to mediate protein-protein interactions are depicted in light pink (MoRFs,
predicted with MoRFchibi) and light blue (SLiMs, predicted with SLiMPred). Only signific-
ant MoRFs (legth over 5 residues and score cut-oft of 0.66) and SLiMs (length between 3-12
residues and score cut-off of 0.25) are displayed. (b) Plots displaying the net charge of the NTD
sequences at pH 7.4 in 9-amino-acid windows. Positively charged windows are coloured in red
and negatively charged ones in blue. For these analyses we used the annotated sequences more

similar to our cloned proteins.
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CPEBI biomolecular condensation in vivo

We dedicated our first experiments to address whether CPEBI is able to undergo phase
separation 7z vivo and how it is affected by the variations (RNA-binding mutant and

NTD-truncated versions) that we used in our BioID experiments.

CPEBI1 forms round cytoplasmic foci in U-2 OS cells

To test whether CPEBI is able to phase separate 7z vivo we transfected U-2 OS cells with
a plasmid coding for CPEB1-GFP. To minimize structural perturbations on its IDRs,

we fused the GFP next to the ordered domain of CPEB1 (Alberti et al., 2018).
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Figure 32: GFP-tagged proteins distribution in U-2 OS cells. Overexpressed GFP-tagged
proteins adopt a variety of patterns in U-2 OS cells. To make the analysis simpler, cells were
classified into five main categories: diffuse, mainly diffuse, irregular aggregates, mainly round
aggregates and round aggregates. Patterns can be better appreciated in the cropped and zoomed
sample. For this classification, only GFP signal from the cytoplasm was considered (determined
using CellMask and DAPI as cytoplasmic and nuclear dyes, respectively). Pictures correspond

to Z-projections. Scale bar = 10 pm.
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According to the distribution of the GFP signal in the cytoplasm (reference pictures in
figure 32) we categorized the cells in the following patterns: a) diffuse, when no struc-
tures could be identified in the cytoplasm, b) mainly diffuse, when either very few and
small aggregates were detected or a granular but uniform cytoplasm was observed, c)
irregular aggregates, when condensates with an irregular shape were spotted, d) round
aggregates, when roundish foci were observed in the cytoplasm and e) mainly round ag-
gregates, when only a small fraction of the cytoplasmic foci did not have an spherical
shape. Additionally, in order to control for protein expression levels, images for low,

medium and high CPEB1-GFP expressing cells were acquired (fig. 33).

Low MEDIUM HIGH
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Figure 33: CPEBI forms cytoplasmic foci in U-2 OS cells. Representative images of cells
expressing CPEB], the Y365A mutant and the CTD version fused to GFP. Cells were classified
by intensities through arbitrary thresholds into three categories: low, medium and high. CPEBI
is able to form cytoplasmic foci regardless of RNA binding. Remarkably, CTD-GFP has a tend-
ency towards irregularly-shaped aggregates. Scale bar = 10 pm.
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As we expected from the work of Wilczynska (2005), cells expressing CPEB1-GFP dis-
played cytoplasmic foci when observed by confocal microscopy (fig.33). As shown in
the sample images of figure 33, the condensed protein fraction correlates with the GFP

signal, which means that there is a concentration dependency in CPEB1 condensation.
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Figure 34: Distribution of the aggregation patterns for CPEBI variants. (a) Barplot dis-
playing the frequency of each aggregation pattern for CPEBI-GFP, Y365A-GFP and CTD-GFP
in three independent experiments (n = 62 for CPEBI-GFP, n =59 for Y365A-GFP and n =57 for
CTD-GFP). CPEB1-GFP tends to aggregate forming round condensates, which is not affected
by RNA-binding impairment, while the CTD-GFP variant has more tendency for irregular ag-
gregates. (b) Distribution of the aggregation patterns by intensities, suggesting a concentration

dependency (n = 11, for high intensity cells, n = 53 for medium intensity and n = 114 for low).

The vast majority of cells expressing CPEB1-GFP have round aggregates in a wide range
of protein concentrations, whose shape is reminiscent of liquid-like droplets (fig. 34a).
As expected, some lower CPEBI-GFP expressing cells adopt a more diffuse pattern,
while the higher expressing cells seem to form irregular aggregates, which would be in-
dicative of less liquid-like nature (fig. 34b). Interestingly, CPEB1-GFP foci seem not to
be dependent on the RNA binding capacity, since the mutant Y365A-GFP also forms

these condensates, with a behavior that resembles that of the wild-type.
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In opposition to what has been described for CPEB4 (Guillén-Boixet et al., 2016), the
over-expressed CTD of CPEBI does not adopt a diffuse distribution in the cytoplasm
of U-2 OS cells but, rather, has the ability to condensate into irregular aggregates that,

as we will discuss below, do not have liquid-like properties.

Considering the BioID and co-IPs data, we speculated that foci assembled by the RNA-
binding mutant would not co-localize with those formed by the wild-type, as this muta-
tion impaired its ability to recruit the repression complex components, which are pre-
sumably found in CPEB1 condensates. To address this hypothesis, the GFP fusions were
co-transfected with a plasmid coding for CPEB1-mCherry and both fluorescent fusion

proteins were detected by confocal microscopy.

X- GFP CPEB1-mCherry Merge

CPEB1 WT

CPEB1 Y365A

CPEB1CTD

Figure 35: CPEBI co-localizes with the Y365A mutant and the CTD in U-2 OS cells.
Representative images of the green (GFP fusion) and red (CPEB1-mCherry) channels, as well as

the resulting merge. Perfect co-localization is observed in all conditions. Scale bar = 10pum.
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Preliminary data shown in figure 35 indicates that CPEB1-mCherry perfectly co-localizes
with the mutant, suggesting that both variants can partition into the same condensates
regardless of RNA. Even though these results may be in conflict with those from the
BioID and co-IP, these discrepancies could be explained considering the resolution of
both approaches: while the BioID has a resolution below 10-20nm, the confocal mi-
croscope we have used has a resolution of around 300-400nm. Consequently, despite
observing proximity at the microscopic level, at the molecular level these two CPEBI
variants may not be interacting and, indeed, may even be found in different compart-
ments within the same foci, as happens for other systems such as the nucleolus (Feric
et al,, 2016). To address this, super-resolution and even 7z vitro approaches would be

highly useful.

Additionally, wild-type CPEBI also co-localizes with the CTD, which means that, even
though RNA is not essential for CPEBI condensation in the cytoplasm, it may serve asa
phase separated scaffold onto which CPEBI will land. Conversely, there is also the pos-
sibility that CPEB1 condensation depends on a region of the CTD, which is not mediat-
ing RNA-binding, common for the three variants. In this scenario, the role of the NTD,
as we will discuss below, would be to grant fluidity to these condensates, providing them
with more liquid-like properties. To address these inquiries, 7z vitro experiments should
be performed with a set of mutants and truncated versions, in presence and absence of

RNA, in order to better map the regions implicated in CPEB1 condensation.

Overall, these results strongly suggest that CPEBI is able to form round cytoplasmic
foci in a concentration-dependent fashion, possibly through liquid-liquid phase separ-
ation. Despite not requiring RNA-binding for partitioning into these aggregates, the

CTD would still be an essential requisite, as we will show in the following sections.
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CPEBI foci are formed by liquid-liquid phase separation

Considering that CPEB4 can undergo liquid-liquid phase separation (Guillén-Boixet
et al., 2016), we speculated that CPEBI foci would be assembled on a similar basis.
Though still in debate (McSwiggen et al., 2019), compartments with the ability to fuse
and fission, and that can recover their fluorescence after photobleaching are potentially
formed by LLPS. Accordingly, we checked if CPEBI-GFP foci have the aforementioned

properties.

As expected, CPEBI-GFP foci display features of compartments formed by phase sep-
aration, such as the ability to fuse and fission. An example of a fusion event is shown
in figure 36: two separated droplets become one with time, which can be followed us-
ing the respective fluorescence intensities. However, we plan to capture fusion events in
an unbiased manner using automatic image analysis pipelines in order to get a quantit-
ative perspective of this event, which can be useful for comparing between conditions.
Remarkably, in some cases we observed incomplete fusions (data not shown), or even
kiss-and-run contacts between droplets, which is reminiscent of a phase transition to-

wards a gel-like state (Shin et al., 2017b).

Apart from the ability to fuse/fission, we also measured the exchange dynamics of the
condensates with molecules from the soluble phase by FR AP. As shown in figure 37a-c,
CPEBI1-GFP foci are in a constant exchange with molecules from the soluble pool, as

their fluorescence recovers with time until it reaches a plateau.

Interestingly, nearly 50% of the molecules found in the droplet are immobile in the
timescale of the experiment, which suggests that the behavior of these aggregates is not
completely liquid-like. Unfortunately, given the size of the droplets, smaller regions
could not be photobleached to discern if these two components (fast recovering and

immobile molecules) are indeed separated into subcompartments, as it happens in other
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more complex systems (Jain etal., 2016; Weber, 2017), which have a viscoelastic or elastic

solid core.
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Figure 36: CPEBI condensates experience fusion events. Representative crops for a time-

lapse of a fusion event of CPEB1-GFP foci are depicted. The sum of the intensities of the isolated

droplets is similar to that of the resulting one, an indication of fusion. Scale bar = 10 um. Rate

=11.36 frames/second.

Surprisingly, the dynamic exchange in and out the droplets is independent of RNA-

binding capacity, as the Y365A mutation does not affect significantly the recovery kin-

etics. Conversely, as intuited by the irregular shape of the CTD-GFP cytoplasmic ag-

gregates, these have a solid-like behavior, being unable to recover after photobleaching

in the timescale of the experiment (fig. 37a-c). Thus, these findings indicate a role for

the CPEBI-NTD in preventing the transition from a liquid state to a solid one, as we

speculated before.
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In this section we have provided the first evidence that CPEBI can undergo liquid-liquid
phase separation 77 vivo, and we have determined that this ability is, at least in our ex-

perimental setting of overexpression, independent of RNA-binding.
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Figure 37: CPEBI foci dynamically exchange molecules between the dense and the light
phases. (a) Representative crops of a time-lapse of a FRAP experiment. Foci with a given in-
tensity (frame 50, Pre) are photobleached (frame 51, time 0) and the fluorescence recovery is
tracked over time (frames 89 and 261, 8 and 23s respectively). While CPEB1-GFP foci recover
with time, in an RNA independent fashion, the CTD-GFP irregular aggregates do not, suggest-
ing that the liquid-like nature of the CPEBI droplets is provided by its NTD. (b) FR AP recovery
curves for the CPEBI variants fitted to a single exponential model. Mean fluorescence intensity is
depicted for each time point as well as the standard deviation. (c) Boxplots showing the distribu-
tions of the t-half and mobile fraction for each variant after double normalization. As depicted,
CPEBI-GFP recovery kinetics seem not to be affected by the RNA-binding ablating mutation
and, compared to the full-length variants, the CTD-GFP version does not recovery at all. Data
coming from three independent experiments (n = 48 for CPEB1-GFP, n = 66 for Y365A-GFP,
n = 60 for CTD-GFP). Comparison between groups was carried out using a Kruskal-Wallis test
(significance level of 5%) and then post-hoc Dunn’s test with a Bonferroni correction to account

for multiple testing (***, p-value < 0.001; **, p-value < 0.01 and *, p-value < 0.05).

These results, though, would not be expected considering the sequence analysis data,
which implies that the determinants governing liquid-liquid phase separation are not
fully understood yet and, consequently, there is still room for improvement in the pre-
dictive algorithms. On the other hand, we also speculate that the NTD of CPEBI1 is
required to prevent aberrant phase transitions, as has been suggested for other proteins

such as Dedlp (Iserman et al., 2020).

The next section covers some experiments addressing the phase separation properties
of CPEB2 and CPEB3 and preliminary data comparing the four CPEBs. The aim of
the following studies is to provide comparative data for four related proteins in the same
biological scenario which, along with the BioID data and unpublished work from Berta
Duran (Duran, 2020), will help establishing a conceptual framework to the question:

why four CPEBs are required in the same cell?

Results
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Comparison of CPEBI1-4 phase separation properties

CPEB2 and CPEB3 phase separate in U-2 OS cells

Considering that CPEB1 and CPEB4 have the ability to phase separate 7% vivo and the
fact that analysis of the CPEB2 and CPEB3 sequences pointed to a similar behavior for
these proteins, we checked this hypothesis in the same experimental conditions. As ex-
pected, both proteins form cytoplasmic foci when overexpressed in U-2 OS cells, seem-
ingly in a wide range of concentrations (fig. 38a-c). Apparently, CPEB3 seems to have a
higher tendency to form irregularly shaped aggregates in the cytoplasm, possibly due to

the presence of a prion-like domain in its NTD (Si and Kandel, 2016).
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Figure 38: CPEB2 and CPEB3 undergo phase separation in vivo. (a) Representative images
of cells expressing CPEB2-GFP and CPEB3-GFP at low and medium intensity levels. Cytoplas-
mic foci are observed for both fusion proteins, which are higher in number and size as protein
concentration increases. Scale bar = 10 pum. (b) Barplot displaying the percentage of each ag-
gregation pattern for CPEB2-GFP and CPEB3-GFP in two independent experiments (n = 28
and n = 28 respectively). CPEB2 and CPEB3 form cytoplasmic foci with mainly round shape.
Apparently, CPEB3 has also tendency to aggregate into irregular foci. (c) Distribution of the
aggregation patterns by intensities, suggesting a concentration dependency (n = 5, for high in-
tensity cells, n =12 for medium intensity and n = 39 for low). (d) FR AP recovery curves for the
CPEB2 and CPEB3 fitted to a single exponential model. Mean fluorescence intensity is depicted
for each time point as well as the standard deviation. Droplets formed by either protein show a

fast and almost complete recovery after photobleaching.

These observations are in line with recent work from Kandel’s lab, which indicate that
CPEBS3 partitions into P-bodies in a SUMOylation dependent-manner (Fioriti et al.,
2015; Drisaldi et al., 2015; Ford et al., 2019). In addition, other studies with the CPEB2-
4 orthologs Orb2A and Orb2B indicate that this branch of the CPEB family forms func-
tional cytoplasmic foci with properties ranging from liquid-like to more solid-like (Li

et al., 2016; Stepien et al., 2016; Joag et al., 2019; Hervas et al., 2020).

To address the material properties of the CPEB2-3 condensates we performed FR AP
experiments. Both proteins displayed fast and complete recovery kinetics (fig. 38d).
Indeed, CPEB2-GFP and CPEB3-GFP have faster and more complete recovery than
CPEBI-GFP, which suggests that the droplets assembled by these paralogs have more
liquid-like behavior (fig. 39a-b). These results are consistent with the sequence analysis

data, which indicated that CPEB2-4 have more propensity for LLPS than CPEBI.

Remarkably, even though aggregates with irregular shapes have generally gel-like or solid-
like properties, as observed for CTD-GFP, those of CPEB2 and CPEB3 recovered sur-

prisingly fast, which indicates that they are not as gel or solid as it may seem from their

Results
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shape. This observation implies that as many features of these biomolecular condensates
as possible should be analyzed to fully understand their material properties and be able

to better compare between proteins.
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Figure 39: CPEBI and CPEB2-3 droplets have different recovery kinetics. (a) Boxplots
showing the distributions of the t-half for each fusion protein after double normalization. Re-
markably, CPEBI recovers slower than CPEB2-3, which suggests a less liquid-like behavior of
these droplets. (b) Boxplots showing the distributions of the mobility fraction for each fusion
protein after double normalization. Remarkably, CPEBI recovers significantly less than CPEB2-
3, meaning that molecules in CPEBI droplets are retained longer, which indicates a more solid-
like behavior. Data coming from three independent experiments (n = 48 for CPEB1-GFP, n =
66 for Y365A-GFP, n = 60 for CTD-GFP, n =78 for CPEB2-GFP and n = 84 for CPEB3-GFP).
Comparison between groups was carried out using a Kruskal-Wallis test (significance level of 5%)
and then post-hoc Dunn’s test with a Bonferroni correction to account for the multiple testing

(***, p-value < 0.001; **, p-value < 0.01 and *, p-value < 0.05).

Altogether, these results strongly suggest that all four Xenopus CPEBs can undergo LLPS
in vivo, a phenomenon only demonstrated thus far for CPEB4 (Guillén-Boixet et al.,
2016) and proposed for human CPEB3 (Ford etal., 2019). Consistent with the sequence
analysis data, CPEB1 forms less dynamic condensates, as they recover worse after pho-
tobleaching. Evolution might have selected the development of these two main biophys-
ical behaviors for the CPEBs (by separating CPEBI from CPEB2-4), in order to allow
a differential regulation of CPEB targets based on mechanisms or principles yet to be

characterized.
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CPEBI1-4 N'TDs have different propensity to undergo phase separation

Sequence analysis of the four CPEBs indicates that the regions promoting phase separa-
tion most likely reside in their NTDs, since this domain is rich in intrinsically disordered
stretches and linear motifs possibly mediating protein-protein interactions. Consistent
with this hypothesis, Guillén-Boixet et al. (2016) showed that the NTD of CPEB4 is suf-
ficient for its liquid-liquid phase separation. To address this question for the remaining

CPEBs, we checked foci formation of their NTD-GFP variants in fixed U-2 OS.
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Figure 40: CPEB1-4 N'TDs have different propensities for phase separation. (a) Rep-
resentative images of cells expressing NTD1-4-GFP at low and medium intensity levels. Scale
bar = 10 um. (b) Barplot displaying the percentage of each aggregation pattern for NTDI-4 in
two independent experiments (n = 49, n = 43, n = 47 and n = 43 respectively). (c) Distribution
of the aggregation patterns by intensities, suggesting a concentration dependency both in the
formation of round and irregular aggregates for NTD2-4 (n = 24, for high intensity cells, n = 49
for medium intensity and n = 102 for low). While NTD1 does not undergo liquid-liquid phase
separation at any concentration, the NTD of the other members of the family have, to a certain
extent, the ability to form LLPS condensates, specially at higher protein levels. More specifically,
NTD2 and NTD3 have a high tendency to form irregular aggregates whilst NTD4 has a signi-
ficant propensity for condensing into round aggregates. (d) Barplot displaying the percentage of
each aggregation pattern for NTD1-GFP and NTD1-mCherry in two independent experiments
(n =47 and n = 43 respectively). Irrespective of the fluorescent tag, NTD1 remains soluble in a

wide range of protein concentrations.

Asshown in figure 40, the NTD of CPEB1 (N'TD1) cannot undergo liquid-liquid phase
separation, even at high protein concentrations or with another tag (mCherry), which
was expected from the sequence analysis data and also observed by Wilczynska (2005).
As previously mentioned, the lack of long disorder stretches, the few predicted SLiMs
and MoRFs and the alternate charge patterning, are potential reasons explaining its sol-

uble behavior.

Consequently, the fact that the full-length CPEBI can form liquid-like droplets entails
thatits CTD is crucial for LLPS, which indeed has been recently suggested by other au-
thors (Tsvetkovetal., 2020). Nonetheless, the NTD seems to be necessary for providing
liquid-like properties, as the CTD alone has a tendency to transition to solid-like states
(Patel et al., 2015; Shin et al., 2017b; Weber, 2017). We speculate that either contacts
with the NTD or the physicochemical properties of the full-length protein are respons-

ible of tuning down the propensity of the CTD of CPEBI to phase transition.
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Similarly, the NTD of CPEB3 adopts a diffuse distribution at low protein concentra-
tions. However, at high protein levels it has increased propensity for condensing into ir-
regular aggregates, probably driven by its prion-like domain. These findings are partially
in line with observations from Ford et al. (2019), who showed that full-length CPEB3
condensates in HeLa cells while NTD3-GFP does not. Conversely, NTD2 and NTD4
can form round aggregates with potential liquid-like properties, yet NTD2 has higher
tendency for irregular foci, even at low concentrations. These findings are supported by
data from Tsvetkov et al. (2020), who observed that CPEB2 oligomerization relied on

the prion-like domain present in its NTD.

In conclusion, overexpression of the NTDs supports our speculations from the sequence
analysis data: CPEB2-4 seem to have evolved to undergo LLPS more easily than CPEBI,
even though their CTD still has an important role determining the final material prop-
erties of the condensates they assemble, as the pattern distributions from CPEB2-3 and
NTD2-3 also differ significantly. In this regard, the fact that only CPEBI requires its
CTD for phase separating (at least in the range of concentrations tested), establishes an
orthogonality between CPEB1 and CPEB2-4 that may facilitate their differential regu-

lation, behavior and effect on their targets.

CPEBs co-localize in the same biomolecular condensates

As we have described so far, all four CPEBs can form cytoplasmic foci in a process most
likely driven by liquid-liquid phase separation. We have also shown that the condensates
they form have different morphological distributions, different dynamics (as addressed
by FR AP) and different structural requirements (as addresed by CTD truncation). Des-
pite these differences, data coming from BioID experiments and work from other labs
(Youn etal.,2018; Ford etal., 2019) suggests that, at least in some cellular systems, all four
CPEBs are found in compartments with similar compositions (most likely P-bodies)

and are, indeed, in close proximity. Even though it may seem counter-intuitive that all

Results



96 Comparison of CPEBI-4 phase separation properties

of them coexist in a condensate while behaving differently, there is evidence of other sys-
tems in which proteins with different LLPS properties and dynamics co-condense into
isotropic or anisotropic aggregates (Kedersha etal., 2005; Feric et al., 2016; Weber, 2017;
Sheu-Gruttadauria and MacRae, 2018; Shiina, 2019; Kim et al., 2019; Neil et al., 2020).

In order to address the degree of co-localization between the four CPEBs we decided
to co-expresses CPEBI-mCherry with the other family members fused to GFP, since
CPEBI has the more dissimilar behavior according to the FRAP data. Importantly,
CPEBI-mCherry does not fully recapitulate CPEB1-GFP phase separation behavior,
meaning that the fluorescent tag has a confounding eftect on CPEBI condensation prop-
erties (fig. 41a). To circumvent this issue we just considered for co-localization quanti-
fication those cells showing an aggregated patttern (round, mainly round and irregular

aggregates). Co-localization was assessed using Pearson’s correlation coefhicient.
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Figure 41: CPEBs cytoplasmic distribution upon co-transfection with CPEB1-mCherry.
(a) Barplot displaying the percentage of each aggregation pattern for CPEB1-GFP and CPEBI-
mCherry in three independent experiments (n = 49 and n = 37 respectively). Importantly, only
one replicate contained both fusions. Even though the pattern distributions are not completely
similar, both fusions are able to undergo LLPS 7% vive. (b) Barplot displaying the percent-
age of each aggregation pattern for CPEB1-3-GFP upon co-expression with CPEB1-mCherry.
While CPEBI-GFP phase separates mainly into round droplets, CPEB2 and CPEB3 also un-
dergo transition into irregular aggregates. Data coming from two independent experiments (n

= 44 for CPEB1-GFP, n = 43 for CPEB2-GFP and n = 42 for CPEB3-GFP).
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As shown in figure 41b, all the CPEBX-GFP constructs are able to form cytoplasmic
foci when co-transfected with CPEBI-mCherry. Interestingly, even though we cannot
completely compare these results with the experiments expressing the GFP constructs
alone since they have been performed separately (different transfection replicates), this
data seems to indicate that CPEBI-mCherry would increase the propensity of CPEB2
to form aggregates with irregular shapes. In any case, it is important to highlight that,
for all conditions tested, both CPEBX-GFP and CPEB1-mCherry proteins adopt the

same pattern in the cell and, remarkably, co-localize almost perfectly (figs. 42 and 43).

X-GFP CPEB1-mCherry

CPEB1

CPEB2

CPEB3

Figure 42: CPEBs co-localize in cytoplasmic puncta. Representative images of U-2 OS cells
co-expressing CPEB1-mCherry with CPEBI-3 fused to GFP. In cells with an aggregate mCherry

pattern, co-localization with the GFP signal is almost complete. Scale bar = 10 pm.
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The fact that, at least for the conditions tested, CPEBs can co-localize into the same
condensates, poses the question as to which are the factors determining that these four
paralogs coalesce together. We speculated that RNA could be a possible determinant,
as all four CPEBs recognize CPE elements and, therefore, could be binding to the same
mRNAs. To address this possibility we have conducted a pilot experiment testing if

NTDs-GFP co-localize with CPEB1-mCherry.
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Figure 43: CPEBs co-localize in the same biomolecular condensates. Boxplots showing
the distribution of the Pearson correlation coefficients of the original images and the average of
75 randomized versions. As depicted, there is a significant co-localization of CPEB1-mCherry
aggregates and those of the GFP-fused proteins. Importantly, for this analysis only cells with an
aggregate pattern (round or irregular) were used. Data coming from two independent experi-
ments (n = 44 for CPEB1-GFP, n = 38 for CPEB2-GFP and n = 37 for CPEB3-GFP). For the
statistical analysis, paired samples were compared using a Wilcoxon signed-rank test using a Bon-
ferroni correction to account for multiple testing (***, p-value < 0.001; **, p-value < 0.01 and *,

p-value < 0.05).

Asshown in figure 44, the NTDs of CPEBI-4 co-localize almost completely with CPEB1-
mCherry in cells displaying an aggregated pattern (quantification in figure 45b). These
results strongly suggest that co-localization of the four CPEBs in the same granules is,
potentially, independent of RNA binding. To further corroborate this hypothesis, co-

expression of two NTDs could help discern it better. Nonetheless, we should not ex-
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clude the possibility that scaffold RNAs may have a role in CPEBs phase separation
irrespective of a binding through the RR Ms.

NTDX-GFP CPEB1-mCherry

NTD1

NTD2

NTD3

NTD4

Figure 44: CPEBs co-localization is independent of RNA-binding. Representative im-
ages of U-2 OS cells co-expressing CPEB1-mCherry with NTD1-4 fused to GFP. In cells with

aggregated mCherry pattern, co-localization with GFP is almost complete. Scale bar = 10 pum.
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On the other hand, it was surprising to observe that even NTD1, which we demon-
strated to be unable to undergo phase separation in a wide range of concentrations, is
recruited to the foci assembled by its full-length counterpart. Therefore, these results
suggest that this domain can condense if an appropriate environment is present in the

cell.

Similarly, this preliminary data hints that CPEBI reduces the propensity of NTD2-3
to condense into irregular aggregates (fig.45a), which we speculate may reflect a cross-

talk between different species of the same condensate to define its overall properties.
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Figure 45: CPEBs co-localization is independent of the CTD. (a) Barplot displaying the
number of cells for each aggregation pattern for NTD1-4-GFP upon co-expression with CPEBI-
mCherry. Data coming from a single experiment (n = 16 for NTD1, n =15 for NTD2, n = 18 for
NTD3, n =17 for NTD4). Co-expression of the NTDs with full-length CPEBI increases their
ability to phase separate into round and/or irregular aggregates. Importantly, both fusion pro-
teins adopt the same pattern in the same cell. (b) Boxplots showing the distribution of the Pear-
son correlation coefficients for the original images and the average of 75 randomized versions.
As depicted, there is a significant co-localization of CPEBI-mCherry aggregates and those of the
GFP-fused NTDs. Importantly, for this analysis only cells with an aggregate pattern (round or
irregular) were used. Data coming from a single experiment (n = 9 for NTD1, n = 11 for NTD2,
n =13 for NTD3, n =13 for NTD4) . For the statistical analysis, paired samples were compared
using a Wilcoxon signed-rank test using a Bonferroni correction to account for the multiple test-

ing (***, p-value < 0.001; **, p-value < 0.01 and *, p-value < 0.05)
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Since RNA-binding seems not to be the key determinant in CPEB1 and CPEB2-4 co-
localization, we speculate that other factors such as sequence composition, may be driv-
ing the condensation of these proteins into the same droplets. As an example, it has been
recently proposed that proteins composed exclusively of arginine-aspartic acid dipeptide
repeats are specifically incorporated to nuclear speckles (Greig et al., 2020), which sug-
gests that a specific grammar may exist for CPEB-enriched compartments. Alternatively,
certain protein-protein interactions occurring at the NTDs may be promoting the ob-

served co-condensation.

Opverall, our findings indicate that the four CPEBs are potentially found in the same bio-
molecular condensates, as the BiolD data suggested. Interestingly, this co-localization is
potentially independent of RNA-binding, as concluded from the experiments with the
NTDs. In addition, we have shown that the properties of one species can be aftected by

the phase separation of others.

Despite these observations, we cannot belittle the possibility that these proteins are sub-
compartmentalized in smaller volumes within the microscopically-detected foci (Feric
et al., 2016; Shiina, 2019). Accordingly, imaging the condensates with super-resolution

and iz vitro studies with purified recombinant proteins could bring light in this regard.

CPEBI-4 droplets move differently within the cytoplasm

While performing FR AP experiments in live cells we observed that the condensates the
CPEBs assemble displayed a variety of movement trajectories and, interestingly, there
seemed to be differences between paralogs. To better characterize the particle move-
ments we recorded them for long time-periods, in two Z-stacks, and tracked them us-
ing Imaris particle tracking algorithms. As variable of interest we measured the ratio

between the track displacement and the track length, henceforth track straightness.

Results
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Using this approach, we observed that most of CPEB2 and CPEB3 droplets, though
being in constant movement, barely displaced from their position; accordingly, their
droplets had low straightness values. Conversely, droplets formed by CPEB1and CPEB4
had more tendency to move freely in the cytoplasm, covering wide territories and, re-

markably, some of these foci showed fast and geometrically straight displacements.

Notably, we observed a clear association between the size of a droplet and its straight-
ness (fig. 46). In this regard, smaller droplets (below percentile 15%) displayed more
freedom in their movements and, in addition, were more prone to experience these fast
and straight displacements. Oppositely, bigger droplets (above percentile 85%) had their

movements more restricted and seemed to be confined in determined positions.
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Figure 46: Differential droplets movement within the cytoplasm. (A) Representat-
ive crops showing CPEB1 and CPEB2 droplets trajectories. Arrow = displacement with high
straightness. (B) Boxplots showing the relation between droplet size and straightness. Data com-
ing from 10 cells for each condition, with a total of 9576 identified droplets (n = 3485 for CPEBI,
n = 1179 for CPEB2, n = 1678 for CPEB3, n = 3234 for CPEB4). Comparison between groups
using Kruskal-Wallis test (5% significance) and then post-hoc Dunn’s test with a Bonferroni cor-

rection (***, p-value < 0.001; **, p-value < 0.01 and *, p-value < 0.05).



Comparison of CPEB1-4 phase separation properties 103

We hypothesize that these differences are explained by a differential association to ele-
ments of the cytoskeleton. In fact, Aizer et al. (2008) identified three patterns for P-
bodies dynamicsin the cell: confined motion, complete motionless and rapid-directional
displacement, which they related to microtubules, actin bundles and motor proteins/or-

ganelle hitchhiking respectively.

Consequently, considering our observations CPEB2 and CPEB3 droplets would be
more associated to actin bundles while those of CPEBI and CPEB4 would be more
associated to microtubules and, sporadically, to organelles or motor proteins that drag
them in rapid and directional trajectories. Future work in this regard will be performed,
assessing co-localization with cytoskeletal structures and also using agents affecting the

polymerization/depolymerization dynamics of microtubules and actin.

Results
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In eukaryotes, the nucleus physically separates transcription from translation, thus per-
mitting the development of several regulatory mechanisms that control the expression
of multiple genes in time and space. One of these mechanisms is governed by the CPEBs,
a family of RN A-binding proteins with the ability to regulate up to 30% of the human
genome. Accordingly, the role of the CPEBs has been studied in a plethora of systems
and cellular processes. Even though many of these studies have addressed mechanistic
inquiries about this family of proteins, there are still several open questions and limita-

tions arising from these data.

In the present work we have studied the composition and remodeling of the CPEB

mRNP in Xenopus laevis oocytes by means of 7z vivo interactomics, proposing a new

model explaining the mechanism underlying the translational control attained by CPEBs.

Additionally, we have characterized their liquid-liquid phase separation dynamics and

properties, redefining our conception about the biophysical nature of these proteins.

We will dedicate this chapter to discuss several issues and open questions that arise from

this work.

Revisiting CPEB1-mediated translational control

Novel players in CPEB1-mediated repression

Since the identification of CPEBI as the protein binding the CPE, much effort has been
put to propose a molecular mechanism for its functions. So far, itis well-established that
CPEBs do not possess any catalytic activity and, therefore, their role as translational reg-

ulators derives from their ability to recruit certain factors to their target mnRNAs.

From the studies covering the CPEBI repression complex, three main models have been

proposed. However, several evidences point to inconsistencies and contradictions between
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them. For instance, the role of PARN as the deadenylase of the CPEB1 mRNP is dif-
ficult to conceive considering the growing evidence that this enzyme is predominantly
found in the nucleus (Yamashita et al., 2005; Minshall et al., 2007; Wiihr et al., 2015)
and that it does not have a crucial role in cytoplasmic mRNA deadenylation, but rather
participates in the maturation of nuclear non-coding RNAs (Yamashita et al., 2005;

Montellese et al., 2017; Son et al., 2018; Yi et al., 2018).

In order to provide a model that overcomes the limitations of the others, we decided
to undertake an approach that not only is high-throughput, hence removing any hypo-
thesis bias, but also is based on 7z vivo molecular labeling, which allows to take more

accurate snapshots of the interactomic landscape of the CPEBs.

On one hand, factors such as PARN and Maskin have not been detected in any of our
experiments (figs 23 and 25). However, we do not rule out the possibility that the inter-
action of CPEBI with these two proteins occurs in other cellular locations, such as the
nucleus in the case of PARN, or for a small fraction of the cytoplasmic CPEB, which
could be the case of Maskin, a protein that mainly localizes to the centrosomes (Grois-

man et al., 2000; Peset et al., 2005; O’Brien et al., 2005).

On the other hand, the CPEB mRNP conceived by Minshall et al. (2007) is based on
the interaction of eIF4E-1b and eIF4E-T with the cap, which inhibits translation initi-
ation. This model, though, has not been further discussed in the field and, importantly,
lacks a deadenylase. In this regard, while our BioID data confirms the presence of the
elF4E1b and eIF4E-T duplex in the CPEB1 mRNP it also identifies the CCR4-NOT
complex as the deadenylation machinery acting on CPEB targets in stage VI Xenopus
laevis oocytes. Notably, this finding is supported by other studies in which the asso-
ciation between CPEBs and the CCR4-NOT complex has been observed in cell lines
(Hosoda etal., 2011; Ogami et al., 2014) or hinted in frog oocytes Waghray et al. (2015).
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In addition to these factors, our results establish novel associations with other machiner-
ies that mediate translational control (fig 23 and 25). We have defined with higher preci-
sion the link between CPEB1 and the polyadenylation complex in the context of trans-
lational repression, by incorporating WDR33, FIP1L1 and CSTF64 to the mRNP and
confirming the presence of Gld2. Importantly, this finding suggests that polyadenyla-
tion of CPEBI targets may not be triggered by the recruitment of polyadenylation factors

but rather by activation and/or rearrangement of these (i.e. by phosphorylation).
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Figure 47: Cellular machineries associated to CPEB1-mediated translational repression.
Families of factors that appear to be associated to CPEBI according to the BiolD data. We spec-
ulate that CPEB function is attained with the synergistic contribution of machineries mediating
cytoplasmic polyadenylation, RNA methylation, microRNA-induced silencing and transcript

deadenylation. In color, novel interactors are highlighted.

Considering the appearance of the methylation readers YTHDF1/2 and IGF2BP3 in
our results, we propose a connection between CPEBI and the mC®A modification of
the RNA body. An indirect evidence of this hypothesis comes from the work of Taka-
hashi et al. (2014), who observed that IGF2BP3 represses translation with CPEBI and
Pumilio in zebrafish oocytes. It is tempting to address also the possibility that m® A may
affect directly the CPEs (consensus CPE: 5-UUUUA;3U-3’) and the impact of this

modification on the RNA phase separation properties (Ries et al., 2019).

We have also identified factors related to miRNA-induced silencing such as PTBPI,
MOV10, HUR and ATXN2, which are thought to both facilitate and impair the func-
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tion of the miRISC through interaction or competition with AGO2 (McCann et al.,
2011; Liuetal., 2012; Kundu etal., 2012; Cui and Placzek, 2018; Nawalpuri etal., 2020).
Itis tempting to speculate that CPEBI acts synergistically with the miRISC to efficiently
recruit the CCR4-NOT complex to its targets. So far, there have only been evidences
of functional associations between CPEB1 and miRNAs (Wilczynska et al., 2016; Kra-
tassiouk et al., 2016), but we cannot belittle the possibility that CPEBs may act as seeds
onto which the miRISC machinery could land, independent of a miRNA. However,

this last mechanism has not been described for any other protein yet.

Finally, our data confirms the interaction of CPEB1 with ZAR1/2 and DAZL, which
had been suggested previously but had not been proven (Charlesworth et al., 2012;
Sousa Martins et al., 2016; Yang et al., 2020a). Remarkably, these are germ-line-specific
proteins, which means that they are dispensable for somatic translational repression but,

for reasons yet unknown, indispensable during oocyte maturation.

Altogether, these findings suggest that CPEBI-mediated translational control is not an
isolated phenomenon but it is part of a more complex machinery, resulting from the
additive, synergistic or antagonistic integration of the #7ans-acting factors recruited by
the combinatorial code of ¢is-acting elements of a given mRINA in a given context. The

composition of this particle, then, dictates the fate of the mRNA.

Liquid-liquid phase separation ensures CPEB-mediated repression

Cells exploit liquid-liquid phase separation to optimize spatiotemporal control over cel-
lular materials, metabolic processes and signalling pathways. Despite the list of func-
tions that have been attributed to this phenomenon, the precise mechanism by which

these are exerted is still subject of speculation.

In the present work we have provided strong evidence that all four CPEBs can undergo
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LLPS in vivo (figs 33 and 38) and we propose that this property is essential for their
dual function as repressors and activators. Accordingly, we speculate that CPEBs form
condensates in stage VI oocytes, which favor translational repression, and dissolve in re-

sponse to progesterone to facilitate transcript polyadenylation and translation.

Indeed, the model we propose has been suggested for other proteins such as FMRP.
It has been shown that phosphorylation-dependent LLPS of the low-complexity region
of FMRP is sufficient to inhibit translation and, remarkably, reversion of the condensa-
tion by methylation alleviates translational repression (Tsang et al., 2019). Additionally,
these condensates are not only able to sequester repression factors such as 4E-BP pro-
teins and miRNAs but they have also been proven to stimulate deadenylation mediated
by the CCR4-NOT machinery (Kim etal., 2019), an effect also observed for AGO2 and
TNRCG6B condensates (Sheu-Gruttadauria and MacRae, 2018).

These findings indicate that LLPS, somehow, creates a chemical environment that al-
lows specific reactions that are necessary for translational control and, more interest-
ingly, establishes a framework for quick regulation: CCR4-NOT deadenylase activity
dramatically decreases upon droplet dissolution. Most likely, mRNAs regulated by the
CPEBs also exploit this principle to control translation in space and time. To test this hy-

pothesis we could employ rabbit reticulocyte translation systems as in Kim et al. (2019).

On the other hand, even though several studies have addressed the LLPS properties of
RNA and its possible role controlling size and composition of phase separated compart-
ments (Garcia-Jove Navarro et al., 2019), it is still not known how RNA condensation
affects to its translation. We speculate that CPEBs facilitate condensation and compac-
tion of their targets, which may hinder translation initiation. This hypothesis is suppor-
ted by observations from Adivarahan et al. (2018), who showed that mRNAs found in

stress granules, which assemble by LLPS, are more compacted than translating ones.
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Finally, the association between CPEBs and methylation readers can also have an im-
pactin the phase separation properties of the target mRINA and, altogether, of the whole
particle. This hypothesis is supported by data from Ries et al. (2019), who have shown
that polymethylation correlates with repression in ribosome-profiling assays and that
this behavior is linked to increased YTHDF2 condensation, thus establishing a poten-
tial connection between RNA modification, condensate formation and translational
repression. In this regard, it would be interesting to address the effect of the CPEB fam-

ily of proteins in the condensation of polymethylated transcripts and vice versa.

In conclusion, translational repression mediated by the CPEBs is inherently linked to
liquid-liquid phase separation. As we will discuss below, we hypothesize that LLPS en-
sures the repressed state of the CPEB targets and warrants an accurate timing for trans-

lational activation in response to hormone stimulation.

Extensive modification of CPEB mR NP factors ensures the switch to

translational activation

Upon hormone stimulation, CPEBI gets phosphorylated and switches its function from
repressor to activator, which has been linked to a remodeling of the repression complex.
Considering our activation BioID data, we propose that CPEB1-mediated repression
may be alleviated by the release of CCR4-NOT from the complex, similar to what had
been previously described for PARN (Kim and Richter, 2006). Accordingly, transcript
deadenylation would be inhibited and polyadenylation by Gld2 would be favored.

In addition to the release of the CCR4-NOT complex, we have identified new factors
participating in CPEBI translational activation such as YTHDFI (fig. 30). This connec-
tion is supported by the observation that m®A methylation occurring upon hormonal
stimulation in Xenopus laevis oocytes correlates with higher protein levels (Qi et al.,

2016). It is tempting to speculate that the increased translation of the m®A-regulated
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transcripts may be facilitated by CPEBI through a mechanism yet to be described.

Similarly, our data suggests a link between CPEB1 and ATXN2. Ataxin-2 has been de-
scribed to bind PABP and to protect poly(A) tails by regulating negatively the activity
of deadenylases such as PAN, thus increasing translation of its targets (Ostrowski et al.,
2017). Considering these evidences, we speculate that ATXN2 assists CPEB1 in trans-

lational activation by warranting stability of the newly synthesized poly(A) tails.

Another factor that appeared in our data is MOV10, which has been proposed to stimu-
late translation in neurons in response to NMDA by dissociating AGO2 from its targets
(Kute et al., 2019). In view of these findings, we hypothesize that progesterone stimu-
lation may have a similar effect in Xenopus oocytes and, consequently, MOV10 would

assist CPEBI translational activation by facilitating the release of inhibitory factors.
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Figure 48: Model for CPEBI1-mediated translational activation. Upon progesterone stim-
ulation, proteins of the CPEBI repression complex are post-translationally modified (purple
dots), which affects their activity and/or phase separation properties. Remarkably, CPEB tar-
gets are potentially modified epigenetically, which may favor their translation. Additionally, the

CCR4-NOT deadenylase is released from the complex, favoring polyadenylation.

Intriguingly, all of the identified proteins in the activation complex were also identified
in stage VI oocytes. Indeed, some of them have been proposed, as CPEBI, to have a dual
role in translational control, specially the YTHDF proteins (Shi et al., 2019), ATXN2
(Lim and Allada, 2013), MOV10 (Kute et al., 2019), DDX6 (Wang et al., 2015a) and
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IGF2BP3 (Suvasini et al., 2011). It is conceivable that this switch in activity results
from post-translational modifications, in a similar manner to CPEBI regulation. In
fact, we observed changes in mobility of proteins such as Gld2, YTHDF1, CNOT2
and IGF2BP3 and data from Peuchen et al. (2017) indicates that, overall, the proteins
that we have identified in our BioID experiments tend to get phosphorylated upon pro-
gesterone stimulation (fig. 49). Conclusively, these observations suggest that the func-
tional switch of the CPEBI repression complex relies not only on the phosphorylation
of CPEBI but also on wide-spread modifications affecting other proteins in the com-

plex, altogether contributing to the re-elongation of the poly(A)-tail of CPEBI targets.
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Figure 49: Widespread phosphorylation in CPEB partners upon progesterone stimu-
lation. (a) Plot showing the average log,STY phosphorylation for CPEBI-4 hits in three states:
stage VI oocytes, 45 minutes after progesterone stimulation and MII oocytes. In general, CPEB
interactors tend to get phosphorylated with meiotic progression. Data from Peuchen et al.
(2017). (b) HA-western blots of oocytes with and without progesterone stimulation. Gld2,

CNOT2, YTHDF1 and IGF2BP3 shift in MII oocytes compared with stage VI oocytes.

Post-translational modification of proteins found in these mRNPs could have an impact
on their catalytic activity, as is the case of Gld2 (Chung et al., 2019), interactome, pro-
tein levels and, as suggested more recently, in their aggregation status (Rai et al., 2018).
In this regard, it has been shown that cyc/inBI, a CPEBI target, forms granules in the

animal pole of mouse and zebrafish oocytes that disassemble upon meiosis resumption,
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in a Puml phosphorylation-dependent manner (Kotani et al., 2013; Saitoh et al., 2018).
Consequently, it is tempting to speculate that this mechanism operates during Xenopus
laevis oocyte maturation as well, in which extensive protein modification (e.g. by means
of phosphorylation) may occur to dissolve many sorts of RNA granules, including those
in which CPEBs are found. Notably, the fact that the activity of the CCR4-NOT
deadenylase is enhanced by LLPS raises the possibility that CPEB granule dissolution

is a mechanism controlling its localization and function.

Remarkably, Kotani et al. (2013) observed that cyc/in BI granule dissolution in zebrafish
oocytes by cytochalasin B treatment did not relieve the repressed state of this CPEBI
target. In view of this observation, we hypothesize that granule dissolution is required
but not sufficient to promote translation. Accordingly, translational activation may re-
quire additional post-translational modifications that trigger catalytic, stoichiometric

and interactomic changes on the CPEB repression complex.
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Figure 50: Granule assembly and disassembly participate in CPEB-mediated transla-
tional control. Repressed CPEB targets are found in granules formed by LLPS. Upon hormone
stimulation, these condensates dissolve and cytoplasmic polyadenylation is promoted. How-
ever, translational activation requires additional cues, possibly resulting from the effect of post-

translational modifications (purple dots) on key regulatory RNA-binding proteins.

In conclusion, we consider that progesterone stimulation triggers a signaling cascade
that tackles RNA granules from different angles to ensure a fast and complete disas-

sembly and reprogramming, necessary for cytoplasmic polyadenylation and, ultimately,
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translation activation. However, recent evidence proposes that poly(A) tail re-elongation
is not enough to sustain translation (Saitoh et al., 2018; Yang et al., 2020b), which im-
plies that still more work needs to be done to fully understand how CPEBs activate

translation beyond cytoplasmic polyadenylation.

Phase separation exerts evolutionary pressure on CPEBs

In this work we have shown that the LLPS properties of the CPEBs differ, specially of
CPEBI. Interestingly, this pattern resembles the dichotomy established by evolution.
In this regard, we have predicted the LLPS potential of multiple CPEB homologs using
CatGranule (Bolognesi et al., 2016) and, as expected, this preliminary analysis suggests
that evolution has favored the distancing between a low phase separation propensity

protein (CPEB1 orthologs) and the high LLPS propensity paralogs CPEB2-4.
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Figure 51: Distinct evolutionary branches of the CPEB family of proteins have different
LLPS propensities. Phylogenetic tree depicting the relative evolutionary distance between sev-
eral CPEB homologs. As shown in the picture, CPEBI orthologs are the most distant members

of the family and, additionally have lower predicted LLPS potential (value in parentheses).
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We hypothesize that this evolutionary pressure results from the need to specialize the
CPEBs into two complementary behaviors. One one hand CPEBI orthologs would
have evolved for ensuring robust and long-lasting translational repression, required for
the control of genes related to irreversible and/or tightly regulated processes such as the
cell cycle, and on the other the CPEB2-4 branch would have evolved to take control of
more dynamic processes. According to our speculation, this functional diversity would
be attained by the different exchange dynamics of molecules between the dense and the

light phases, which is the feature that distinguishes best CPEBI from CPEB2-4.

CPEBs phase separate in the oocyte as clients of other factors

As we mentioned, imaging of post-vitellogenic oocytes is technically difficult due to pig-
mentation of the shell and ubiquitous presence of yolk droplets. Consequently, we do
not know to what extent our data with U-2 OS cells applies to frog germ cells. However,
we believe that CPEBs are found in phase separated compartments in Xenopus laevis oo-
cytesas well. A piece of data supporting this hypothesis comes from the work of a former
member of the lab, Maria Piqué, who performed a size-exclusion chromatography of
stage VI oocyte extracts and observed that CPEBI eluted at high-molecular weight frac-
tions, far from its own molecular weight (fig. 5S2a, unpublished data), which can be an

indirect observation of CPEB1 condensation in these cells.

We also speculate that in these cellular conditions phase separation of the CPEBs might
be facilitated by other scaffold proteins. Generally, scaffold proteins are present at higher
concentrations and have many valences, while client proteins are less abundant and have
more valences (Banani et al., 2016). In this regard, Xing et al. (2020) have shown that
yeast P-bodies are composed of mainly seven proteins, which barely recover upon FR AP,

and which they propose have scaffold-like properties.

Using quantitative proteomic data from Xenopus laevis stage VI oocytes (Peuchen et al.,
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2017) we have checked the concentration of proteins common or related with our BioID
datasets and have observed that, from the analyzed proteins, CPEBI is one of the lower
expressed (fig. 52b). Accordingly, we propose that CPEBs in the oocyte are clients of
structures assembled by other more abundant proteins like PUM1, CNOT1 or DDXG6.
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Figure 52: CPEBs are found in condensates assembled by scaffold proteins in stage VI
oocytes. (a) Western blot showing the detection of CPEB1, DDX6 and tubulin in fractions of
a size-exclusion chromatography of Murray’s extracts. As expected, CPEB1 and DDXG6 elute
in high-molecular weight fractions, possibly in form of liquid-like condensates, while tubulin
elutes as a monomer. (b) Barplot showing the abundance of several proteins of the oocyte. High-
lighted in red are the two CPEBI genes. As shown, CPEBs are lowly expressed compared to other
proteins such as CNOT1. Proteomic data from Peuchen et al. (2017).

CPEBI-4 may not be redundant in stage VI oocytes

Among the whole family, CPEB1 is the member for which more mechanistic studies
have been conducted, specially in Xenopus laevis oocytes. While little is known about
the role of CPEB2 and CPEB3 in stage VI oocytes or in meiosis progression, a couple of
studies have focused on CPEB4 and have demonstrated that it overtakes CPEBI poly-
adenylation in the late-late phase. Beyond this context, roles for CPEB2-4 have been
proposed in both translational repression and activation, through mechanisms distinct
from what has been described for CPEBI in frogs: CPEB2 can block elongation by bind-

ing to eEF2, and CPEB4 can block translation initiation in an elF3-dependent manner.
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Considering the lack of comparative studies, we decided to address the functional simil-
arity or disparity of the four CPEBs by studying them in the same cellular system. In this
regard, we have studied the interactomic landscape of the whole family and their LLPS
properties. Combining our findings with data from Duran (2020) (unpublished), who
has addressed the same question by studying the expression, regulation and targets of

CPEBI-4, we aim to provide a broad picture of this family of proteins in the oocyte.

Taking into account that our interactomic studies suggest that all four CPEBs bind to
similar translational control machineries (fig. 28), we speculate that all of them exert
translational repression in the oocyte. However, these experiments show also CPEB-
specific interactions that make us consider the possibility that the functional properties
of the complexes the CPEBs assemble differ between members. This idea is supported by
data from Youn et al. (2018), who observed that CPEB1, CPEB2 and CPEB4, despite
being found in proximal protein hubs, have a slightly different interactomic environ-
ment (data not shown). In this sense, we propose that even though the four CPEBs can
act as repressors in frog oocytes, their functions may not be completely redundant, and

key interactors would be involved in ensuring this functional specificity.

RIP-Seq data from Duran (2020) suggests that not only the complexes the CPEBs as-
semble in the oocyte are different but also they exert translational control on different
mRNA subsets. Remarkably, in a similar way to the LLPS data, the greatest difference
comes from the comparison CPEB1 versus CPEB2-4, while most of the CPEB2-4 tar-

gets are shared between the three paralogs (fig. 53a).

A functional characterization of these targets indicates that CPEB1 is responsible for reg-
ulating cytoplasmic-associated processes whereas CPEB2-4 would have a bias towards
genes that have functions in the nucleus (fig. 53b). Although the analysis of the RIP-Seq
data s still ongoing, we aim to discern not only the role of each CPEB controlling certain

cellular processes but also the molecular features of the targets that determine by which
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CPEB subfamily are they regulated and, ultimately, the implications of this differential

regulation in terms of cellular localization and temporal control of expression.
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Figure 53: CPEB targets cluster into functionally differerent groups. (a) Dendrogram
showing a hierarchical clustering of the DESeq2 data for all CPEBs. As shown, CPEBI targets
are the more dissimilar. (b) Heatmap showing the enrichment of GOSLIM categories in the
comparison CPEB2-4 vs CPEBI targets. Differential categories are enriched in both datasets,

suggesting functional differences between the two CPEB branches. Data from Duran (2020).

Further results from Duran (2020) suggest that CPEB2-4 are not degraded upon pro-
gesterone stimulation, while CPEB1 does. This finding supports the aforementioned
hypothesis that CPEBI may have evolved to control irreversible processes (i.e. transcript
localization, regulation of mRNAs implicated in the re-entry into meiosis, etc) while
the other CPEBs may have been devoted to the control of reversible ones (i.e processes

occurring periodically during the sequential embryonic divisions).

In conclusion, in collaboration with Berta Duran we have performed for the first time
a comparative study of all four CPEBs in the same scenario and have shown that the
two main CPEB families defined by evolution (possibly in an LLPS-associated man-
ner) are also similarly separated in terms of function and regulation. However, the fact
that CPEB2-4 bind to highly similar mRNA populations and are regulated by the same

kinases raises the question as to which extent are these paralogs redundant. We hypo-
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thesize that the answer lies in a more profound analysis of their specific interactomes

and the different material properties of the LLPS granules into which they condense.

Indeed, we observed differences in the behavior of the droplets they assemble in U-2
OS cells. The most remarkable discriminatory feature we identified was the ability of
the CPEBI and CPEB4 droplets to move freely in the cytoplasm and describe straight
trajectories (fig. 46). As we mentioned in the Results section, these differences in the
movement profiles can be attributed to a differential association to cytoskeletal struc-
tures or organelles (Huang, 2003; Aizer etal., 2008), even though further studies should
be conducted for the specific case of the CPEBs, for which only sparse data has been col-
lected (Groisman et al., 2000; Stephan et al., 2015; Chen et al., 2016).

Limitations and perspectives

Limitations studying the CPEB mRNP composition and remodeling

Despite the fact that the BioID protocol we adapted for Xenopus laevis oocytes helped
us to identify new components of the CPEB mRNDPs and was useful for addressing
the effect of an RN A-binding mutation, this methodology has still a main caveat: the
rate at which proteins are biotinylated in the oocyte is too low to ensure a good signal-
to-noise ratio. For this reason, we speculate that we have mainly been able to detect
the most abundant components of the complexes we have addressed. Additionally, as
biotinylation requires long incubations, this approach is limited if we want to study
fast rearrangements. Considering these facts, we propose that use of faster biotinylat-
ing enzymes, such as APEX (Rhee et al., 2013; Chen and Perrimon, 2017) or TurboID
(Branon et al., 2018), would allow to increase the signal-to-noise ratio. Unfortunately,
we tried to adapt an APEX2 protocol in oocytes, as this methodology also allows tem-

poral induction, but we did not manage to set it up.

Discussion
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Another important consideration of our work is that the methodology used does not
allow to discern whether what we are observing is a unique repression complex or, con-
versely, is a combination of complexes assembled on different target mRNAs with po-
tentially different compositions (Rouhana, 2005; O’Brien et al., 2005; Minshall et al.,
2007; Fernandez-Miranda and Méndez, 2012; Yang et al., 2020a). To address this ques-
tion, we have tried to adapt the BioID for single 3>-UTRs by considering an RNA-pull
down step with the AN peptide, aiming to unravel the relationship between the mo-
tifs found in these sequences and the complexes they can assemble. Even though the
protocol looks promising (data not shown), we have not been able to optimize the en-

richment of the biotinylation signal over the controls yet.

Finally, to functionally validate the importance or participation of the newly identified
CPEBI-4 complex proteins and the relevance of the specific interactors, we consider
performing a reporter assay in cells knock-down for these candidates. For these experi-
ments, a bi-cistronic plasmid coding for two secretable luciferases will be transfected into
ahuman cell line and relative luminescence will be measured from the medium. Import-
antly, one luciferase will be under the control of the CPEBs (cDNA fused to a 3>-UTR
contaning CPEs), and the other will serve as the negative control (mutated CPEs). Con-
sequently, upon knocking-down the candidate, relief of translational repression would
be expected provided this protein is exerting a function in CPEB-medited repression.
Unfortunately, the development of this assay is still incomplete as the cloning of the

bi-cistronic plasmid is being incredibly cumbersome.

Limitations in the study of the CPEB mRNP dynamics

The study of liquid-liquid phase separation in Xenopus laevis oocytes has been restric-
ted to stage I-I, since at these stages they are amenable for imaging due to the lack of
pigment and yolk granules that make the cytoplasm opaque (Neil et al., 2020). The

presence of these substances in stage VI oocytes make immunofluorescence nearly im-
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possible. For this reason we decided to carry out our experiments in cultured cells, which
are ideal for imaging, even for live acquisition. However, we still consider that novel
methodological approximations should be developed for allowing imaging protocols in

stage VI oocytes in order to the study of LLPS directly in these cells.

An important consideration of our work is that we have performed the LLPS experi-
ments in an over-expression setting and, therefore, most likely above the physiological
concentration of the analyzed proteins. As a consequence, it is possible that some of our
data may be confused by supersaturation effects, which trigger gelation of the tested pro-
teins and, with time, a liquid-to-solid transition (Patel et al., 2015; Shin et al., 2017b). In
fact, even though we managed to detect some fusion events in our droplets, these were
rare. Accordingly, we speculate that this static behavior (in terms of fusion and fission)
and the presence of aggregates with irregular shapes in some cells may be attributed to
the fact that cells are imaged 24h after transfection, which may favor supersaturation.
In order to get rid of the limitations inherent to over-expression, we plan on generating

CPEBX-GFP-expressing cells by endogenous tagging using CRISPR.

On the other hand, we still lack more details about the material properties of the droplets
assembled by the four CPEBs. Experiments such as inverse capillary velocity, microrhe-
ology, half-FR AP and fluorescence correlation spectroscopy could help us understand
better the droplets and get to known how much similar or different they are (Alberti
et al,, 2019). Even though these experiments should ideally be carried out 7 vivo, it is
eventually easier to work 2% vitro with recombinant protein since it provides more con-

trolled conditions and the system is closer to equilibrium (Martin and Mittag, 2018).

Finally, we would like to unravel the importance of LLPS for the function of the CPEBs.
We speculate that treating oocytes or cultured cells with drugs that affect the LLPS prop-
erties of these proteins might render a phenotype that explains the role of their condens-

ation. Accordingly, molecules such as 1,6-hexanediol could be used in this regard.

Discussion












The present study provides new insights into the interactomic landscape of all four
CPEBs in the same biological scenario, Xenopus laevis oocytes, with an special emphasis
on the requirement of RNA binding and the N-terminal domain for CPEBI repres-
sion complex formation. In line with this, we have also provided new players in the
CPEBI1-mediated translational activation occurring upon hormone stimulation. At the
same time, we have generated the first systematic comparison of the LLPS properties of
the Xenopus laevis CPEB sequences, putting an special focus on CPEB1, CPEB2 and
CPEB3, which had not been studied before.

The main conclusions of the work are the following:

1. BioID allows the identification, quantification and comparison of proteins prox-

imal to a protein of interest in Xenopus laevis stage VI oocytes.

2. The repression complex of CPEBI in stage VI oocytes does not contain PARN.
Instead, interactions with components of the CCR4-NOT machinery suggest it

is the deadenylase of the complex.

3. The repression complex of CPEBI in stage VI oocytes does not contain Maskin.
Instead, the cap is blocked by EIF4E1b and repression is attained with proteins
found in P-bodies such as DDX6, PATL2 and EIF4AENIFI.

4. CPEBIl-mediated repression acts in synergy with other mechanisms including
miRNA-induced silencing, adenosine methylation and repression mediated by

other RBPs such as DAZL, ZAR1/2 and STAU2.

5. Formation of the repression complex requires RNA binding and, most likely, the

NTD of the CPEBs.

6. All four CPEBs seem to assemble highly similar repression complexes with P-
body associated proteins. Nonetheless, there are potential CPEB-specific com-

ponents that may explain the non-redundancy of these paralogs.
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BioID allows the identification of proteins proximal to a protein of interest in
maturing Xenopus laevis oocytes. However, this methodology needs further im-

provement.

CPEBI-mediated translational activation potentially acts in synergy with other

mechanisms including adenosine methylation and miRNA-induced translation.

CPEBI-mediated translational activation potentially requires wide-spread phos-
phorylation (and other PTMs) of the repression complex components, possibly

to ensure changes in activity and condensation state.

Allfour CPEBs undergo phase separation 7z vivo when overexpressed, even though
the complexes they assemble have different material properties (droplet size, num-

ber, FR AP curves, movement...).

Only phase separation of CPEBI seems to rely on its CTD. Surprisingly, it does
not depend on RNA binding. Phase separation of the other CPEBs, despite not
requiring the respective CTD, depends on this domain for determining the over-

all biophysical properties of the condensate.

CPEBs phase separate into the same compartments, presumably in an RNA-
independent manner. Co-condensation seems to affect the LLPS properties of

the individual proteins.
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Cloning strategies and RNA production

Cloning, subcloning and mutagenesis

Common cloning strategies have been used for generating most of the constructs. Plas-
mid amplification and manipulation techniques involve vector transformation into E.
coli DHS & cells (Invitrogen, ref: 18265017), small or large scale plasmid DNA prepara-
tions with NucleoSpin Plasmid (Macherey-Nagel, ref: 740588) and NucleoBond Xtra
Maxi (Macherey-Nagel, ref: 740414) kits respectively, amplicon generation with Phu-
sion High-Fidelity DNA Polymerase (Thermo Fisher Scientific, ref: FS30L) and liga-
tion with T4 DNA ligase (Werfen, ref: M0202M). For mutagenesis, the QuickChange
Lightning Multi Site-Directed Mutagenesis Kit (Agilent Technologies, ref: 210513) was
used. Constructs that were used in phase separation experiments were produced by in-
Fusion cloning reaction (BD Clontech trademark) following the protocol described in
Berrow etal. (2007). The vectors used, pPEU4 and pPEUS5, contain a C-terminal eGFP

or mCherry tag respectively, which make them suitable for fluorescence microscopy.

Plasmid Substitution Mutagenesis oligo LE
pcDNA-3.1-MCS-CPEB1_6A S138A ctttagcatgctgaacgcccccatggggaagee Pmel
S144A cccatggggaagccagceccccttgggctttctg
S184A gattctcgetccagegecccttctgactctgac
S210A caagtcttcgcatcgctectcegetgceatttce
S248A ggcggcagcaactgtcgctccacttggcataac
S423A gcaactttgtgcgtgctccatcacaacggcetgg
pcDNA-3.1-CPEB1(Y365A)-BirA(R118G)-HA Y365A gcccaaaggttatgttgctctggtattigaatcagag Pmel
pcDNA-3.1-mycBiolD-CPEB1(Y365A) Y365A gcccaaaggttatgttgctctggtatttgaatcagag Acc65|

Table 1: Oligos used for mutagenesis. Table of the oligos used for mutagenesis, showing
the resulting plasmid construct, the mutations introduced and the linearization enzyme (LE).

Unless otherwise specified, the residues follow the Xenopus laevis homolog index numbering.

For those genes of interest that were not in our library, total RNA from Xenopus laevis
oocytes was extracted with TRIzol (Life Technologies, ref: 15596026) and then retro-
transcribed with RevertAid First Strand cDNA synthesis kit (Thermo Fisher Scientific,

Methods
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K1622) using oligodT(20). For the specific cDNA amplification, BioTag DNA poly-
merase was used (Bioline, ref: BIO21040). Finally, some plasmids were either generated

by other members in the lab or purchased (tables 2 and 3).

Plasmid description Reference From
pcDNA-3.1-mycBiolD 35700 Addgene
pcDNA-3.1-MCS-BirA(R118G)-HA 36047 Addgene
pCMV-SPORT6-MOV10 IMAGp998B2214632Q Source Bioscience
pCMV-SPORT6-FXR1B IRBHp990B105D Source Bioscience

Table 2: Purchased plasmids. Table of purchased plasmids and empty vectors.

Plasmids

pBSK(-)-HA

pET30a-His-CPEB1

pBSK(-)-FLAG-GLD2

pLuc + artificial 3'UTR CPE

pGL-5Bbox

pBSK(-)-His-HA-GST-Lambda

pET30a-His-MASKIN

pDEST32-CNOT10

pDonor-CNOT2

Table 3: Plasmids from former members. Table of plasmids that were already in our stock.

In vitro transcription and polyadenylation

RNAs for microinjection into Xenopus laevis oocytes were synthesized and capped 7z
vitro using mMMESSAGE mMACHINE T7 or T3 Transcription kits (Ambion, refs:
AM1344 and AM1348 respectively) following manufacturer’s instructions. RNAs for
protein production in oocytes were also polyadenylated 7% vitro using Poly(A) Tailing
Kit (Ambion, ref: AM1350). Synthesized RNAs were isolated regular by LiCl purifica-

tion.
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Plasmid Forward oligo Reverse oligo RE1 | RE2 | LE3
pcDNA-3.1-CPEB1_NTD-BirA-HA cccaccggtatggectticcactgaaag cccgaattccacaggatttttgtagtttc Agel | EcoRl | Pmel
pcDNA-3.1-CPEB1-BirA-HA cccaccggtatggcectttccactgaaag cccgaattcgetggagtcacgactittc Agel | EcoRI | Pmel
pcDNA-3.1-CPEB1_CTD-BirA-HA cccgggccctttattcctgcaaagtctttcte cccgaattcgcetggagtcacgacttttc Apal | EcoRl | Pmel
pcDNA-3.1-mycBiolD-CPEB1 cccctcgaggtggecttcccactgaaag cccgaattcttagctggagtcacgacttttc Xhol | EcoRI | Acc65l
pcDNA-3.1-mycBiolD-CPEB1_CTD ccecgcetcgagtattcctgcaaagtctttcte cccgaattcttagctggagtcacgacttttc Xhol | EcoRI | Acc65l
pcDNA-3.1-CPEB2-BirA-HA ccegcetageatgggggattacggcttcg cccaccggtcgttccagcggaagtggate Nhel Hpal Pmel
pcDNA-3.1-CPEB3-BirA-HA cccgcetagcatgcaggatgatttactgatg cccaccggtcgctccagcggaaaggaac Nhel Agel Pmel
pcDNA-3.1-CPEB4-BirA-HA cccgcetageatgggggattacgggtttg ccceccgggcegticcagecggaatgaaatatg Nhel Hpal Pmel
pcDNA-3.1-mycBiolD-CPEB2 cccgeggecgetgggggattacggcetteg cccgatatcttagttccagcggaagtggate Notl | EcoRV | Pmel
pcDNA-3.1-mycBiolD-CPEB3 cccgeggecgctgcaggatgatttactgatg cccgatatctcagcetccagcggaaaggaac Notl | EcoRV | Acc65l
pcDNA-3.1-mycBiolD-CPEB4 cccgeggecgetgggggattacgggtttgg cccgatatctcagticcagcggaatgaaatatg Notl | EcoRV | Acc65I
pBSK(-)-HA-MASKIN cccgeggecgeagccttcaaatcataaacgatg ccceccgggtcagatcttctccatctitaaaataaaate Notl Xmal | EcoRI
pBSK(-)-HA-PARN cccgeggcecgceatggaaatcaccaggage ccceccgggctaccaagtatctggaacttc Notl Xmal | EcoRlI
pBSK(-)-HA-GLD2 cccgeggecgcatgtaccctaactcceecag ccccccgggtcataacgagtgeattttttic Notl Xmal | EcoRI
pBSK(-)-HA-CNOT2 cccgeggcecgceatgtitggtgettcaagaaag ccceccgggttagaaggcettgetgageag Notl Xmal | Hindlll
pBSK(-)-HA-CNOT10 cccgeggecgegcetgcagacaaagcaggag ccccccgggteattttctctgaacageag Notl Xmal | Xhol
pBSK(-)-HA-ZAR2 ccctctagageggggtttgtgtattctce cccgaattctcagacgatgtatttgtage Xbal | EcoRIl | EcoRV
pBSK(-)-HA-YTHDF1 cccgeggecegctetgcetactagegtggatee cccgaattcttagcatgagtcgggtttagg Notl | EcoRI | Hindlll
pBSK(-)-HA-PTBP1 cccgeggecgegaaggcattgticaagatataac ccceccgggttaaattgtggatttggaaaagg Notl Xmal | Xhol
pBSK(-)-HA-IGF2BP3 cccggatccaacaagctgtatattggaaacc cccgaattcttattttettcttggttgggg BamHI | EcoRI | Hindlll
pBSK(-)-HA-MOV10 cccgeggcecgceatgtattgtictgcaagtaaag ccceecgggtecagtgttcatgtcetccaatttg Notl Xmal | Xhol
pBSK(-)-HA-FXR1B cccgeggecgegaggacctgacggtggaag cccgatatcttaagacaccccattcagtatg Notl | EcorV | Xhol

iments and

1n our exper:

Plasmids and subcloning oligos. Table of the plasmids used i

Table 4

the oligos required for subcloning. Restriction enzymes are also shown (REI and RE2) as well

as the plasmid linearization enzyme (LE).
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and RE2) as well as the plasmid linearization enzyme (LE).
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Oocyte manipulation and samples immunoblotting

Oocyte obtention, microinjection and enucleation

Ovarian tissue was isolated from female Xenopus lacvis frogs by surgery and kept in
Modified Bath Saline media (MBS: 88 mM NaCl, 1 mM KCI, 1 mM MgSOy, 2.5 mM
NaHCOj3, adjusted to pH 7.8 and supplemented with fresh 0.7 mM CaCl,). The ovary
with multiple lobes was snipped off using blunt-end forceps and then incubated with a
mixture of 0.8 mg/mL collagenase type IA (Sigma Aldrich, ref: C9891)and 0.48 mg/mL
dispase II (Dispase II; Sigma Aldrich, ref: D4693) in MBS for 2 h at 22 °C to allow for

oocyte defolliculation and isolation.

After digestion, isolated oocytes were thoroughly washed with MBS and then placed in
a Petri dish for manual selection of stage VI oocytes under the microscope (Leica MZ95;

Modular high-performance stereomicroscope with 9.5:1 zoom).

For overexpression experiments, selected fully-grown oocytes were microinjected with
in vitro transcribed RNAs (or the corresponding vehicles) using a Nanoject II Drum-
mond microinjector and 3.5” Drummond 3-000-203-G/X replacement glass capillar-
ies. When required, maturation of stage VI oocytes was induced with 10uM progester-

one (Sigma Aldrich, P0130) in MBS at 18°C or room temperature.

For experiments requiring nuclei, oocytes were placed in Gall’s medium (83 mM KClI,
17 mM NaCl, 1 mM MgCl,, 10 mM Tris-HCI, adjusted to pH 7.2), snipped with for-
ceps and squeezed to release the nuclei. Nuclei were then transferred to an Eppendorf
tube containing 0.5mL ice-cold nucleus medium (100 mM pH 5.2 Sodium Acetate and
S mM EDTA) and then centrifuged for 5 minutes at 100g. Pelleted nuclei were resus-

pended in the desired buffer.

Methods
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Immunoblotting

Protein extracts were separated by SDS-polyacrylamide gel electrophoresis (PAGE).

Protein target Obtained from Reference Supplier Dilution
CPEB1 rabbit polyclonal Custom antibody (#R1010) Abbyntek 1:1000
PARN rabbit polyclonal 20R-1155 Fitzgerald 1:1000
CNOT2 rabbit polyclonal ABIN1106729 Antibodies online 1:1000
EIF4E1B rabbit polyclonal Custom antibody (Xe4) Abbyntek 1:1000
EIF4ET rabbit polyclonal Custom antibody (Xe3) Abbyntek 1:1000
MASKIN rabbit polyclonal Custom antibody Richter's lab 1:1000
GLD2 rabbit polyclonal Custom antibody (Xe7) Abbyntek 1:1000
HUR mouse monoclonal sc-5261 Santa Cruz 1:1000
CPSF2 rabbit polyclonal Custom antibody (Xe2) Abbyntek 1:1000
SYMPK mouse monoclonal 610644 BD Transduction Lab 1:1000
CCR4 rabbit polyclonal | Custom antibody (#1827A) Invitrogen 1:500
DDX6 rabbit polyclonal Custom antibody (Xe5) Abbyntek 1:1000

alpha tubulin mouse monoclonal T9026 Sigma 1:10000
histone3 Rabbit polyclonal 9715 Cell Signaling 1:2000
DDX6 rabbit polyclonal PD009 MBL Int Corp 1:1000
GST mouse monoclonal sc-138 Santa Cruz 1:1000
FLAG mouse monoclonal F1804 Sigma 1:1000
GFP rabbit polyclonal AB6455 Invitrogen 1:1000
HA rat monoclonal 11867431001 Roche 1:2000
HIS mouse monoclonal H 1029 Sigma 1:1000
MYC goat polyclonal ab9132 Abcam 1:1000
anti-rabbit HRP goat polyclonal G21234 ThermoFisher 1:3000
anti-goat HRP donkey polyclonal ab6885 abcam 1:3000
anti-rat HRP goat polyclonal G31471 ThermoFisher 1:3000
anti-mouse HRP goat polyclonal G31430 ThermoFisher 1:3000
Alexa Fluor 647 anti rabbit goat polyclonal A21245 Invitrogen 1:400

Table 5: Table of primary and secondary antibodies. Antigen, source species, product ref-

erence, commercial supplier and working dilutions are depicted.

After separation, proteins were transferred onto nitrocellulose membranes (Amersham
Protran 0.45 NC Nitrocellulose Western blotting membranes, GE Healthcare Life Sci-
ences, ref: 10600002) for 1 h at 400 mA.
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Membranes were blocked with 5% milk for 1h at room temperature and then incubated
with primary antibodies from 1 h room temperature to overnight at 4 °C. For detection

of biotinylated proteins, streptavidin-HRP (Invitrogen, ref: $911) was used (table 5).

BiolID approach methods

Identification of endogenously biotinylated proteins

All the mass spectrometry (MS) experiments have been performed at the IRB Barcelona

Mass Spectrometry and Proteomics Core Facility.

Fully-grown stage VI oocytes were lysed in 10 pL/oocyte H1 kinase solution (80 mM so-
dium B-glycerophosphate pH 7.4, 0.5 mM sodium orthovanadate, 15 mM MgCl, and
20 mM EGTA) supplemented with 1 mM PMSF (Sigma, ref:78830) and EDTA-free
protease inhibitors (Roche, ref: 11836170001) and then centrifuged twice for clarifica-
tion at 16000g for 15 minutes at 4 °C. Protein lysates were mixed with Laemmli buffer
2X (60 mM Tris-HCI pH 6.8, 10% glycerol, 4% SDS, 0.01% bromophenol blue) and run
in 2 4-20% Criterion TGX Precast Gel (BioRad, ref: 567-1093) for 1 h at 150 V. After-
wards, gels were stained with Pierce Silver Stain kit for Mass Spectrometry (Thermo
Fisher Scientific, ref: 10404005) following manufacturer’s instructions. After staining,

the bands of interest were excised and sent to the proteomics core facility.

Stained electrophoretic protein bands were reduced with 10 mM DT'T for 45 min at 56
°C and alkylated for 30 min in the dark with 55 mM iodoacetamide (Sigma, ref: A3221).
Then, in-gel digestion was performed with trypsin (0.1 pg/pL) in S0 mM NH4HCO;
at 37 °C overnight. Digestion was stopped by addition of 1% formic acid. Peptides were
extracted with 100% acetonitrile and completely evaporated. Samples were reconstit-

uted in 1% formic acid aqueous solution for MS analysis. For the nano-LC-MS/MS,

Methods
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20% of the samples volume was used.

Samples were loaded to a 180 pm x 2 cm C18 Symmetry trap column (Waters) at a flow
rate of 15 uL/min using a nanoAcquity Ultra Performance LCTM chromatographic
system (Waters Corp., Milford, MA). Peptides were separated using a C18 analytical
column (BEH130 C18 75 pm x 25 cm, 1.7 pm, Waters Corp.) with a 120 minutes run,
comprising three consecutive steps with linear gradients from 1 to 35% B in 180 minutes,
from 35 to 50% B in 10 minutes (A = 0.1% formic acid in water, B = 0.1% formic acid in
acetonitrile). The column outlet was directly connected to an Advion TriVersa Nano-
Mate (Advion) fitted on an LTQ-FT Ultra mass spectrometer (Thermo). The mass spec-
trometer was operated using the data-dependent acquisition mode. Survey MS scans
were acquired in the FT with the resolution (defined at 400 m/z) set to 100.000. Up
to six of the most intense ions per scan were fragmented and detected in the linear ion
trap. The ion count target value was 1.000.000 for the survey scan and 50.000 for the
MS/MS scan. Target ions already selected for MS/MS were dynamically excluded for
30 seconds. Spray voltage in the NanoMate source was set to 1.70 kV. Capillary voltage
and tube lens on the LTQ-FT were tuned to 40 V and 120 V. Minimal signal required
to trigger MS to MS/MS switch was set to 1.000 and activation Q was 0.250. The spec-
trometer was working in positive polarity mode and singly charge state precursors were

rejected for fragmentation.

A database search was performed with Proteome Discoverer software v1.4 (Thermo)
using Sequest HT search engine and SwissProt database (Xenopodinae, release 201603
and the contaminants database). Searches were run against targeted and decoy databases
to determine the false discovery rate (FDR). Search parameters included trypsin enzyme
specificity, allowing for two missed cleavage sites, carbamidomethyl in cysteine as static
modification and methionine oxidation and biotin in lysine as dynamic modifications.
Peptide mass tolerance was 10 ppm and the MS/MS tolerance was 0.6 Da. Peptides with

an FDR < 1% were considered as positive identifications with a high confidence level.
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BiolD labeling and affinity purification

Fully-grown oocytes were incubated with 20 pM biotin for 40 h after RN A microinjec-
tion for efficient BirA labeling at 18 °C. For experiments requiring progesterone stimu-

lation, the hormone was added 16h after microinjection.

For each experimental condition, around 100 oocytes were lysed in 6 pL/oocyte cold
lysis bufter (50 mM Tris-HCI pH 7.4, 100 mM NaCl supplemented with EDTA-free
protease inhibitors and 1 mM PMSF) and then centrifuged twice for clarification at
16000g for 15 minutes at 4 °C. Later, 300 UL of prechilled S0 mM Tris-HCl pH 7.4 sup-
plemented with protease inhibitors and 1 mM PMSF were added to 200 pL of cleared
extracts for further clearing with PD MiniTrap G-25 columns (GE Healthcare Life Sci-
ences, ref: 28-9180-07) and then reagents were added to a final concentration of 50 mM
Tris-HCI pH 7.4, 100 mM NaCl, 1.6% Triton-X100, 0.04% SDS, 1X EDTA-free pro-

tease inhibitors and 1 mM PMSF in a final volume of 1 mL.

Cleared extracts were incubated with 200 uL MyOne Dynabeads Streptavidin C1 (In-
vitrogen, ref: 65001) for 20 h at 4 °C with orbital shaking. After incubation, beads
were washed thrice with wash buffer 1 (8 M Urea and 0.25% SDS in PBS), twice with
wash buffer 2 (6 M Guanidine-HCI in PBS), once with wash buffer 3 (6.4 M Urea, 1
M NaCl and 0.2% SDS in PBS), thrice with wash buffer 4 (4 M Urea, 1 M NaCl, 10%
isopropanol, 10% ethanol, 0.2% SDS in PBS), once with wash buffer 1, once with wash
buffer 5 (8 M Urea and 1% SDS in PBS) and thrice with wash buffer 6 (2% SDS in PBS).
After the beads had been washed, they were further rinsed with S0 mM Tris-HCI pH
7.4 to remove detergents that could interfere with Mass Spectrometry. Finally, beads

were washed with 50 mM NH4HCO3 pH 8 to eliminate the traces of Tris.

Beads bound to biotinylated proteins were then resuspended in 500 uL of 3 M urea

and S0 mM NH4HCO3 pH 8.0 in water and incubated with 5 mM DTT for 1 h with
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orbital shaking at room temperature for disulfide bond reduction. After, incubation in
the dark for 30 minutes at room temperature with 10 mM iodoacetamide was carried out
for blocking thiol groups. Alkylation was stopped by addition of 5 mM DTT, sample
volumes were raised to 1.5 ml with SOmM NH4,HCO3 pH 8 to reduce urea concentra-
tion and then proteins were digested on-bead with 2 ug trypsin (Promega, ref: V5111)
for 16 h at 37 °C with orbital shaking. Digestion was stopped by adding 1% formic acid

and the supernatant enriched in biotinylated peptides was retrieved.

Mass spectrometry of BiolD samples

Digested samples from BioID affinity purifications were desalted using PolyLC tips C18
and peptides were eluted with 80% acetonitrile and 1% formic acid. Next, samples were
diluted to 20% acetonitrile and 0.1% formic acid and loaded into strong cation exchange
columns and peptides were eluted in 5% NH4OH and 30% methanol. Finally, samples
were evaporated to dry and reconstituted in 3% acetonitrile and 1% formic acid. For the

nano-LC-MS/MS, 10% of the samples volume was used.

Samples were loaded to a 300 um x S mm PepMap100, 5 pum, 1004, C18 p-precolumn
(Thermo Scientific) at a flow rate of 15uL/minute using a Thermo Scientific Dionex
Ultimate 3000 chromatographic system. Peptides were separated using a C18 analyt-
ical column (Acclaim PepMap RSLC (75 um x S0 cm, nanoViper, C18, 2 pm, 104,
Thermo Scientific) with a 120 minutes run, comprising three consecutive steps with
linear gradients from 1 to 35% B in 90 min, from 35 to 50% B in 5 min, and from 50%
to 85% B in 2 min, followed by isocratic elution at 85% B in S min and stabilization to
initial conditions (A = 0.1%formic acid in water, B = 0.1% formic acid in acetonitrile).
The column outlet was directly connected to an Advion TriVersa NanoMate (Advion)

fitted on an Orbitrap Fusion Lumos Tribrid (Thermo Scientific).

The mass spectrometer was operated in a data-dependent acquisition mode. Survey
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MS scans were acquired in the orbitrap with the resolution (defined at 200 m/z) set to
120000. The lock mass was user-defined at 445.12 m/z in each Orbitrap scan. The top
speed (most intense) ions per scan were fragmented and detected in the linear ion trap.
The ion count target value was 400000 for the survey scan and 10000 for the MS/MS
scan. Target ions already selected for MS/MS were dynamically excluded for 15 seconds.
Spray voltage in the NanoMate source was set to 1.60 kV. RF Lenses were tuned to 30%.
Minimal signal required to trigger MS to MS/MS switch was set to 5000 and activation
Qwas 0.250. The spectrometer was working in positive polarity mode and singly charge

state precursors were rejected for fragmentation.

A database search was performed with Proteome Discoverer software v2.1.0.81 using
Sequest HT search engine and UniProt Xenopodinae release 2017_02, contaminants
database and user proteins manually introduced. Search was run against targeted and
decoy database to determine the FDR. Search parameters included trypsin specificity,
allowing for two missed cleavage sites, oxidation in methionine and acetylation in pro-

tein N-terminus as dynamic modifications.

When specified, biotin in lysine was included as a dynamic modification. Peptide mass
tolerance was 10 ppm and the MS/MS tolerance was 0.6Da. Peptides with a g-value
lower than 0.1 and a FDR < 1% were considered as positive identifications with a high

confidence level.

BiolID data analysis

For the identification of BioID hits percentile normalization of log;oiBAQ was used.
For those conditions for which one or two missing values had been identified in the four
replicates, the remaining two or thee non-missing values were used for imputation using
a k-nearest-neighbors approximation according to the log;0iBAQ distributions of each

replicate (k = 10 nearest neighbors). For these bait-prey pairs, a difterential expression
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analysis was performed using linear models (ImFit and eBayes from limma R package).

Only when the control had more than two missing values and the condition none or
just one , we also considered as potential hits those proteins whose logiiBAQ value was
above the first quantile of the log;0iBAQ values distribution in the respective condi-
tions and below this threshold in the control condition. Alternatively, as described in
the Results section, other label-free quantification approaches were also tested (Top3

from MStats software and the SAINT algorithm).

Validation of BioID candidate proximal proteins

Overexpressed HA-tagged constructs were precipitated using Pierce Anti-HA Magnetic
Beads (Thermo Fisher cientific, ref: 88836). Fifty to a hundred oocytes expressing HA-
tagged proteins were lysed in 10 pL/oocyte cold immunoprecipitation lysis bufter (20
mM TrisHCI pH 8, 100 mM NaCl, 0.5% NP-40, 1 mM EDTA, 1 mM MgCl, sup-
plemented with 1 mM PMSF and EDTA-free protease inhibitors). Oocyte lysates were
centrifuged twice for clarification at 16000g for 15 minutes at 4 °C and then incubated
with orbital shaking for 20 h at 4 °C with anti-HA magnetic beads in a ratio 1.25 uL
beads/oocyte. After incubation, beads were washed 6 times with 1 volume of lysis buf-
fer and then the bound fraction was eluted with Laemmli buffer 2x and heating for 20
minutes at 60 °C. Finally, eluates were recovered, supplemented with 160 mM DTT and

run in a PAGE gel.

Cells manipulation

Cell culture and transfection

U-2 OS cells were grown in Dulbecco’s Modified Eagle Medium (DMEM, Gibco, ref:
10938-025) with 10% fetal bovine serum (FBS, Gibco, ref: 10270106), 1% Gln and 1%

penicillin/streptomycin (Gibco, ref: 15140122). Twenty-four hours before transfec-



Cells manipulation 143

tion, cells were seeded onto 12mm @ glass coverslips (Marienfeld Superior, ref: 0111550)
coated with poly-lysine to be 70% confluent by the time of transfection. Transfection
was performed with Lipofectamine LTX and Plus Reagent (Invitrogen, ref: 15338100)
following manufacturer’s indications. Briefly, 2.5 pg of plasmid DNA were incubated
with 2.5 pl Plus Reagent in Opti-MEM (Invitrogen, ref: 11058021) for 10 minutes and
then with 6 pl of Lipofectamine LTX in Opti-MEM for 30 minutes. Cells were in-
cubated with Lipofectamine-DNA complexes for 24h before fixation or harvesting. For
mCherry co-localization experiments, two plasmids were transfected at the same time
using the protocol described above. In this case, for the preparation of the DNA-LTX

complexes 1.25 ug of each plasmid were used so as to keep the ratio DNA:well surface.

For live-cell imaging experiments, cells were seeded in p1-Slide 8 Well ibi Treat plates (Ibidi,
ref: 80826) 24 hours before transfection to be 70% confluent by the time of transfec-
tion. DNA and lipofectamine preparations were scaled-down to 250 ng DNA, 0.6 pl
Lipofectamine LTX and 0.3 ul Plus Reagent. For acquisition, medium was changed to
FluoroBrite DMEM (Thermo Fisher Scientific, ref: A1896701) + 10% FBS + 1% peni-

cillin/streptomycin + 1% Glutamine, suitable for fluorescence microscopy.

Cell harvesting

U-2 OS cells grown in 6-well plates (Labclinics, ref: 140675) were transfected as de-
scribed above. Twenty-four hours after exposure to DNA-lipid complexes, cells from
each well were harvested for protein extraction. Briefly, cells were washed twice with
PBS, scraped off the plate gently in the presence of 1 mL cold PBS (Invitrogen, ref:
14190169) and then recovered in Eppendorf tubes. Tubes were centrifuged at 0.5 g for S
minutes at 4 °C and cell pellets were resuspended in 50 pL lysis buffer (50 mM Tris-HCI
pH7.5,150 mM NaCl, 1% NP-40, S mM EGTA and 5 mM EDTA supplemented with
fresh 20 mM NaF, 10 mM B-glycerophosphate, 1 mM DTT, 1 mM PMSF, EDTA-free
protease inhibitors, Phosphatase inhibitors cocktail 2 (Sigma Aldrich, ref: P5726) and
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phosphatase inhibitors cocktail 3 (Sigma Aldrich, ref: P0044)), lysed by pipetting, son-
icated 5 minutes at M2 settings (Bioruptor XL, Diagenode), centrifuged S minutes at
16000g at 4°C and then the supernatant was kept in a new tube. Samples were quan-
tified with BSA standard curves using DC Protein Assay kit (BioRad, ref: 500-0116)
following manufacturer’s instructions on a 96-well plate reader (ELx808 Absorbance

Microplate Reader, Biotek) measuring absorbance at 750 nm.

Cell fixation and mounting

After 24 h of exposure to DNA-lipid complexes, medium was removed and the covers-
lips were rinsed twice with PBS and then incubated with 4% para-formaldehyde (Aname,
ref: 15710) in PBS for 10 minutes at room temperature. Next, cells were washed twice
with PBS and incubated with 0.5 pg/uL DAPI (Sigma, ref: D9542) for 10 minutes in
the dark. After staining, coverslips were rinsed with PBS again in the dark, dried and
transferred to a 76 mm x 26 mm slide (Thermo Fisher Scientific, ref: AGAB000002)
for mounting with Prolong Gold Antifade Mountant (Invitrogen, ref: P36934). For ex-
periments were fluorescent labeling of the cytoplasm was required, cells were stained be-
fore fixation. Coverslips were incubated with fresh 1:2000 CellMask Deep Red Plasma
membrane stain (ThermoFisher, ref: C10046) in DMEM for 5 minutes at 37 °C and

then washed twice with PBS for fixation.

Imaging methodologies

GFP distribution in fixed cells

Images of GFP plasmid-transfected cells were acquired with Spectral Confocal Micro-
scope Leica SPS at size 1024x1024 pixels and zoom factor 3.3. The objective that was
used was 63X (63x/1.40-0.60 Oil Lbd BL) with immersion oil. For acquisition of DAPI
the 405nm Diode excitation laser was set at 9% and the HyD2 detector was set at 415-

480nm with gain 21% and for acquisition of GFP the Argon 488nm excitation laser was
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setat 20% and the HyD2 detector was set at S00-550nm with gain 20%. When required,
far-red fluorescence was acquired with the HeNe 633nm laser set at 15% and the HyD2
detector was set at 636-700nm with 10% gain. For each cell, 15-25 stacks were acquired
at slices of 0.2um. Cell coordinates were marked and the multiposition setting of the

microscope (Mark and Find) was used to acquire stacks cell by cell.

Co-localization

For mCherry co-localization experiments, the red signal was acquired with the DPSS561
excitation laser setat 12% and the HyD2 detector set at 578-565nm with gain 10%. DAPI
and GFP signals were acquired using the aforementioned settings. On the other hand,
for co-localization experiments using far-red signal from immunofluorescence (Alexa
Fluor 647nm secondary antibody), excitation was set at 15% intensity of 633nm HeNe

laser and detection was set at 737-779nm using the HyD2 detector.

In both experimental approaches 15-25 stacks were acquired per cell at slices of 0.2 pm.
Cell coordinates were marked and the multiposition setting of the microscope was used

to acquire stacks cell by cell.

Fixed cells image analysis

For the GFP pattern analysis, cells were first stratified according to the mean fluores-
cence intensity of the green channel. Background signal was removed by thresholding
and then images with a mean below 70 units were classified as low-intensity cells, those
above 100 units were classified as high-intensity cells and those between 70 and 100 units
were classified as medium-intensity cells. Next, for each cell the cytoplasmic distribution
of the GFP-tagged product was categorized between: diffuse, mainly diffuse, irregular

aggregates, mainly round aggregates and round aggregates.

For co-localization analysis, channels were split and thresholded before applying the
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Colocalization Test (https://imagej.net/Colocalization_Test) from Fiji (Image], version
2.0.0-rc-69/1.52p). From each image, the observed Pearson correlation coefficient and

the average coefficient from 100 randomized versions (background) were retrieved.

Live cell imaging

Cells expressing GFP-tagged proteins were monitored to track fusion and fission events
as well as to observe the particles movement using a Spinning Disk Microscope (Andor
Revolution xD, Andor). A total of 800 images were taken by experiment, with a size
of 140x140 pixels and acquiring two Z-stacks with a slice of 0.5 pm. Typical frame rate
was set to 8 images per second (125 ms/frame) and the exposure time of the EMCCD
camera (Andor) was set to SO ms. For acquisition, AOTF 488 nm laser intensity was set

at 12%. Fluorescence intensity of fusion events was quantified using Fiji software.

Imaris software was used (https://imaris.oxinst.com) for particle tracking analysis. Im-
ages were rescaled setting the voxel size to (x = 1, y = 1, z = 1) units and particles were
segmented using an estimated size of 2 units, automatic quality threshold and local con-
trast using the diameter obtained from the region border. For track selection, the fol-
lowing parameters were set: maximum frame distance of 6 frames, maximum gap size
of 0 frames, and track duration minimum of 7 seconds. From each track, data regard-
ing particle size, track length, track displacement and straightness was collected for sub-

sequent analysis.

Fluorescence recovery after photobleaching

Fluorescence Recovery After Photobleaching (FR AP) of GFP constructs-expressing cells
was performed with a Spinning Disk Microscope equipped with a FRAPPA module al-
lowing fast switching between FR AP and imaging with the same 488 nm laser set. A
total of 350 images with a size of 512x512 pixels were taken by experiment, 50 before

the bleaching and 300 after, with a typical frame rate of 11 images per second (88 ms)
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with an exposure time of 50 ms on an EMCCD camera. For acquisition, AOTF 488
nm laser intensity was set at 12% while for bleaching laser was set at 60% intensity in two

repeats with a dwell time of 40ms each.

For the analysis of FR AP data mean fluorescence intensity was obtained for the bleached
region, the whole cell area and the background in each time frame using Fiji software.
Double normalization of these data and curve-fitting to a single exponential was per-
formed using the open-source easyFR APweb (easyfrap.vmnet.upatras.gr/), previously
discarding the 20 first acquired frames. From the data obtained with easyFR AP, obser-
vations not fitting to a curve or with recovery dynamics out of the range of the experi-
mental settings were neglected for further analysis. Finally, for each condition the mean

curve was calculated as well as the distribution of t-halves and mobile fractions.

Methods
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Appendix I: BioID tables

Accessions Gene name| Grouped name FC Ctrl miss | Cond miss
Q4V7K4;A0A1L8HCH4 PATL2 PATL2 28.94 0 0
Q98SP8;A0A1LBEKZ2 EPABA EPAB 21.16 2 0

AOA1L8HEX9 MOV10 MOV10 24.34 2 0

AOA1L8GFC1 CNOT1 CNOT1 17.19 2 0
AOA1L8GGX7;Q5EE04 TPR TPR 10.63 0 0

AOA1LBES55;Q6GR16;A0A1L8ES40 EPABB EPAB 13.31 1 0
AOA1L8GT79;Q52KN7 CPEB1B CPEBH1 10.35 0 0
AOA1L8GUZ9;A0ATL8GY 11 EIFAE EIF4E 8.84 0 0
AOA1L8FLLI;P54824 DDX6 DDX6 12.46 0 0
AOA1L8HQ92;Q6DE09 EIF4ENIF EIF4ENIF1 7.97 0 0
AOA1L8BESZ1;Q68FI1 LSM14BB-A LSM14 NA 4 0
AOA1L8FOH9;Q9W799;A0A1L8FIH7 CPSF2 CPSF2 NA 3 0
AOA1L8F3F9;Q7ZYV9 SYMPK SYMPK NA 3 0
AOA1L8FVU1;A0A1L8FR11;Q5U5D4 MIOSB MIOSB NA 4 1
Q6NU42;A0A1L8G560 TPR TPR NA 4 0
AOA1L8G578 CPSF3 CPSF3 NA 4 1
AOA1L8GAN7;A0A1L8G4F1 WDR33 WDR33 NA 4 0
AOA1L8GL86;A0A1L8GL44;A0ABM2 LSM14A-A LSM14 NA 3 0
AOA1L8GLF8 CNOT1 CNOT1 NA 4 0
B7ZQW3;A0A1L8GUY9;A0A1LBGUWS SLBP2 SLBP2 NA 4 1
AOA1L8GZ04 MOV10 MOV10 NA 3 0
AOA1L8HBI7 ZAR1L ZAR1 NA 4 0
AOA1L8HE42;Q505M1;A0A1L8HBEC1 CSDE1 CSDE1 NA 4 0
AOA1L8HJK9 ZAR1L ZAR1 NA 4 0
AOAUS9;Q63ZL7;A0A1L8HLC5 FIP1 FIP1 NA 4 0
AOA1L8HY91;A0A1L8HNY0;Q91903 ELAVL2 HUR NA 4 0
AOA1L8HQR6 ATXN2L ATXN2 NA 4 1

COSPG1 ZAR2 ZAR2 NA 4 0
Q2VPF5;Q6DD72;Q7ZWR9;A0A1L8FT79 STAU2 STAU2 NA 4 0
Q68F10;Q7ZYT8;Q91581 CSTF64 CSTF64 NA 4 1
Q8AVJ2 LSM14A-B LSM14 NA 4 0

Table Al: BirA-CPEBI enriched proteins. BioID hits obtained with the ad hoc analysis
pipeline. For each identified group of accession numbers (Uniprot), the gene name, grouped
gene name, fold-change and missing values found in the control or conditions are depicted. We

used the grouped gene names for Gene Ontology and network analyses.
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Accessions Gene name | Grouped name| FC Ctrl miss | Cond miss
Q4V7K4;A0A1L8HCH4 PATL2 PATL2 37.88 0 0
Q98SP8;A0A1L8EKZ2 EPABA EPAB 44.23 2 0

AOA1L8HEX9 MOV10 MOV10 35.14 2 0
AOA1LBGT79;Q52KN7 CPEB1B CPEB1 29.15 0 0

AOA1L8ES55;Q6GR16;A0A1L8ES40 EPABB EPAB 16.62 1 0
Q7ZXB4;Q4QR55;A0A1L8HNA9 PTBP1 PTBP1 20.87 1 0
AOA1L8GUZ9;A0A1LBGY 11 EIF4AE EIFAE 12.96 0 0

AOA1L8GFC1 CNOT1 CNOT1 13 2 0

AOA1L8HQ92;Q6DE09 EIFAENIF EIFAENIF1 11.31 0 0

AOA1L8FLLY;P54824 DDX6 DDX6 16.2 0 0
AOA1L8ELU2 YTHDF1 YTHDF1 NA 4 1
AOA1L8ESZ1;Q68FI1 LSM14B-A LSM14 NA 4 0
AOA1L8FOH9;Q9W799;A0A1L8FIH7 CPSF2 CPSF2 NA 3 0
AOA1L8F3F9;Q7ZYV9 SYMPK SYMPK NA 3 0
AOA1L8FW10;073932 IGF2BP3A IGF2BP3 NA 4 1
AOA1L8G578 CPSF3 CPSF3 NA 4 0
AOA1L8GAN7;A0A1L8G4F1 WDR33 WDR33 NA 4 0
AOA1L8GL86;A0A1L8GL44;A0A8M2 | LSM14A-A LSM14 NA 3 0
AOA1L8GLF8 CNOT1 CNOT1 NA 4 1
AOA1L8GUY9;A0A1L8GUWS SLBP2 SLBP2 NA 4 1
AOA1L8GZ04 MOV10 MOV10 NA 3 0
AOA1L8HBI7 ZAR1L ZAR1 NA 4 0
AOA1L8HE42;Q505M1;A0A1L8H6C1 CSDE{ CSDE{ NA 4 1
QB6DCK2;A0A1L8HE82;A0A1L8HEE7| YTHDF2 YTHDF2 NA 4 1
AOA1L8HJK9 ZAR1L ZAR1 NA 4 0
AOAUS9;Q63ZL7;A0A1L8HLC5 FIP1 FIP1 NA 4 0

AOA1L8HQR6 ATXN2L ATXN2 NA 4 0

AOA1L8I198;Q4V7W4 ATXN2 ATXN2 NA 3 0
B72S12;Q4V7Y4 DAZLB DAZL NA 4 1
COSPG1 ZAR2 ZAR2 NA 4 0

057526 IGF2BP3B IGF2BP3 NA 4 1
Q2VPF5;Q6DD72;Q7ZWR9 STAU2 STAU2 NA 4 0
Q498K9 LSM14B-B LSM14 NA 4 1

Q5XGZ1 CPSF3 CPSF3 NA 4 0
Q6NU14 HNRNPDLB HNRNPDLB NA 4 1

Q8AVJ2 LSM14A-B LSM14 NA 4 0

Table A2: CPEBI-BirA enriched proteins. BiolD hits obtained with the ad boc analysis
pipeline. For each identified group of accession numbers (Uniprot), the gene name, grouped
gene name, fold-change and missing values found in the control or conditions are depicted. We

used the grouped gene names for Gene Ontology and network analyses.
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Accessions Gene name | Grouped name| FC Ctrl miss | Cond miss
B7ZSB2;Q9PVV4;A0A1L8HTV8 PCM1 PCM1 62.53 0 0
AO0A1L8GGX7;Q5EE04 TPR TPR 92.8 0 0
AOA1L8BGYMO CCT2 CCT2 16.48 0 0
AOA1L8BES31;Q5XHK2;P29309 YWHABA YWHABA NA 4 0
AOA1L8EVQ1;Q61P65 CNOT9 CNOT9 NA 4 1
AOA1LBEX65 MT11 MT11 NA 4 1
Q6GQB2;A0A1L8F1B9;Q6EE38 RPL7A RPL7A NA 4 1
AOA1L8F383 PLASTIN3L PLASTIN3L NA 4 1
AOA1L8FMH2;A0A1L8FGF3 ACOT ACOT NA 4 0
AOA1L8FVU1;A0A1L8FR11;Q5U5D4 MIOSB MIOSB NA 4 0
AOA1L8BFS62 RIO1 RIO1 NA 3 0
AOA1L8FXY4;Q6NU66 TBC1D7 TBC1D7 NA 4 1
Q6NU42;A0A1L8G560 TPR TPR NA 3 0
Q6DEB6;A0A1L8G7J1;Q6PAX1 UGP2 UGP2 NA 3 0
Q6NS18;A0A1L8GAS53 KPNA4 KPNA4 NA 4 1
AO0A1L8H047;Q91572 CPEB1A CPEB1 NA 3 0
Q63ZK6;A0A1L8HIL8;A0A1L8HAF1 PFDN5 PFDN5 NA 4 0
AOA1L8HC69 MAELSTROM| MAELSTROM NA 4 0
AOA1L8HDJ9;Q6DEBO;AOA1L8HDN2|  PDHA1 PDHA1 NA 4 1
AOA1L8HJA8 CENPJ CENPJ NA 3 0
Q68F10;Q7ZYT8;Q91581 CSTF64 CSTF64 NA 4 0
Q6DJI1 EIFAEBP2 EIFAEBP2 NA 4 1
Q7TON8 HADH HADH NA 4 0
Q8AVJ2 LSM14A-B LSM14 NA 4 0
Q9PTN1 RPS6KA3 RPS6KA3 NA 4 1

Table A3: BirA-CPEB1(Y365A) enriched proteins. BiolD hits obtained with the ad hoc
analysis pipeline. For each identified group of accession numbers (Uniprot), the gene name,

grouped gene name, fold-change and missing values found in the control or conditions are de-
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Accessions Gene name | Grouped name| FC Ctrl miss | Cond miss
B7ZSB2;Q9PVV4;A0A1L8HTVS PCM1 PCM1 76.71 0 0
AOA1L8GGX7;Q5EE04 TPR TPR 16.9 0 0
AOA1L8GYMO CCT2 CCT2 15.34 0 0
Q7ZTL5;A0A1L8HCN3;Q4QR49 CCT8 CCT8 11.25 0 0
AOA1L8F3F9;Q7ZYV9 SYMPK SYMPK 22.15 2 0
Q4V7K4;A0A1L8HCH4 PATL2 PATL2 9.65 1 0
K7SGN7;A0A1L8HIWS ZAR2B ZAR2 35 2 0
AOA1L8GUZ9;A0ATLBGY 11 EIF4E EIF4E 9.45 0 0
AOA1L8F002;A4FVE4 SIVA1 SIVA1 5.9 2 0
AOA1L8GT79;Q52KN7 CPEB1B CPEB1 6.71 0 0
Q98SP8;A0A1L8EKZ2 EPABA EPAB 8.61 1 0
Q6DD11;A0A1L8F062 FERMT2 FERMT2 5.31 1 0
AOA1L8ENT6;Q6DDL8 NHEJ1 NHEJ1 NA 4 1
AOA1L8ES31;Q5XHK2;P29309 YWHABA YWHABA NA 4 1
AOA1L8EVQ1;Q61P65 CNOT9 CNOT9 NA 4 0
AOA1LBEX65 MT11 MT11 NA 4 1
QB6GQB2;A0A1L8F1B9;Q6EE38 RPL7A RPL7A NA 4 0
AOA1L8FMH2;A0A1L8FGF3 ACOT ACOT NA 4 0
AOA1L8FS62 RIO1 RIO1 NA 3 0
AOA1L8FXY4;Q6NU66 TBC1D7 TBC1D7 NA 4 1
QBNU42;A0A1L8G560 TPR TPR NA 3 0
QBDEBG;A0A1L8G7J1;Q6PAX1 UGP2 UGP2 NA 3 0
QBNS18;A0A1L8GA53 KPNA4 KPNA4 NA 4 0
AOA1L8GL86;A0A1LBGLA4;A0ABM2 | LSM14A-A LSM14 NA 4 1
AOA1L8H047;Q91572 CPEB1A CPEB1 NA 3 0
AOA1L8H6E01 MEP50 MEP50 NA 4 1
AOA1L8H9Q1;A0A1L8HI21;Q6IP73 NACA NACA NA 4 0
QB3ZK6;A0A1L8HIL8;A0A1LBHAF1 PFDN5 PFDN5 NA 4 0
AOA1L8HAZ4;A2RRX6 NPAT NPAT NA 4 0
AOA1L8HBI7 ZAR1L ZAR1 NA 4 1
AO0A1L8HDJ9;Q6DEBO;AOA1L8HDN2|  PDHA1 PDHA1 NA 4 0
AOA1L8HJA8 CENPJ CENPJ NA 3 0
AOA1L8HQR6 ATXN2L ATXN2 NA 3] 0
AOA1L8HS35;,Q7SY9%4 ATP5A1 ATP5A1 NA 4 1
AOA1L8HTW2;A0A1L8HU14;Q6GLS8 FRG1 FRG1 NA 4 1
AOA1L8HXE0;Q0IHJ3 HAUS8 HAUS8 NA 4 1
AOA1L8I2F0;Q3B8C9 MRPS30 MRPS30 NA 4 0
COSPG1 ZAR2 ZAR2 NA 4 1
Q5U259;A0A1L8HNJ9 ELAVL1B HUR NA 4 1
Q68F10;Q7ZYT8;Q91581 CSTF64 CSTF64 NA 4 0
Q8AVJ2 LSM14A-B LSM14 NA 4 0

Table A4: CPEB1(Y365A)-BirA enriched proteins. BiolD hits obtained with the ad hoc
analysis pipeline. For each identified group of accession numbers (Uniprot), the gene name,
grouped gene name, fold-change and missing values found in the control or conditions are de-

picted.
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Accessions Gene name | Grouped name| FC Ctrl miss | Cond miss
AOA1L8HEX9 MOV10 MOV10 19.73 2 0
Q4V7K4;A0A1LBHCH4 PATL2 PATL2 15.02 0 0
AOA1L8GGX7;Q5EE04 TPR TPR 20.79 0 0
Q98SP8;A0A1L8EKZ2 EPABA EPAB 12.86 2 0
B7ZSB2;Q9PVV4;A0A1L8HTV8 PCM1 PCM1 11.25 0 0
Q6GQB6 G3BP1 G3BP1 6.86 1 0
AOA1L8ELU2 YTHDF1 YTHDF1 NA 4 1
AOA1L8ESZ1;Q68FI1 LSM14B-A LSM14 NA 4 1
Q6GPP8;A0A1LBEXB9 HBA-L5 HBA NA 4 0
AOA1L8FOH9;Q9W799;A0A1L8FIH7 CPSF2 CPSF2 NA 3 0
AOA1L8F3F9;Q7ZYV9 SYMPK SYMPK NA 3 0
AOA1L8FKQ9;Q61VY4 SSH SSH NA 4 0
AOA1L8FW10;073932 IGF2BP3A IGF2BP3 NA 4 1
AOA1L8GAN7;A0A1L8G4F1 WDR33 WDR33 NA 4 0
AOA1L8GZ04 MOV10 MOV10 NA 3 0
AOA1L8H4NG;AO0A1L8H4P1;P21574 YBX2 YBX2 NA 4 1
AOA1L8HBI7 ZAR1L ZAR1 NA 4 0
AOA1L8HE42;Q505M1;A0A1L8H6C1 CSDEH1 CSDE1 NA 4 0
AOA1L8HJA8 CENPJ CENPJ NA 3 0
AOA1L8HJK9 ZAR1L ZAR1 NA 4 1
AOAUS9;Q63ZL7;A0A1L8HLC5 FIP1 FIP1 NA 4 0
AOA1L8HQR6 ATXN2L ATXN2 NA 4 0
COSPGH1 ZAR2 ZAR2 NA 4 1
Q2VPF5;Q6DD72;Q7ZWR9 STAU2 STAU2 NA 4 0
Q72YS4 PDLIM1 PDLIM1 NA 3 0
Q8AVJ2 LSM14A-B LSM14 NA 4 0
Q90WE3 TDRD6 TDRD6 NA 4 1

Table A5: BirA-CPEB1-CTD enriched proteins. BiolD hits obtained with the ad hoc

Appendix

analysis pipeline. For each identified group of accession numbers (Uniprot), the gene name,
grouped gene name, fold-change and missing values found in the control or conditions are de-

picted.



Appendix I: BiolD tables

Accessions Gene name | Grouped name| FC Ctrl miss | Cond miss
Q4V7K4;A0A1L8HCH4 PATL2 PATL2 15.51 0 0
Q6NUDO WDR77 WDR77 29.17 2 0
AOA1LBHEX9 MOV10 MOV10 15.14 2 0
AOA1L8GT79;Q52KN7 CPEB1B CPEB1 7.39 0 0
B7ZSB2;Q9PVV4;A0A1L8HTVS PCM1 PCM1 8.41 0 0
AOA1LBELU2 YTHDF1 YTHDF1 NA 4 1
AOA1LBESZ1;Q68FI1 LSM14B-A LSM14 NA 4 0
QB6GPP8;A0A1L8EXB9 HBA-L5 HBA NA 4 1
AOA1L8F3F9;Q7ZYV9 SYMPK SYMPK NA 3 0
AOA1L8FW10;073932 IGF2BP3A IGF2BP3 NA 4 1
QB6AZR6;A0A1L8GNA8;QIW626 XRCC6 XRCC6 NA 3 0
Q6DCZ5;A0A1L8GNW3 ZC3H7B ZC3H7B NA 4 0
B7ZQW3;A0A1L8GUY9;Q9YGP6 SLBP2 SLBP2 NA 4 1
AOA1L8HBI7 ZAR1L ZAR1 NA 4 0
AOA1L8HJAS CENPJ CENPJ NA 3 0
AOA1L8HJK9 ZAR1L ZAR1 NA 4 0
AOAUS9;Q63ZL7;A0A1L8HLCS FIP1 FIP1 NA 4 1
AOA1L8HQR6 ATXN2L ATXN2 NA 4 1
COSPG1 ZAR2 ZAR2 NA 4 1
Q2VPF5;Q6DD72;Q7ZWR9 STAU2 STAU2 NA 4 1
QB8AVJ2 LSM14A-B LSM14 NA 4 0

Table A6: CPEB1-CTD-BirA enriched proteins. BioID hits obtained with the ad hoc
analysis pipeline. For each identified group of accession numbers (Uniprot), the gene name,
grouped gene name, fold-change and missing values found in the control or conditions are de-

picted.
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Accessions Gene name| Grouped name| FC | Ctrl miss| Cond miss
AOA1L8HQ92;Q6DE09 EIF4ENIF EIF4ENIF1 37.88 0 0
AOA1L8ES55;Q6GR16;A0A1L8ES40 EPABB EPAB NA 3 0
AOA1L8ESZ1;Q68FI1 LSM14B-A LSM14 NA 4 1
AOA1L8EVQ1;Q6IP65 CNOT9 CNOT9 NA 4 0
AOA1L8HEX9 MOV10 MOV10 NA 4 0
Q6GQB6 G3BP1 G3BP1 NA 4 1
Q8AVJ2 LSM14A-B LSM14 NA 4 0
Q98SP8;A0A1LBEKZ2 EPABA EPAB NA 4 0

Table A7: BirA-CPEB2 enriched proteins. BiolD hits obtained with the ad hoc analysis
pipeline. For each identified group of accession numbers (Uniprot), the gene name, grouped

gene name, fold-change and missing values found in the control or conditions are depicted.

Accessions Gene name | Grouped name| FC Ctrl miss | Cond miss
AOA1L8ES55;Q6GR16;A0A1L8ES40 EPABB EPAB NA 3 0
AOA1LBESZ1;Q68FI1 LSM14B-A LSM14 NA 4 1
QB6NTK9;A0A1L8F893;A0A1L8F870 EML2 EML2 NA 4 1
B9VQ38;A0A1L8FPAG;Q52KW8 RCC2 RCC2 NA 4 1
AOA1L8HEX9 MOV10 MOV10 NA 4 0
AOA1L8HFI8;Q91695;Q7ZYT5 HDAC1 HDAC1 NA 4 1
AOA1L8HIB5 PFK PFK NA 4 1
Q52KS2;Q6DDT8 POLD3 POLD3 NA 3 0
Q6IP60;Q7ZTR6 HSPD1 HSPD1 NA 4 1
Q7ZXH6 YWHAQ YWHAQ NA 4 1
QB8AVJ2 LSM14A-B LSM14 NA 4 0
Q98SP8;A0A1LBEKZ2 EPABA EPAB NA 4 1
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Table A8: CPEB2-BirA enriched proteins. BioID hits obtained with the ad boc analysis
pipeline. For each identified group of accession numbers (Uniprot), the gene name, grouped

gene name, fold-change and missing values found in the control or conditions are depicted.
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Accessions Gene name | Grouped name| FC | Ctrl miss | Cond miss
AOA1L8GGX7;Q5EE04 TPR TPR 45.81 1 0
AOA1LBES55;Q6GR16;A0A1L8ES40 EPABB EPAB NA 3 0
AOA1LBESZ1;Q68FI1 LSM14B-A LSM14 NA 4 1
AOA1L8EULO UBQE2 UBQE2 NA 4 1
AOA1LBEVQ1;Q61P65 CNOT9 CNOT9 NA 4 0
Q640D7;A0A1LBEYM2 RPL3L RPL3L NA 4 1
AOA1L8GAN7;A0A1L8GAF1 WDR33 WDR33 NA 4 0
AOA1L8GL86;A0A1L8GL44;A0ABM2 | LSM14A-A LSM14 NA 4 1
AOA1L8GLF8 CNOT1 CNOT1 NA 4 1
AOA1LBGYK2 CNOT2 CNOT2 NA 4 1
AOA1L8HE73;Q61P18;A0A1L8H7J6 RPA2A RPA2A NA 4 1
AOA1LBHEX9 MOV10 MOV10 NA 4 0
AOA1L8HSF1;A0A1L8HSG7 SUCLGH1 SUCLG1 NA 4 1
Q8UWC3;B7ZQNG;A0A1LBGE 11 CCTN CCTN NA 4 0
BirA-xCPEB3 CPEB3 CPEB3 NA 4 0
Q6GQB6 G3BP1 G3BP1 NA 4 0
Q61P60;Q7ZTR6 HSPD1 HSPD1 NA 4 1
Q7ZWW5 ABCF2 ABCF2 NA 4 1
QBAVG6 DNJA1 DNJA1 NA 4 1
Q8AVJ2 LSM14A-B LSM14 NA 4 0
Q98SP8;A0A1LBEKZ2 EPABA EPAB NA 4 0

Table A9: BirA-CPEB3 enriched proteins. BioID hits obtained with the ad hoc analysis
pipeline. For each identified group of accession numbers (Uniprot), the gene name, grouped

gene name, fold-change and missing values found in the control or conditions are depicted.
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Accessions Gene name | Grouped name| FC Ctrl miss | Cond miss
Q4V7K4;A0A1L8HCH4 PATL2 PATL2 35.47 1 0
COSPGH1 ZAR2 ZAR2 52.81 2 0
AOA1L8F7FO ALG13 ALG13 9.58 1 0
AOA1L8HQ92;Q6DE09 EIF4ENIF EIF4ENIF1 152.64 0 0
AOA1LBES55;Q6GR16;A0A1L8ES40 EPABB EPAB NA 3 0
AOA1LBESZ1;Q68FI1 LSM14B-A LSM14 NA 4 1
AOA1LBEVQ1;Q6IP65 CNOT9 CNOT9 NA 4 0
AOA1LS8EVQS5;B1H1Q2;A0A1L8ENU2|  GRSF1 GRSF1 NA 4 1
AOA1LBEWCY;Q7ZYA5;Q91836 PRKRA PRKRA NA 4 0
AOA1L8F3F9;Q7ZYV9 SYMPK SYMPK NA 4 0
Q6NTK9;A0A1L8F893;A0A1L8F870 EML2 EML2 NA 4 1
AOA1L8FKV7;Q7ZXS6;A0A1L8FFB1 | TARDBP TARDBP NA 4 0
AOA1L8FZ34;Q2VPM6;A0A1L8FT25 RAB2A RAB2A NA 4 1
QOIH89;A0A1L8G7J0 DUSP12 DUSP12 NA 4 1
AOA1L8GAN7;A0A1L8G4F1 WDR33 WDR33 NA 4 0
AOA1L8GL86;A0A1L8GL44;A0A8BM2 | LSM14A-A LSM14 NA 4 1
B7ZQW3;A0A1L8GUY9;Q9YGP6 SLBP2 SLBP2 NA 4 1
AOA1LBGYK2 CNOT2 CNOT2 NA 4 0
AOA1L8H8J4 AKAP1 AKAP1 NA 3 0
AOA1L8HBI7 ZARI1L ZAR1 NA 3 0
AOA1L8HEX9 MOV10 MOV10 NA 4 0
Q6GM69;Q98UD3;Q7ZYE9 HNRNPAB HNRNPAB NA 4 1
Q6GQB6 G3BP1 G3BP1 NA 4 0
Q61P60;Q7ZTR6 HSPD1 HSPD1 NA 4 1
Q7ZWW5 ABCF2 ABCF2 NA 4 1
Q7ZXB4;Q4QR55;A0A1L8HNA9 PTBP1 PTBP1 NA 3 0
QB8AVG6 DNJA1 DNJA1 NA 4 1
Q8AVJ2 LSM14A-B LSM14 NA 4 0
Q98SP8;A0A1LBEKZ2 EPABA EPAB NA 4 0

Table A10: CPEB3-BirA enriched proteins. BioID hits obtained with the ad hoc analysis
pipeline. For each identified group of accession numbers (Uniprot), the gene name, grouped

gene name, fold-change and missing values found in the control or conditions are depicted.
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Accessions Gene name | Grouped name FC Ctrl miss | Cond miss
COSPG1 ZAR2 ZAR2 54.43 2 1
AOA1L8HJK9 ZAR1L ZAR1 29.64 2 1
AOA1L8FLL9;P54824 DDX6 DDX6 36.49 0 1
AOA1L8F032 DYNCH DYNC1 7.66 0 1
AOA1L8H047;Q91572 CPEB1A CPEB1 7.2 2 1
AOA1L8ESZ1;Q68FI1 LSM14B-A LSM14 NA 4 1
AOA1L8BEVQ1;Q6IP65 CNOT9 CNOT9 NA 4 1
AOA1L8F3F9;Q7ZYV9 SYMPK SYMPK NA 4 1
AOA1LBFCQ5;Q7ZWS8 TAGLN2 TAGLN2 NA 4 1
AOA1L8FWB8;Q6DE97 CNOT10A CNOT10 NA 4 1
AOA1L8GAN7;A0A1L8G4F1 WDR33 WDR33 NA 4 1
AOA1L8GJTY MACROD1 MACROD1 NA 4 1
AOA1L8GYK2 CNOT2 CNOT2 NA 4 1
AOA1L8HE63;A0A1L8HE74;Q66KI6 PUM1 PUM1 NA 4 1
AO0A1L8HE73;Q6IP18;A0A1L8H7J6 RPA2A RPA2A NA 4 1
AOA1LBHEX9 MOV10 MOV10 NA 4 0
AOA1L8HQR6 ATXN2L ATXN2 NA 4 1
AOA1L8I198;Q4V7W4 ATXN2 ATXN2 NA 4 1
Q6GM69;Q98UD3;Q7ZYE9 HNRNPAB HNRNPAB NA 4 1
Q6GQB6 G3BP1 G3BP1 NA 4 1
Q8AVJ2 LSM14A-B LSM14 NA 4 1
Q98SP8;A0A1LBEKZ2 EPABA EPAB NA 4 1

Table All: BirA-CPEB4 enriched proteins. BioID hits obtained with the ad hoc analysis
pipeline. For each identified group of accession numbers (Uniprot), the gene name, grouped

gene name, fold-change and missing values found in the control or conditions are depicted.
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Accessions Gene name | Grouped name| FC Ctrl miss | Cond miss
COSPG1 ZAR2 ZAR2 171.33 2 0
AOA1L8F7FO ALG13 ALG13 26.35 1 0
AOA1L8GUZ9;A0A1LBGY 11 EIF4E EIF4E 28.17 0 0
AOA1L8HQ92;Q6DE09 EIF4ENIF EIF4ENIF1 383.27 0 0
AOA1L8GT79;Q52KN7 CPEB1B CPEB1 57.26 0 0
Q4V7K4;A0A1L8HCH4 PATL2 PATL2 101.52 1 0
AO0A1L8HJK9 ZAR1L ZAR1 102.51 2 0
AOA1L8H047;Q91572 CPEB1A CPEB1 18.4 2 0
AOA1L8FLLY;P54824 DDX6 DDX6 99.83 0 0
AO0A1L8G192;A0A1L8G1A2;Q2TAF3 EML4 EML4 12.48 0 1
AOA1LBGGX7;Q5EE04 TPR TPR 15.52 1 0
AOA1LBGIT6 EIF4G1 EIF4G1 13.86 0 0
AOA1L8GWAG;B1WBD5 CAPRIN2 CAPRIN2 7.69 0 0
AOA1L8GZ04 MOV10 MOV10 11.89 2 0
AOA1L8ELU2 YTHDF1 YTHDF1 NA 4 1
AOA1LBEM14 CPSF4 CPSF4 NA 4 1
AOA1L8ES55;Q6GR16;A0A1L8ES40 EPABB EPAB NA 3 0
AOA1LBESZ1;Q68FI1 LSM14B-A LSM14 NA 4 0
QBPA59;A0A1L8ET20 YTHDF1 YTHDF1 NA 4 0
AOA1L8BEVQ1;Q6IP65 CNOT9 CNOT9 NA 4 0
AOA1LBEVQ5;B1H1Q2;A0A1LBENU2|  GRSF1 GRSFH1 NA 4 0
AOA1LBEWC9;Q72YA5;Q91836 PRKRA PRKRA NA 4 0
Q640D7;A0A1LBEYM2 RPL3L RPL3L NA 4 1
Q6PAA0;A0A1L8F1K5 FUBP3 FUBP3 NA 4 1
AOA1L8F3F9;Q7ZYV9 SYMPK SYMPK NA 4 0
QBNTK9;A0A1L8F893;A0A1L8F870 EML2 EML2 NA 4 0
Q7ZXS6;A0A1L8FFB1;Q8JJ42 TARDBP TARDBP NA 4 0
AOA1L8FTH7;A0A1L8FZJ1;Q72Y29 ESRP1 ESRP1 NA 4 0
AOA1L8FWB8;Q6DE97 CNOT10A CNOT10 NA 4 0
AOA1L8GAN7;A0A1L8G4F1 WDR33 WDR33 NA 4 0
AOA1L8GFC1 CNOT1 CNOT1 NA 4 0
AOA1L8GL86;A0A1L8GL44;A0A8M2 | LSM14A-A LSM14 NA 4 0
AOA1L8GLF8 CNOT1 CNOT1 NA 4 0

Continues next page.
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Accessions Gene name | Grouped name| FC Ctrl miss | Cond miss
AOA1LBGN33 PRRC2 PRRC2 NA 4 0
Q6DCZ5;A0A1L8GNW3 ZC3H7B ZC3H7B NA 4 1
AOA1L8GT66;Q9YGP5;Q661X3 RBPMS2 RBPMS2 NA 4 1
AOA1L8GUI7;Q6GPN8 CNOT2 CNOT2 NA 4 0
B7ZQW3;A0A1L8GUY9;Q9YGP6 SLBP2 SLBP2 NA 4 0
AOA1TLBGYK2 CNOT2 CNOT2 NA 4 0
AOA1L8H7B4 CEP85 CEP85 NA 3 0
AOA1L8HE63;A0A1L8HE74;Q66KI6 PUM1 PUM1 NA 4 0
AOA1L8H8J4 AKAP1 AKAP1 NA 3 0
AOA1L8HBI7 ZAR1L ZAR1 NA 3 0
AOA1L8HE42;Q505M1;A0A1L8H6C1 CSDE1 CSDEH1 NA 4 0
Q6DCK2;A0A1L8HE82;A0A1L8HEE7 YTHDF2 YTHDF2 NA 4 0
AOA1L8HEX9 MOV10 MOV10 NA 4 0
AOA1L8HKO1 PIWIL1 PIWILA NA 3 0
B7ZPG0;A0A1L8HL44;Q7T3U0 ZAR1 ZAR1 NA 4 1
AOA1L8HQR6 ATXN2L ATXN2 NA 4 0
AOA1L8HSF1;A0A1L8HSG7 SUCLG1 SUCLG1 NA 4 1
AOA1L8HX08;A0A1LBHWX9;Q1JQ73| ELAVL1A HUR NA 4 0
AOA1L8I198;Q4V7W4 ATXN2 ATXN2 NA 4 0
B7ZRW2;B7ZRW4;Q6TY21 PABP1B PABPN NA 4 0
Q52L.23;Q7ZXJ0;P24346 DDX3X DDX3X NA 3 0
Q2VPF5;Q6DD72;A0A1L8FT79 STAU2 STAU2 NA 4 0
Q5U259;A0A1L8HNJ9 ELAVL1B HUR NA 3 0
Q6GM69;Q98UD3;Q7ZYE9 HNRNPAB HNRNPAB NA 4 0
Q6GQB6 G3BP1 G3BP1 NA 4 0
Q6IP60;Q7ZTR6 HSPD1 HSPD1 NA 4 1
Q7ZXB4;Q4QR55;A0A1L8HNA9 PTBP1 PTBP1 NA 3 0
QB804A5 PABP1A PABPN NA 4 0
Q8AVJ2 LSM14A-B LSM14 NA 4 0
Q98SP8;A0A1LSEKZ2 EPABA EPAB NA 4 0

Table A12: CPEB4-BirA enriched proteins (continuation). BioID hits obtained with the
ad hoc analysis pipeline. For each identified group of accession numbers (Uniprot), the gene
name, grouped gene name, fold-change and missing values found in the control or conditions

are depicted.
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Accessions Gene name Grouped name FC | BFDR| Rank.Pl| Rank.Mii
AOA1LBHEX9 MQOV10 MQOV10 342.5 0 1 2
AOA1L8GZ04 MQOV10 MQOV10 215 0 2 NA
AOA1L8F3F9 SYMPK SYMPK 205 0 3 1
K7SGN7 ZAR2 ZAR2 160 0 4 NA
AOA1LBES55 EPABP-B EPAB 147.5 0 5 5
COSPG1 ZAR2 ZAR2 140 0 6 NA
AOA1L8GL86 LSM14A-A LSM14 135 0 7 NA
Q98SP8 EPABP-A EPA 115 0 8 9
AOA1LBGGX7 TPR TPR 109 0 9 12
Q8AVJ2 LSM14A-B LSM14 107.5 0 10 NA
AOA1LBESZA LSM14-B-A LSM14 85 0 11 NA
AOA1L8HJK9 ZAR1L ZAR1 85 0 11 NA
AOA1L8G447 FXR1-B FXR1 80 0 12 NA
Q7zXB4 PTBP1 PTBP1 75 0 13 NA
B7ZQW3 SLBP2 SLBP2 72.5 0 14 NA
AOA1L8HBI7 ZAR1L ZAR1 70 0 15 NA
Q498K9 LSM14B-B LSM14 70 0 15 NA
B7ZPGO ZAR1 ZAR1 65 0 16 NA
AOA1L8HE42 CSDE1 CSDE1 62.5 0 17 NA
Q9W799 CPSF2 CPSF2 62.5 0 17 3
Q4V7K4 PATL2 PATL2 62.33 0 18 NA
Q7ZXJo DDX3X DDX3X 60 0 19 NA
Q2VPF5 STAU2 STAU2 57.5 0 20 NA
AOA1L8GAN7 WDR33 WDR33 55 0 21 3
AOA1LBFTH7 ESRP1 ESRP1 52.5 0 22 NA
AOA1LBEYG5 TNRC6A TNRC6A 50 0 23 NA
AOA1LBFW10 IGF2BP3-A IGF2BP3 50 0 23 NA
AOA1L8GN33 PRRC2 PRRC2 50 0 23 NA
AOA1L8I198 ATXN2 ATXN2 50 0 23 NA
Q6GM69 HNRNPAB HNRNPA 50 0 23 NA
AOA1LBEQS4 TNRC6A TNRC6A 47.5 0 24 NA
AOA1L8FPI2 HAUS5 HAUS5 47.5 0 24 NA
AOA1L8GT79 CPEB1-B CPEBH1 43 0 25 NA

Continues next page.
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Accessions Gene name Grouped name | FC | BFDR | Rank.Pl| Rank.Mil
AOA1LBEVQ5 GRSF1 GRSF1 42.5 0 26 NA
AOA1LBFKV7 TARDBP TARDBP 42.5 0 26 NA
AOA1LBGFC1 CNOT1 CNOT1 42.5 0 26 NA
AOA1LBEM14 CPSF4 CPSF4 37.5 0 27 NA
AOA1LBGHO02 TNRC6B TNRC6B 37.5| 0.05 27 NA

AOAUS9 FIP1LA1 FIP1LA 37.5 0 27 6
AOA1L8HQ92 EIF4ENIF1 EIF4ENIF1 36.2 0 28 13

AOA1L8I094 EIF4ENIF1 EIF4ENIF1 34 0 29 8
AOA1L8GBY 1 PUM2 PUM2 32.5 0 30 NA
AOA1L8GLF8 CNOT1 CNOT1 325 0 30 NA
AOA1L8HY91 ELAVL2 HUB 32.5 0 30 NA

Q68F10 CSTF64 CSTF64 32.5| 0.05 30 7
AOA1L8HQR6 ATXN2L ATXN2 32 0 31 11
AOA1L8HEG63 PUM1 PUMA1 30 0 32 NA

B7ZRLO FMR1-A FMR1 30 0.05 32 NA

AOA1L8ELU2 YTHDF1 YTHDF1 27.5 0 33 10
AOA1L8H4E1 GIGY1F1 GIGY1F1 27.5| 0.06 33 NA
AOA1L8HX08 ELAVL1-A HUR 27.5| 0.01 33 NA

Q5U259 ELAVL1-B HUR 27.5 0 33 NA
AOA1LBFPW7 ZNF605 ZNF605 26 0 34 NA

Q6NUC6 RC3H1 RC3H1 25 0.06 35 NA

AOA1L8FLF8 HIST1H2AD HIST1H2AD 225 0 36 NA

AOA1L8H6GS5 USP9X USP9X 22.5| 0.08 36 NA
057526 IGF2BP3B IGF2BP3 225 0.07 36 NA
Q6IRC9 HNRNPH1 HNRNPH 225 0.01 36 NA
Q6NU42 TRAPPC TRAPPC 225 0.01 36 NA
Q804A5 PABP1A PABPC 22.5 0 36 NA

AOA1L8FWBS8 CNOT10-A CNOT10 20 0.07 37 NA

AOA1LBGG85 ROQUINT1 ROQUINT1 20 0.08 37 NA

AOA1L8H047 CPEB1-A CPEBH1 20 0.01 37 NA
Q6NUCO TRIM25 TRIM25 20 0.09 37 NA

AOA1LBEVAQ1 CNOT9 CNOT9 17.5 0.1 38 NA

AOA1L8G1GH1 ZFP36L2 ZFP36 17.5| 0.07 38 NA

Continues next page.
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Accessions Gene name Grouped name FC | BFDR | Rank.Pl | Rank.Mil

AOA1L8H8S9 TRAF2 TRAF2 17.5 0.1 38 NA
QOIH89 DUSP12 DUSP12 17.5 0.01 38 NA
Q6DCZ5 ZC3H7B ZC3H7B 17.5 0.01 38 NA
Q6NUDO WDR77 WDR77 155 0 39 NA
AOA1L8FKP2 PATL1 PATLA 15 0.09 40 NA
AOA1L8GVJ2 ANKH1 ANKH1 15 0.06 40 NA
AOA1L8H7B4 CEP85 CEP85 15 0.1 40 NA
Q63ZK6 PFDN5 PFDN5 15 0.08 40 NA
Q642P5 DBT DBT 15 0.1 40 NA
Q6PAAO FUBP3 FUBP3 15 0.09 40 NA
AOA1L8FRG7 CNOT10-B CNOT10 15 0.09 40 NA
Q7TON9 CDC23 CDC23 15 0.09 40 NA
A4FVEO 42SP50 42SP50 14.67 0 41 NA
Qe661U7 MYCBP2 MYCBP2 13 0.01 42 NA
AOA1L8F917 HNRNPL HNRNPL 12.5 0.14 43 NA
AOA1L8GRB6 SEC24A SEC24A 12.5 0.14 43 NA
AOA1L8HEM8 MAKORIN1 MAKORIN1 12.5 0.14 43 NA
B7ZR49 P43 P43 12.5 0.1 43 NA
Q68ES9 RPL3 RPL3 12.5 0.1 43 NA
Q6AZM7 PPOX PPOX 125 | 0.14 43 NA
Q6NTK2 YTHDF2 YTHDF2 12.5 0.1 43 NA
Q7ZWW5 ABCF2 ABCF2 12.5 0.1 43 NA
Q7zZXC7 G3BP1 G3BP1 12.5 0.1 43 NA
AOA1L8H1F1 TIA1 TIA1 12.5 0.14 43 NA
AOA1L8EL76 SMARCD3 SMARCD3 12.5 0.1 43 NA
AOA1L8HHY®6 ATP5B ATP5B 12.5 0.1 43 NA
Q6DCD3 HSP70 HSP70 12.5 0.1 43 NA
AOA1L8FDCS8 MYO1E2 MYO1E2 11 0 44 NA
AOA1L8HKO1 PIWIL1 PIWILA 11 0 44 NA
AOA1L8F7FO ALG13 ALG13 10.5 0 45 NA
Q6NU04 TDRD7 TDRD7 10.5 0.02 45 NA
Q5PPT1 PRDX4 PRDX4 10 0.08 46 NA
Q641C7 RNPEP RNPEP 10 0.14 46 NA
B72SB2 PCM1 PCM1 9.8 0 47 4

Continues next page.
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Accessions Gene name Grouped name | FC | BFDR | Rank.Pl | Rank.Mil
AOA1L8GUZ9 EIF4E EIF4E 9.4 0 48 NA
AOA1L8FLL9 DDX6 DDX6 9.09 0 49 14
AOA1L8HC69 MAELSTROM MAELSTROM 9 0.02 50 NA
Q6DD11 FERMT2 FERMT2 7.67 | 0.038 51 NA
AOA1L8HWM7 CIRBPA CIRBP 7.25 0 52 NA
AOA1L8BEV51 COIL COIL 7 0.14 53 NA
AOA1L8HG63 RBBP7 RBBP7 7 0.14 53 NA
AOA1L8HTJ6 RFC1 RFC1 6.27 0 54 NA
AOA1LBEQN7 PLK1 PLK1 6 0.03 55 NA
Q6DDW 1 TXNL1 TXNL1 6 0.04 55 NA
AOA1L8GXE6 ANKH1 ANKH1 5.8 0.04 56 NA
Q3KQ82 PFN1 PFN1 5.67 | 0.04 57 NA
AOA1L8HPG1 PCK2 PCK2 55 | 0.04 58 NA
AOA1LBHYGS8 PSAT1 PSAT1 5.5 0.01 58 NA
AOA1L8F3P4 GNLA1 GNLA1 4.83 | 0.01 59 NA
AOA1L8BEQ20 FSCNA1 FSCN1 4.5 0.13 60 NA
AOA1LBEYC7 PLK1 PLK1 4.5 0.02 60 NA
AOA1L8BFT46 CHD7 CHD7 433 | 0.03 61 NA
Q6DFJ1 GBEH1 GBE1 433 | 0.03 61 NA
Q5XG28 SENP3 SENP3 4 0.02 62 NA
Q7ZTL5 CCT8 CCT8 4 0.01 62 NA
Q6DKM3 WBSCR22 WBSCR22 3.83 | 0.01 63 NA
AOA1L8GF35 PHKBS PHKBS 3.43| 0.13 64 NA
AOA1LBHCG6 HLCS HLCS 3.43| 0.13 64 NA
Q8QHA5 DNA2 DNA2 326 | 0.14 65 NA
AOA1L8GDJ8 FEN1-B FEN1 3.25| 0.15 66 NA
AOA1L8HOF8 MYO5 MYO5 3.24 | 0.01 67 NA
Q5U491 PRMT5 PRMT5 289 | 0.13 68 NA
AOA1L8FMH5 NOL9 NOL9 226 | 0.14 69 NA
Q2NLAS5 GLNRS1 GLNRS1 1.92| 0.13 70 NA

Table A13: CPEB1-6A-BirA enriched proteins (continuation). BioID hits obtained for
CPEBI1-6A-BirA samples with and without progesterone. SAINT algorithm was used for the
analysis and proteins with BFDR below 0.15 were defined as hits. For each identified group of
accession numbers (Uniprot), the gene name, grouped gene name, fold-change, BEDR and rank

in prophase I and metaphase II oocytes are depicted.
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Appendix II: Cloned CPEBI1-4 sequences

Protein Accession number NTD
CPEBH1 Q91572 1..312
CPEB2 Not annotated 1..536
CPEB2* AOA5G3HI07 1..536
CPEB3 AOA1L8FJ58 1..367
CPEB4 AOA1L8BGV75 1..444

Table Al4: CPEB sequences used in our experiments. UniProtKN Accession numbers
of the CPEB paralogs used for our clonings and experiments. For each protein, the interval of
residues comprising the NTD is depicted as well. The sequence of CPEB2 we have in our lab is
not annotated in UniProt, thus for some sequence analysis algorithms we used the more similar

UniProt entry, specified with the asterisk.

>CPEB2_cloned

MGDYGFGLLQAANLSSGGTGSGGGSLFGGGSFRGSAGQFPSLSSSSSGSA
LFLSAGYQQQOQQVMQODELLLGVSCAPGNKHSKSGRVSPPALLLLQEPAKR
KDFSPQEGDAFREELKKQQQQOSGEMNQOPCTYQRHGSPAAEELESPDKNL
PVSPSSSSSSSSCCSAEEALVGEAHAATSPPALSHQHLPAKGKLCMEAQG
GHLPNLLGGPYPGSPELAQTPGGSPPALPGFGTPWSVQTSSPPPPPPALP
Q0QHOQQOQOHOPTAPHPAAPNLNALHSPDPDSFYPGIPSSINPAFFQSFST
NPCPGINVPGFSSPFSAQINIPQOQOQOQSRRSPVSPOQLNPQHHQAAAFLOQ
RNSYNHHQPLVKQSPWGGHQSSGWNTGSMSWGGIHARDHRRTANMGMPGS
MNQISPLKKAYSGNVIAPPKFTRSTPSLTPKSWIEDNVFRTDNNSNTLLP
LODRSRMYDSLNMHSLENSLIEIMRAEHDPLKGRLNYPHPGTESLLMLNG
RSSLFPLDDGLLDDGHNDQVGVLNSPNCYSGHONGERIERFSRKVFVGGL
PPDIDEDEITASFRRFGPLVVDWPHKAESKSYFPPKGYAFLLFQEETSVQ
ALIEACIEEEGKLYLCVSSPTIKDKPVQIRPWNLSDSDFVMDGSQPLDPR
KTIFVGGVPRPLRAVELAMIMDRLYGGVCYAGIDTDPELKYPKGAGRVAF
SNQQOSYIAAISARFVQLOHGDIDKRVEVKPYVLDDQOMCDECQGARCGGKF
APFFCANVTCLQYYCEFCWANIHSRAGREFHKPLVKEGADRPRQIHFRWN

CPEB?2 cloned sequence. Protein sequence of the CPEB2 variant cloned in our lab.
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por haber sido una fuente de luz, esperanza y motivacion.

En primer lugar me gustaria agradecerle a Ratil haberme dado la oportunidad de hacer
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Annarita, nunca olvidaré que fuiste tG quien me ensefi6 a hacer Western Blots y me
consolé la primera vez que tiré una alicuota de anticuerpo primario sin querer. Me da
rabia que, pese a que sé que eres una gran cocinera, la mitad de tus platos no los pruebe
porquellevan queso! Me queda pendiente ver tus habilidades en el volley... Alba! Lanoia
de les mil activitats! M’encanta la passi6 i 'amor que li poses a les coses que t'agraden,
n’hauria d’aprendre... Espero que el teu grup de dansa arribi lluny (no ho dubto pas) i

que el projecte Afrovaca continui ajudant a la gent que realment ho necessita!

Chiara!! Ya sabes que muchas veces he pensado que somos muy iguales en muchas co-
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increiblemente creativa, trabajas duro y consigues todo lo que te propones. Me en-
canta ver tu motivacion a la hora de pensar talleres, juegos, proyectos de bricolaje... Me
tendrias que dar algin cursillo! Me ha encantado compartir estos afos a tu lado, pero

esto no acaba aqui! Nos quedan room escapes por hacer y podriamos atrevernos con lo

del bubble soccer...
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baile de Gru, y el Olaf... Creo que eres la tinica persona en el mundo que me sigue mis
“escenas” tipicas de peliculas malas y series de los 90s, y nos podriamos tirar 20 minutos
con la bromita... jajaja. No me equivoco si digo que eres una de las personas que mas
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motivado a ser una mejor version de mi mismo en muchos aspectos, y por eso te estoy
tremendamente agradecido. A algunos siempre les quedara Paris, a nosotros siempre nos

quedara Calafell y el pollo de corral que nunca hicimos!

Los pinchis! Nada hubiera sido igual sin vosotros. Pese a que soy un rancio y no me he
apuntado a nada y por ende apenas tenemos anécdotas, todo lo que me llevaré de voso-
tros seran buenos recuerdos. Conversaciones con Rosa ella en su poyata y yo jugando
con el rollo del papel porque me incomoda hablar, conversaciones con Irene en la poy-
ata de los paquetes o en su labo, cuando le llevaba donettes a Emi, o las veces que Clara
me ha pedido que le contara algo, o que hablara mas fuerte que desde su poyata no nos

oye... Sin duda las dottoras habéis sido una referencia para mi, os admiro un montén y
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Creo quc pocas personas son tan especiales ya la vez tan buenas cientiﬁcas como vosotras.

En el lado opuesto tenemos a las mas benjaminas, las Annas. La Barto me ha hecho reir
como nadie, con sus geles que no polimerizan, las imitaciones a La Llamada o el miedo
que pasamos cuando vamos a buscar células a los tanques de nitrogeno... Mi pequena
padawan ya se ha convertido en toda una maestra Jedi y no me cabe duda de que vas
a tener una tesis genial y que la vas a disfrutar como nadie! La Ferrer ha venido para
quedarse, pisando fuerte! Tomando las riendas de la calgotada i amb una iniciativa i mo-
tivacié que meravellen! Ets una persona genial, amb mil i una inquietuds, pero també

amb petites inseguretats que desapareixeran quan siguis conscient de tot el que vals!

Kitus!! Alfaramir!! Una enciclopedia Larousse con patas y barba, mucha barba! El
hombre de las dos caras, la de antes y después de pasar por la peluquera! Que se llama....
Sonia? Me has ayudado un montén con mis problemas, que no han sido pocos, acer-
tando casi mas que la psicologa, sélo que a ti no te pago... Muchas gracias por haber
estado siempre ahi, en esa esquina llena de 6rganos, PBS sucio, papeles con reacciones
de PCR y, en ocasiones, una poco delimitada zona RNase-free... S¢ que llegard un dia
en el que nos encontraremos y ya no sers un espejo para mi, ni ta ni nadie, y sé que te

alegraras por mi como el buen amigo que eres.

Last but not least, la personita que vino, me zaranded la cabeza y revolvié todos los
mecanismos apagados que habia en mi interior. Si Berta, vas ser tu! Fruit d’haver-te
conegut es va engegar una reaccié en cadena dintre meu que m’ha fet canviar. Les meves
aspiracions, somnis, la imatge de mi mateix, la meva falsa seguretat, tot aixo va caure,
i ho he estat qiiestionant des daquell moment. Ja saps que no ho he passat bé, pero
no mempenedeixo, ara sdc més jo que mai, i aixo en gran part és gracies a tu. També
saps que, tret de les meves punyalades traperes, testimo molt (tot i que els dos som forga
erizos) i viuria mil cops aquesta etapa amb tu. T’admiro molt i sé que arribaras tot lo

[luny que et proposis, i espero estar alla per veure-ho, o com a minim que m’enviis un
y q proposis, 1 €sp p > q
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