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GENERAL INTRODUCTION

At very first moments of a zygote’s development, maternal mRNAs, inherited from the
oocyte, are the only scripts available for protein coding and other biological regulations.
Although transcriptional activity has been described as minor at most (Vastenhouw et al,
2019, Chen et al, 2021, Bhat et al, 2023), the egg is not dormant and the growth
proceeds in a precisely calibrated manner (Leichsenring et al, 2013, Lee et al, 2013,
Kobayashi et al, 2021, Zhou et al, 2023). For each mRNA to be translated when its time
has come to serve, multiple cues in the form of motifs lie within its sequence to either
recruit necessary actors for its translation initiation, move, or protection (Curtis et al,
1995, Hake et al, 1997). Understanding gene regulation during early development is
critical for elucidating the molecular mechanisms that shape embryonic fate. Eggs,
being the earliest stage of the developmental cycle, carry a rich diversity of maternal
mRNAs that are essential for initiating embryogenesis and guiding subsequent cellular
differentiation. As development progresses, the regulation of these mRNAs becomes

crucial for ensuring proper spatial and temporal gene expression.

The regulation of mRNA, encompassing processes such as transcription, splicing,
degradation, and translation, is not only essential for the maintenance of developmental
programs but also for the adaptability of the embryo to changing conditions.
Misregulation of mRNA expression can lead to developmental abnormalities,
highlighting the importance of understanding these processes in the context of

developmental biology (Lopez, 1998, Pikulkaew et al, 2011).



Polyadenylation and mRNA processing are fundamental processes that regulate gene
expression at multiple levels, being major actors in cellular development,
differentiation, and response to environmental stimuli (Wilkie et al, 2003, Andreassi et
al, 2009, Beaudoin et al, 2013, Navarro et al, 2021). One key aspect of this regulation is
the influence of the 3' untranslated region (3'UTR), which contains important elements
that control mRNA stability, localisation, and translational efficiency. The 3'UTR
regulated, particularly, through alternative polyadenylation (APA), which results in the
generation of multiple mRNA isoforms with distinct 3'UTR lengths. These isoforms can
have completely different properties and expose different sites. For instance,
microRNA-binding sites or RNA-binding protein motifs might become accessible,
which in turn influence mRNA fate and cellular function. The dynamic regulation of
APA, through the selection of different polyadenylation signals (PAS), is pertinent in
various biological processes, including cellular differentiation, and disease progression

(Tian et al, 2016, Deng et al, 2017, Mitschka et al, 2022, Xin et al, 2023).

microRNAs (miRNAs) are important regulators of mRNA stability and translation.
miRNAs bind to the 3'UTR of target mRNAs, often leading to mRNA degradation or
translational repression (Valencia-Sanchez et al, 2006, Hu et al, 2012). Studies have also
revealed that miRNAs can bind to mRNA without leading to its clearance, resulting in
shorter mRNA isoforms that retain translational activity, but exhibit altered stability or
localisation (Ito et al, 2011, Iwakawa et al, 2013, Ni et al, 2016). Studies in the early
development can be conveniently carried out on zebrafish, with its transparent egg,
which allows to easily look at in vivo phenotypical changes and fluorescent reporter

expression. In zebrafish, the role of miRNAs in regulating APA and mRNA processing



is still underexplored, and the lack of comprehensive miRNA annotations for this model

organism presents a significant gap in our understanding.

A number of proteins are involved in the early development. Their expression
regulation is coordinated with translation factors such as elFs, PABCs, CPSFs and the
such (Anthony et al, 1991, Mader et al, 1995, Dantonel et al, 1997, Kozlov et al, 2001,
Kahvejian et al, 2001, Nag et al, 2007). This regulation could impact major biological
events, namely the maternal-to-zygotic transition (MZT), where precise control over
gene expression is necessary for its very happenstance. Indeed, Pou5f3, zebrafish
orthologue of Oct4, has been extensively studied in the context of the MZT, with
evidence pointing at its obligatoriness in the activation of zygotic transcription
(Leichsenring et al, 2013, Lee et al, 2013). However, the molecular mechanisms by
which Pou513 is expressed, its mRNA processing and effects on its own translation,

remain only partially understood.

mRNA processing, particularly through 3'UTR length change (ULC), can work as a
mechanism to calibrate the cellular response according to the needs of developmental
processes. The MZT in zebrafish provides a model system to investigate the regulation
of mRNA processing during early development. Furthermore, studies of intronic
polyadenylation (IPA), which involves the generation of non-coding isoforms that can
regulate gene expression, add another layer of complexity to the regulation of mRNA
length and translation (Tian et al, 2017, Singh et al, 2018). The next-generation

sequencing technologies, particularly 3'UTR RNA sequencing, have advanced our



ability to study these processes in detail, revealing intricate patterns of shortening and

lengthening and their implications for gene expression and cellular function.

This thesis explores the actors guiding upstream and downstream modifications
resulting in mRNA activation, focusing on their roles in regulating mRNA processing
during early zebrafish development. By examining how CPSF6 behaves in the early
development, and how miRNAs potentially interact with 3'UTRs to modulate gene
expression, we aim to better understand the mechanisms that control mRNA stability,
localisation, and translation during developmental transitions and how in turn, these
changes impact protein expression. The findings presented here will shed light on the

regulatory networks managing the early development.
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Chapter I

pouSf3 mRNA analysis in zebrafish early

development.
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ABSTRACT

The Maternal-to-Zygotic Transition (MZT) represents a pivotal stage in early zebrafish
development, marking the shift from maternal transcript-driven regulation to zygotic
genome activation (ZGA). Maternally inherited molecules, including mRNAs
orchestrate nearly all biological processes post-fertilization until the ZGA and beyond.
Among the key transcription factors implicated in the ZGA, Pou5f3 has been shown to
play a critical role. However, the precise mechanisms by which Pou5f3 starts it activity
to then initiate the ZGA remain incompletely understood. The 3' Untranslated Region
(3'UTR) of mRNAs, though not coding for proteins, is essential for post-transcriptional
regulation and influences RNA stability, localisation, and translational efficiency. This
chapter challenges the conventional view of mRNA shortening as not a degradation
process but a novel regulatory mechanism: mRNA shortening as a driver of translational
activation. Using Poly(A) test (PAT) assay, we demonstrated a progressive shortening of
the 3'UTR of pou5f3 and wnt8al from the oocyte stage onward. Analysis of transgenic
lines for pou5f3 3'UTR hinted towards a higher activity of a shortened pou5f3.
Furthermore, puro-proximity ligation assays revealed that shorter mRNAs exhibit
enhanced translational efficiency. /n situ hybridisation of pou5f3 and qPCR of the
reporter showed this is not related to mRNA expression number nor their spatial
location. These results suggest the existence of a previously unknown mechanism of

translational regulation.
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INTRODUCTION

Pou513 has been extensively studied and is recognised as a crucial factor in the MZT
(Leichsenring et al, 2013, Lee et al, 2013) but also in the progression of gastrulation,
endoderm differentiation and dorsal-ventral formation (Lunde et al, 2004, Reim et al,
2006, Kotkamp et al, 2014, Nishitani et al, 2015, Perez-Camps, 2016, Inomata et al,
2020, Ducos et al, 2022). Across multiple species, Pou5f3 has been identified as a
necessary regulator of early development. In both mice and humans, reduced
Pou5f1/Oct4 expression promotes trophoblast and endoderm differentiation (Hay et al.,
2004), underscoring its essential role in pluripotency. Furthermore, Pou513 is the
zebrafish orthologue of Oct4, a transcription factor which has become renowned for its
role in cellular reprogramming as part of Yamanaka’s factors (Yamanaka, 2008, Zhu et
al, 2010, Sterneckert et al, 2012, Takahashi et al, 2016). This association highlights its
significance in stem cell biology and potential applications in personalised medicine

(Yamanaka, 2008, Takahashi et al, 2016, Bruno et al, 2024).

In early development, the zebrafish embryo is largely transcriptionally silent, with
only few transcription factors are being translated before the onset of ZGA. Pou513,
Nanog, and SoxB1 are among the most abundantly translated factors, and their
combined loss results in the failure of approximately 25% of zygotic genes to activate,
supporting their central role in MZT (Lee et al., 2013). This study inferred that their

high translational activity signifies their critical involvement in initiating the ZGA.
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A widely accepted model in developmental biology posits that maternal transcript
clearance is a prerequisite for ZGA (Walser et al, 2011, Sha et al, 2019, Sha et al 2020).
This theory is supported by the sharp decline in long maternal transcripts from 4 hours
post-fertilisation (hpf) onward (Sha et al, 2019, Zhao et al, 2020). The shortening of
mRNAs may serve as an additional, or even alternative, regulatory mechanism that
facilitates this transition (Kuersten et al, 2003, Mayr et al, 2009, Sonneveld et al, 2020).
Furthermore, polyadenylation length is known to influence translational activity; shorter
poly(A) tails are often associated with reduced translation but enhanced stability

(Bernstein et al, 1989, Subtelny et al., 2014).

The 3'UTR has emerged as a key player in post-transcriptional regulation. This non-
coding region at the mRNA’s 3' end modulates stability, localisation, and translational
efficiency through the presence of regulatory elements such as RNA-binding protein-
binding sites and alternative polyadenylation signals (Wilkie et al, 2003, Andreassi et al,
2009, Beaudoin et al, 2013). Structural modifications in the 3'UTR can alter RNA-
protein interactions, subsequently influencing translation (Jackson, 1993, Wilkie et al,
2003, Andreassi et al, 2009, Navarro et al, 2021). Our recent findings indicated that
pou5f3 mRNA with a longer 3'UTR formed stable, solid-like granules, which restrict
ribosomal access and translation. After fertilisation, the pou5f3 RNA granules change
properties in liquid-like granules, allowing for more efficient translation (Sato et al.,
2022). However, molecular mechanisms by which pou5f3 mRNA is translationally

activated remain unclear.
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In this chapter, I found that the 3'UTR of pouSf3 was shaved off of 72 bases from the
immature oocyte stage, steadily shortening to reach a point where over half of the
transcripts were short at 2 hpf. At the same time, short pou5f3 3'UTR showed an

effective translation while long pou5f3 suffered from a delay in translation.
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MATERIALS AND METHODS

Danio rerio
The zebrafish (AB strain) were raised in the laboratory, with a light period of 14 hours

(from 9 am until 11 pm) and a dark period of 10 hours. The water is maintained at 28°C.

Total RNA extraction

For the embryos, 50 embryos were collected and washed with E3 solution (5 mM NaCl,
0,17 mM KCIl. 0,33 mM CaCls, 0,33 mM MgSO4 and 0,1% Methylene Blue). Oocytes
were collected after sacrifice and washed in fish Ringer solution (116 mM Na(Cl, 1,8
mM CaCly, 2,9 mM KCl, 5 mM HEPES; pH 7,2). In the case of mature oocytes and
immature oocytes, they were treated with 17a,20B3-dihydroxy-4-progen-3-one (17a,20B-
DP) in PBS (Phosphate-buffered saline) for 3 hours after which only the mature oocytes
were selected. After complete removal of the solution, TRIzol (Ambion) was used for

RNA extraction.

c¢DNA synthesis
After extraction of RNAs, 2500 ng of the total RNA sample were used for reverse
transcription using Superscript III First-strand synthesis system (Invitrogen) which was

used according to the maker’s protocol.

PAT assay

Using the extracted total RNA, a P1 anchor primer (5’-P-GGT CAC CTT GAT CTG

16



AAG C-NH;-3’) was ligated to the polyA tail using T4 RNA Ligase (Takara). Then,
using the Superscript II Reverse Transcriptase (Invitrogen), the transcripts were primed
using a P1’ primer (5’-GCT TCA GAT CAA GGT GAC CTT TTT-3"). This allowed to
synthesise the first strand of cDNA. Then, using 2 pL out of the total 10 pL of cDNA as
a template and Expand High Fidelity PCR System (Roche), a 1st round of PCR (total
volume = 26 pL) was carried out on all extracted RNA samples. From the PCR
products, 2 uLL were used for a 2nd round of PCR (total volume = 26 pL), The primers
for pou5f3 were as follows:

z-pouSf3-PAT-f1 (5’-TAG ATG TAC TCT TTG TCA GGG TGG-3’) and P1’ for the
Ist PCR

z-pouSf3-PAT-f2 (5’-TGG AGG TCA TGT GCC TTATCT TTC-3’) and P1’ for the
2nd PCR.

Regarding wnt8al, the following primer couples were used:

wnt8a-seq-f1 (5’-CGG AAG TTG GAG ATG GAT-3") and P1” for the 1st round of
PCR

wnt8a-1208-PAT-12 (5’-AGA CAC GGA AGC CAT GGT CAT-3’) and P1’ for the
2nd round PCR.

The products were migrated on agarose gel. The products were furthermore cloned
using pGEM-T easy vector (Promega) after which they were sequenced. After reading,
shortened reads (shorter than the longest sequence) and full-length reads were classified

as “long” and “‘short” manually.

Whole mount in situ hybridization

Zebrafish embryos were fixed with 4% paraformaldehyde in PBS for 15 hours at 4°C

17



after which, they were dehydrated with grading concentration of MetOH until 100% for
15 hours at 4°C. GFP RNA probes we synthesised using DIG RNA Labeling kit (Roche)
and were used for prehybridization for 15 hours at 65°C. On the 4th day, 2% blocking
reagent in PBS was added as well as a-DIG alkaline phosphatase antibody
(concentration of 1/2000) (Roche) for 15 hours at 4°C. Coloration was operated at room
temperature for 1 to 4 hours depending on the sample batches, until purple was clearly

visible, from which stop solution (1M TrisHCL pH 8, 0,5M EDTA, DW) was applied.

GFP protein reporter assay

Using pT2KXIGAin, the GFP-pou5f3 3'UTR reporter genes were constructed by
replacing the Ef1 promoter and SV40 3'UTR with the heat shock promoter and pou5f3
3'UTRs, respectively. Transgenic zebrafish were generated using Tol2 transposon-
mediated germline transmission. Three lines carrying the same reporter gene were
generated and analysed. All lines carrying the same reporter gene gave equivalent
results. Adult female fish were heat-shocked at 38°C for 1 hour for 5 days in a row
before mating with non-heat-shocked transgenic males (hsp-GFP-long/short/SV40
3'UTR). Two to three different transgenic lines were used for each type (short 3, long 2,
SV40 2). Eggs were collected in the next morning and observed from 0 hpf until 72 hpf

under a fluorescence stereo microscope (Leica).

Quantitative RT-PCR
The amounts of mRNA were quantified using a real-time PCR system with SYBR green
PCR Master Mix (Applied Biosystems), according to the manufacturer’s instructions.

The amounts of the reporter mRNAs and e/f/o mRNAs were quantified using primer

18



sets specific for GFP and elfla mRNAs. Primer sets were as follow:
GFP-f 5’-CGACCACTACCAGCAGAACA-3’

and GFP-r 5’-AAATCGCTGCCCTGGTCGTT-3"
zelfla-f 5’-GGAGACTGGTGTCCTCAA-3’
and zelfla-r 5’>-GGTGCATCTCAACAGACTT-3’

The level of reporter mRNAs was normalized to that of elf7Ta mRNA.

Proximity ligation assay

To detect Puro-PLA signals associated with the reporter mRNAs, an anti-GFP rabbit
antibody (Sigma-Aldrich, G1544) and an anti-puromycin mouse antibody (Kerafast,
3RHI11) were used. The PLA was carried out using the Duolink In Situ Red kit (Sigma)
according to the manufacturer’s instructions, with some minor adaptations. Briefly, after
ribopuromycylation treatment and fixation with 4% PFA in PBS, embryos were
incubated in Duolink Blocking Solution for 1 hour at room temperature. They were then
incubated for 90 minutes with anti-puromycin (1:300) and affinity-purified anti-GFP
(1:50) antibodies, diluted in Duolink Antibody Diluent. Following washes in Buffer A
(10 mM Tris-HCI, 0.15 M NacCl, 0.05% Tween-20; pH 6.8), Duolink PLA probes
(mouse PLUS and rabbit MINUS; Sigma, DUO092001 and DUO09002) were applied
at 1:5 dilution for 1 hour at 37°C. After additional washes, ligation was performed using
the supplied Ligase (1:40 dilution in Ligation Buffer) for 30 minutes at 37°C. Signal
amplification and labeling with FarRed were carried out for 100 minutes at 37°C.
Amplification was stopped by washing with Buffer B (0.2 M Tris-HCI, 0.1 M NaCl; pH
6.8), followed by a final wash in PBS. Embryos were mounted using VECTASHIELD

Mounting Medium with DAPI and imaged using a Zeiss LSM 980 confocal microscope.
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The number of Puro-GFP PLA sites was quantified using Imagel.

mRNA reporter assay

SV40 3'UTR and long pou5f3 3'UTR sequences were cloned using pPGEM-T easy
system (SV40 and long pou5f3 3'UTR) and inserted into the pCS2-GFP vector using the
Xhol and Notl restriction sites. After in vitro transcription with mMESSAGE
mMACHINE SP6 kit (Thermo Fisher Scientific), the mRNAs, at a concentration of 300
ng/uL, were injected into 1-cell stage embryos. The eggs were observed for 72 hours

after injection.
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RESULTS

Shortening of 3' UTRs of mRNAs during Early Development

pou5f3 mRNA has been extensively studied in our laboratory, according to previous
studies highlighting the critical role of the poly(A) tail in determining mRNA stability
and translation efficiency (Jackson et al, 1990, Passmore et al, 2022). In this context, the
PAT assay was employed to investigate the role of the poly(A) tail in the regulation of
pou5f3 mRNA. This method involves the ligation of an anchor to the poly(A) tail,
followed by primer extension of the 3' end, which allows amplification of the region,

including the poly(A) tail, through a simple PCR-based approach.

Samples were collected at various developmental stages: immature oocytes, mature
oocytes, and embryos at 0 hpf, 2 hpf, and 4 hpf, with the MZT expected to begin at
around 3 hpf. Although maternal transcripts cannot strictly be discriminated from
zygotic ones, zygotic transcription being minimal before 5,5 hpf (Bhat et al, 2023), it is
easy to assume most of mRNA to be maternal. PCR amplification products of PAT assay
were subsequently cloned into pGEM-T vectors for amplification and sequencing. Two
primary transcript isoforms of the pou3f3 3'UTR were identified: a long isoform and a

shortened isoform (lacking 72 nucleotides compared to the full-length) (Fig 1A, B).

Quantitative analysis revealed that, in the oocyte stage, the long pou5f3 mRNA
accounted for over 70% of the transcripts (Fig 1C). However, its relative abundance
decreased steadily over time, reaching its lowest point (10%) at 4 hpf. Conversely, the

short isoform increased in prevalence, from representing 30% of transcripts at 0 hpf to
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85% at 4 hpf. Despite changes in transcript isoforms, the poly(A) tail length only
exhibited lengthening trends across the five time points analysed, when the mRNA was

shortened (Fig 1D).

To assess whether this phenomenon was unique to poujf3 mRNA, a similar
experiment was conducted with wnt8al mRNA, which is thought to play a pivotal role
in zebrafish development, particularly in axis formation and dorsal specification (Lu et
al, 2011). Results for wnt8al mRNA mirrored those of pou5f3 mRNA(Fig 1E-G), with
full-length transcripts predominating in immature oocytes and short transcripts
appearing in nearly all samples by 4 hpf, specifically after 2 hpf. Notably, the poly(A)
tail exhibited a shortening at 2 hpf, followed by elongation at 4 hpf, expanding from 12

adenines to over 40.

mRNA Translation Efficiency

To investigate the effect of 3' UTR shortening on translation efficiency, transgenic
zebrafish expressing either the long or short poujf3 isoforms were analysed (Fig 2A).
These models utilised GFP as a reporter protein, with SV40 serving as a positive
control. SV40 is a rapidly translated gene, which undergoes no post-transcriptional
modifications, providing a useful benchmark for mRNA processing analysis. Transgenic
zebrafish were subjected to heat shock, and protein expression was assessed in fertilized

embryos (Fig 2B, C ,D and Fig 3A, B).

Fluorescence microscopy revealed that transgenic lines expressing GFP-short pou5f3

3'UTR exhibited higher, more intense GFP expression than transgenic lines expressing
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GFP-long pou5f3 3'UTR. Interestingly, fluorescence was restricted to the yolk,
regardless of autofluorescence, in transgenic lines expressing reporter mRNAs with
poudf3 3'UTR for reasons that remain unclear, while GFP fluorescence was observed in
the animal pole cells of transgenic lines expressing reporter mRNAs with SV40 3'UTR,

as expected (Fig 3A, B).

To observe more directly the translational efficiency of reporter mRNAs, a
puromycin proximity ligation assay was performed at 0.75 hpf and 2 hpf (Fig 4A, B, C).
This technique, which detects translation sites through the incorporation of puromycin
into newly synthesized proteins, showed that the reporter mRNA carrying short pou5f3
3'UTR was more efficiently translated than the reporter mRNA carrying long pou5f3
3'UTR at both time points. No significant difference was observed between the
transgenic lines with short pou5f3 3'UTR and the ones with SV40 3'UTR at 2 hpf (Fig

4B).

mRNA Expression in Relation to Transcript Length

Whole mount in situ hybridization was carried out using a GF'P antisense RNA probe, a
pou’5f3 RNA probe as a positive control, and a GFP sense RNA probe as a negative
control. The experiment was repeated with varying parameters, including combinations
of wild-type and transgenic males and females, as well as different fixation times
ranging from 2 hpf to 27 hpf (Fig SA and C). At 2 hpf, GFP mRNA expression levels
were comparable across all transgenic lines (Fig SA). Staining was uniform across the
cytoplasm, with minimal labelling of the yolk. The expression levels of reporter

mRNAs were further examined by quantitative PCR at 2 hpf which confirmed that GFP
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mRNA levels were similar in both transgenic lines expression GFP with short and long
pou’5f3 3'UTR (Fig 5B). At 27 hpf, GFP mRNA had a stronger expression in lines with a
transgenic mother compared to the ones with wild-type mother mated with a transgenic
father showing the maternal effect to be more lasting than it is widely known to be (Fig

5C).

GFP mRNA Reporter Assay

In order to see whether the extra 72 nucleotides generally hinder the mRNA’s
translation, a GFP mRNA reporter assay was conducted. In vitro-synthesized GFP-
pou’f3 long 3' UTR and GFP-SV40 mRNAs (Fig 6A) were injected into 0 hpf embryos
to assess translation efficiency at the earliest stages of development. Embryos injected
with the GFP-pou5/3 long 3'UTR mRNA consistently exhibited weaker GFP
fluorescence compared to those injected with GFP-SV40 3'UTR (Fig 6B). This result
suggests that the translation of GFP-pou5f3 long 3'UTR mRNA is at least partially

repressed in embryos.

miRNA Binding Sites

The potential impact of the deleted sequence in the shorter pou5f3 isoform was explored
by searching for destabilising elements, such as UA-rich sequences, AUUUUA motifs,
regulatory protein binding sites, and miRNA binding sites. Previous research has
highlighted the importance of these sequences in the regulation of mRNAs during the
MZT (Shyu et al, 1991, Wellington et al, 1993, Chen et al, 1995, Ruiz-Echevarria 2001,
Vejnar et al., 2019). Predictive tools revealed a potential miRNA (expressed in the

oocyte, cf chapter 3) binding site in the long 3' UTR of pou5f3 mRNA, which is absent
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in the shorter isoform, suggesting a possible mechanism through which miRNA-

mediated regulation contributes to the observed translational control (Fig 6C).
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DISCUSSION

Pou513 is known to be an essential transcription factor during the development,
including the MZT, gastrulation, cell differentiation and body patterning (Lunde et al,
2004, Nishitani et al, 2015, Inomata et al, 2020, Sukparangsi et al, 2022, Maekawa et al,
2024). Previous studies have shown that Pou5f3, along with SoxB1 and Nanog, are the
most translated transcription factors prior to the MZT. Knocking out these factors
results in a failure of zygotic activation in 75% of genes, which leads to developmental
arrest (Lee et al., 2013). The ZGA is a crucial step for the progression of development

for many animals (Svoboda, 2018, Chen et al, 2019).

The prevailing hypothesis surrounding maternal mRNAs during the MZT is that the
activation of zygotic transcription is tightly linked with the clearance of maternal
mRNAs (Giraldez et al., 2006). This suggests that the presence of zygotic genes is
necessary for the degradation of maternal transcripts. My results from the PAT assay
showed that the mRNAs encoding Pou5f3 and Wnt8al underwent 3'UTR shortening
before the MZT, with various intermediate forms of mRNAs, ranging from a shorter
3'UTR (lacking 72 nucleotides) to full-length 3'UTRs. This observation suggests the
existence of a dynamic process of mRNA shortening rather than a simple metabolic

degradation.

Initially, sequencing of pou5f3 and wnt8al PAT products revealed that the shortening
occurred in the 3'UTRs of these mRNAs, which followed polyadenylation. Previous

studies have shown that cytoplasmic polyA polymerases can re-extend the polyA tail
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(Subtenlny et al., 2014), suggesting that exonucleases might be involved in the
degradation of transcripts, with a potential re-extension occurring afterward. pou5f3
exhibited polyA tail elongation in the short mRNA and wnt8al showed a clear

shortening of the polyA tail at 2 hpf, followed by elongation at 4 hpf.

The significance of this shortening was further explored by analysing the relative
abundance of short and long forms of poujf3 mRNA. Around 2 hpf, the abundance of
short and long forms of poujf3 was roughly equal. At 4 hpf, the abundance of short
forms of pou5f3 drastically increased. This is consistent with the decrease in longer

forms of pou5f3 post-0 hpf, as they are eventually processed into shorter transcripts.

Using GFP fluorescence as a marker of translation, I observed that short pou5f3
transcripts led to more GFP expression in transgenic zebrafish embryos, especially after
3.5 hpf. The GFP was primarily localized in the yolk, possibly indicating altered protein
tagging, although the mechanism remains unknown. These findings suggest that short

pou5f3 mRNAs are translated more efficiently.

I also employed a puromycine-proximity ligation assay (PLA) to track the translation
of short and long pou3f3 mRNAs. The results revealed no significant difference in
translation between reporter mRNAs carrying short pou5f3 3'UTR and SV40 3'UTR
whereas the translation of reporter mRNAs carrying long pou3f3 3'UTR was
significantly repressed. This might be explained by physical restrictions on the
translation of reporter mRNAs carrying long pou5f3 3'UTR mRNAs, as these sequences

may form aggregates that hinder translation (Sato et al. 2022). Studies have shown the
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presence of stress-like granules in zebrafish embryos, which affect translational activity
depending on their physical state (Sato et al., 2022). These granules may restrict
translation of long 3'UTR mRNAs like endogenous pou5f3 mRNA, while short mRNAs

are free to form liquid-like granules that allow translation.

The findings suggest that shorter pou5f3 mRNAs are more translationally active.
Although the mechanism of translation repression for long pou5f3 remains unclear,
potential explanations include the presence of destabilizing sequences, protein binding
sites, or miRNA binding sites. To explore the potential involvement of miRNAs, I
predicted conserved miRNA seed sequences in the 3'UTR of pou5f3. While the database

was outdated, it is possible that other binding sites are not yet registered.

Finally, it is possible to hypothesize that the shortening of the 3'UTR in mRNAs, like
pou’f3 but also wnt8al, have a major role in the storage or translation regulation of
mRNAs. However, at this point, it was still unclear whether this was an isolated event
or a more widespread phenomenon, that would represent a novel mechanism of

translational control during early zebrafish development.
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Chapter 11

mRNA processing throughout zebrafish

transcriptome
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ABSTRACT

During the first hours of zebrafish development, transcripts and proteins are maternally
inherited, stabilised, and primed for use when required. The untranslated regions
(UTRs) of mRNAs, particularly the 3'UTR, play a crucial role in post-transcriptional
regulation by modulating localisation, translational efficiency, and degradation of
mRNAs. Changes in 3'UTR length, for example those driven by alternative
polyadenylation (APA) or polyadenylation site (PAS) selection, can alter binding sites
for proteins and non-coding RNAs (ncRNAs), including miRNAs. Previously, we
demonstrated that Pou5f3, a key transcription factor for the maternal-to-zygotic
transition (MZT) and later development, undergoes a 72-nucleotide shortening before
zygotic genome activation (ZGA), leading to its translational activation. Expanding on
this, I performed 3' end RNA sequencing and computational analysis of over 9,000
expressed genes, revealing both lengthening and shortening of thousands of transcripts.
I classified the processing into 3 categories and analysed the differences between class |
and class Il mRNA using gene onthology (GO). Notably, the shortening and lengthening
started actively before ZGA, and a broader diversity of these changes emerged between
2- and 4-hours post-fertilization (hpf). I also found the use of PAS within upstream
introns. Additionally, I identified hundreds of previously unannotated 3'UTRs,
underscoring the extensive and dynamic nature of transcript processing. These results
reveal novel mechanisms of mRNA regulation, highlighting their consequential impact

on early developmental processes in zebrafish.
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INTRODUCTION

Early development is a complex and highly regulated process through which fertilized
eggs develop into organized embryos. Transcription being silent shortly before
fertilization until the ZGA, early development is directed by mRNAs and proteins
stored in eggs. To understand the molecular mechanisms underlying the progression of
development, many transcriptome analyses have been performed, particularly in
zebrafish (Aanes et al, 2011, Aanes et al, 2013, Harvey et al, 2013, White et al, 2017,
Farrel et al, 2018, Wagner et al, 2018, Lawson et al, 2020, Bhat et al, 2023, Fishman et
al, 2024). Those studies mainly focused on steady-state mRNA levels in a long time
frame of development. On the other hand, translational states of mMRNAs were analyzed
by isolation of ribosome fractions in the early development of zebrafish and mouse
(Winata et al, 2018, Zhang et al, 2022, Xiong et al, 2022). Those studies showed that
two to three thousand of the more than ten thousand mRNAs that have accumulated in
vertebrate eggs are translationally repressed and are translated at appropriate times and
places after fertilization. In addition, although ZGA has been shown to be initiated at
around the 1000-cell stage in zebrafish (Kane et al, 1993, Harvey et al, 2013), recent
studies have shown that maternal mRNAs are dominant for a long period beyond ZGA
even at the gastrula stage (Bhat et al, 2023, Fishman et al, 2024). Therefore, post-
transcriptional regulations of maternal mRNAs are fundamentally important not only
for the progression of processes before ZGA but also for the progression of all of the

early developmental processes.
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mRNAs contain in both ends untranslated regions which, although not part of the
script for protein translation per se, is very much a central element for the mRNA’s
spatial localisation, degradation and translation activation or repression. Here, we
mostly focus on the 3'UTR. Indeed, the 3'UTR contains binding sites for proteins and
non-coding RNAs to act as an activator or hinder translation whether directly or through
the recruitment of another actor (Wilkie et al, 2003, Andreassi et al, 2009, Tian et al,

2017).

Each level of structure of mRNAs is carefully regulating its expression. The primary
structure creates simple binding sites that are already influenced by their electrical
charges and interactions giving secondary and tertiary structures (Conn et al, 1998,
Holbrook et al, 2005). Proteins binding to the mRNA would bind to other proteins
themselves creating a bundle of multiple components hindering the access of ribosomes,
tRNA, translation elements to their sites and therefore, making translation challenging
(Draper et al, 1999). By deleting a few bases or adding some others to the UTRs
through a change of polyadenylation signal (PAS) for instance, the structure of the
mRNA can change completely, making it either translationally active, unstable or
unaccessible (Kozak, 1988). This phenomenon is commonly studied in the shape of
what is referred to as “granules” (Anderson et al, 2009, Lavut et al, 2012). What is more
interesting, this length alteration can lead to a butterfly effect with cascades being
starved or fuelled (Lewandowski et al, 2002, Hirata et al, 2003, Miura et al, 2013,

Bentley, 2014).
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One motif that can define mRNA’s size is PAS (Colgan et al, 1997, Beaudoing et al,
2000, Zarudnaya et al, 2003, Tian et al, 2012). They are varied and numerously located
in the 3'UTR with more or less strength. A strong PAS is a PAS that tends to be selected
even while another is located around, which is helped by surrounding sequences (Chao
et al, 1999, Legendre et al, 2003, Stroup et al, 2023). When the strongest proximal PAS
is selected, it creates an isoform with what is referred as “constitutive UTR”(cUTR),
which is the shortest possible UTR known. On the other hand, other more distal PASs
generate “alternative UTRs” (aUTR). These 3'UTR are called alternative
polyadenylation (APA). Since the selection of a PAS defines mRNAs’ resulting in
aforementioned regulation types (three-dimensional structure, hindrance, charges and
other physical congruences), different RNA- and polyadenylation binding proteins bind

to different motives. (This will be discussed in the next chapter.)

Intronic polyadenylation (IPA) is a murky area when it comes to APA studies. The
phenomenon is known to exist and be of relative importance (Thomas et al, 2007, Singh
et al, 2018, Lee et al, 2018) yet has been out of focus for long enough that it can be
disregarded. IPA is a regulation mechanism of genes in the development which
generates either no protein or possibly a “negative effect” peptide (Lou et al, 1998,
Hoque et al, 2013, Sun et al, 2024). The use of which APA [intronic or exonic (possibly
unreferenced 3'UTR)] impacts the translation of said mRNA to give a functional
protein, with a role outside of gene regulation or barely a feedback peptide (Hoque et al,

2013).
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Results of previous studies have shown shortening and lengthening to not be
necessarily linked to a change of APA (Wilusz et al, 2010, Malka et al, 2017). Studying
isoform changes with and without the PAS factor can be interesting for understanding
the underlying factors for this happenstance (different types of processing according to

what can bind to what sequence) and the types of RNA targeted (size-wise for instance).

RNA sequencing has evolved over the years to reach peak efficiency to this day in
what has been dubbed “next generation sequencing” (NGS). These technologies
encompass [llumina, Oxford nanopore and Pacbio (Weirather et al, 2017). As opposed
to Sanger sequencing, large amounts of data can be gathered from a small collection of
pooled and tagged RNAs. [llumina tends to be used for shorter reads and is more
precise. For a better collection, when focusing on 3'UTR sequencing, 3'UTR RNA
sequencing is the most adequate way to get plethora of accurate reads of this specific
region. However, a drawback of the method is related to how most viewers (including
IGV) are built and coded for full-length RNA sequencing which, when performed using
an I[llumina kit, works like a puzzle by assembling the pieces to create one long
transcript to analyse. Since in our case one read is equivalent to one transcript, this was
a challenge that had to be faced. At the beginning of our research, we were counting the
reads manually. After carrying out 3'end-sequencing, to overcome these hurdles, I used
computational methods, which allowed me to confirm our findings at a more significant
scale. Similarly, although mRNAs tend to be well annotated in species like human or
mice, zebrafish still has uncharted territories in the transcriptome to be discovered.

When it comes to the first hours of its development, this truth is even more striking with
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research usually focusing on the after part of the ZGA (Lawson et al, 2020). There was a

need to address this issue as well.

In this chapter, I described new types of mRNA 3'UTR shortening or lengthening,
including up to the intron in some cases. I also annotated over one thousand of new
3'UTR. I characterise 3'UTRs in the early development. I finally described each class of

shortening’s difference and their potential fate.
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MATERIALS AND METHODS

RNA Extraction

Total RNA was isolated from zebrafish embryos obtained from distinct mating pairs,
with 50 eggs collected per pair at three developmental stages: 0 hours post-fertilisation
(hpf), 2 hpf, and 4 hpf using the QIAGEN RNeasy Mini Kit (QIAGEN, Cat. No.
74106), according to the manufacturer’s instructions. To ensure experimental
reproducibility, three independent biological replicates were processed for each time
point. Embryos were homogenized in RLT buffer (in kit) with B mercaptoethanol, and
RNA was subsequently purified. The quality and integrity of the extracted RNA were
assessed using a Nanodrop spectrophotometer (Thermo Scientific), with samples
retained for further analysis only if their A260/A280 ratio exceeded 2.0 and their

A260/A230 ratio was above 2.0.

Illumina library preparation

For 3'end-RNA sequencing, libraries were generated using the Lexogen QuantSeq 3'
mRNA-seq Library Prep Kit (Lexogen, Cat. No. 015.96) for [llumina sequencing,
adhering to the standard protocol provided by the manufacturer. The workflow involved
oligo(dT)-primed reverse transcription of polyadenylated RNA, followed by second-
strand synthesis and adapter ligation. To optimize PCR amplification, an SYBR Green-
based qPCR assay was performed to determine the ideal cycle number for endpoint
PCR and prevent over-amplification. When the endpoint PCR was performed, a 10-
second elongation time was chosen for short and therefore accurately readable read sets.

The quality and size distribution of the constructed libraries were evaluated using the
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TapeStation High D1000 system (Agilent Technologies), ensuring fragment lengths met

the expected range before proceeding with sequencing.

INlumina library sequencing

Library sequencing was outsourced to Macrogen Inc. and executed on an Illumina
HiSegX Ten platform using a 150-base pair (bp) paired-end sequencing strategy. A
target sequencing depth of 30 million reads per sample was established to provide
adequate coverage for subsequent analyses. Quality control of raw reads was conducted
using fastp (version 0.23.4) to remove adapter sequences, low-quality bases, and short
reads. The processed reads underwent further quality assessment using FASTQC
(version 0.11.8), with problematic reads either trimmed or excluded. Reads were aligned
to the zebrafish genome (GRCz11) using STAR (version 2.7.9a) with default alignment
parameters. Mapping efficiency was evaluated from STAR output logs, pairing each

sample to its most resembling counterpart.

APA Analysis

APA site identification and quantification were conducted using APAlyzer (version 1.0).
The analysis was performed on two independently prepared sets of high-quality
sequencing libraries, assessed based on read depth, Q30 scores, and mapping efficiency.
Comparative analyses of 3' UTRs were conducted across the different developmental
stages to examine differential APA site usage. The ThreeMostPair function was utilized
to generate 3' end read files, while reference files were prepared using the Ensembl
annotation dataset (GRCz11.110) and PAS2GEF. Reproducibility checks were carried

out on comparable sets from each time point before compiling data into one
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comprehensive dataset.

3' UTR annotation

Novel 3' UTR regions were identified using the peaks2utr pipeline, which mapped read
clusters to the zebrafish genome (GRCz11) to detect previously unannotated regions.
The Ensembl zebrafish 3' UTR annotation file (GRCz11.110) served as the reference for
comparison. Each sample from each time point was ran using the same options namely:
override (overrides annotated UTR when new UTR is detected) and 3000 nucleotides
being set as the maximum distance from the already annotated UTR. This value was
chosen based on previous studies that relied on the length of zebrafish mRNAs being on
average over that of other species. Additionally, previously published 3' UTR datasets,
such as those from Lawson et al. in 2020, were incorporated into the analysis to

facilitate comparative annotation and validation of newly identified 3' UTRs.

Shortening analysis

To identify 3'UTR shortening events, gene expression data were analysed using the
Change Point algorithm, which detects significant shifts in transcript length based on
read distribution across time points. This analysis was conducted both on individual
samples and combined biological replicates to ensure reliability. The minimum and
maximum heap size were changed to maximise data analysed to 24go and 32
respectively. The Ensembl zebrafish 3' UTR annotation file (GRCz11.110) served as the
reference for comparison. The minimum number of reads to support each region was set
to 20. The earliest stage was set as control and the mode selected was ““shortening”. The

FDR level was set to 0,05, and the hypothesised odds ratio to 2.
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GO analysis
Gene ontology was carried out using ShinyGO version 0.82 from South Dakota state
university and with a false discovery rate cutoff of 0,05 and STRING (Search Tool for

the Retrieval of Interacting Genes/Proteins) version 12.
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RESULTS

A ubiquitous shortening of mRNAs’ 3'UTR before the ZGA

The 3'UTR is highly dynamic, exhibiting significant variability across physiological and
pathological contexts, cell types, and, as my study focuses on, developmental stages. |
performed 3'end-RNA sequencing using RNAs from embryos at 0 and 4 hpf (Fig 7A
and B). RNA sequencing data revealed that the shortening previously characterised
extends beyond pou5f3, with one third of analysed genes displaying similar patterns of
3'UTR shortening during the critical window of 0 to 4 hpf. In our previous study, we
demonstrated that over 40% of transcripts exhibited shortening based on manual read

counting of fewer than 600 transcripts (Takada et al, 2023)

While analysing the 3'ends, we noticed that various types of shortening could be
found. We classified the types of shortening into three categories (Fig 7C). The first one
is a simple loss of several to a hundred nucleotides (Class I; Fig 7C, left), similar to the
shortening of the pou5f3 3’end (chapter I). The second is a shortening of a long region
from hundreds to thousands of nucleotides (Class II; Fig 7C, middle). The third is the
use of an intron or a more proximal exon for the shortened 3’end with a polyadenylated
tail (Class III, Fig 7C, right). In all classes with varying instances, there are noticeable
differences between genes, for example, those with partial reduction of long mRNAs
and increase in shorter mRNAs and those showing an absolute disappearance of long
mRNAs. The increase in intronic 3'UTRs in Class III may be due to degradation of long
variants and/or increase in polyadenylation of the short variant, because the short

variant could be detected at the time point of 0 hpf in some cases. This is consistent with
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the results of a previous study showing preferential use of intronic 3'UTRs in maternal

mRNAs (Ulitsky et al, 2012).

3'end-RNA sequencing generates cDNAs consisting basically of 100-150 nucleotides
(Fig. 7A). Almost all reads indicate the 3'ends of individual mRNAs in this analysis.
Traditional genome viewers, such as IGV, are not optimized for 3' end sequencing, often
generating artificial long reads that obscure the detection of short 3'UTRs (Fig 7B and
8A). This makes manual counting of the reads difficult. In addition, more systematic
analyses were required for understanding all of the 3'UTR changes. To achieve
comprehensive analysis with an applicable and systematic approach, we attempted some

computational analyses.

In this study, we generated two additional samples from embryos at 0 hpf and a 4 hpf
as well a set of three samples at 2 hpf (Fig 8B, C,D). Samples with high Q30 values and
a sufficient yet balanced read count were selected to minimize experimental and
transcript biases (Fig 8C, D). After confirming reproducibility (Fig 8B), we then

merged-mapped trimmed samples to get more comprehensive data.

To systematically assess 3'UTR length dynamics, we employed what will be referred
herein as “Change Point” (Wang et al, 2014), a computational tool designed to identify
shifts in transcript length between conditions. Until now, our approach relied on manual
read counting and statistical tests, which, despite their utility, were labour-intensive and
prone to human error, particularly when dealing with thousands of overlapping reads.

Change Point identified shortening in approximately 36% of analysed transcripts
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(making it 3231 out of 8907 genes analysed between 0 and 4 hpf) (Fig 9A). This
automated approach provides a more robust and scalable method for investigating

3'UTR dynamics during early embryogenesis.

When getting into the detail of 0 hpfto 4 hpf shortening, it was interesting to note that
while many events happened from 2 hpf to 4 hpf (3397 transcripts out of 9486) in a
similar fashion to 0 hpf vs 4 hpf, the number of mRNA showing a change of isoform
was more significant from 0 hpf to 2 hpf with 5265 out of 11507 (Fig 9A). While useful,
this tool is only capable of analysing annotated 3'UTRs and, therefore, only class I or 11
shortenings happening within the 3'UTR (Fig 9B). It is noteworthy that only 1269 genes
are both shortened from 0 hpf to 2 hpf and further processed from 2 hpfto 4 hpf (Fig
9C) hinting towards different mechanisms and/or groups of RNA processing but

highlighting the temporal nature of mRNA regulation.

Computational Analysis of APA Dynamics

To achieve a comprehensive and systematic analysis of 3'UTR changes, I employed
APAlyzer, a computational tool designed for APA analysis using RNA sequencing data.
APAlyzer allows for the identification of both 3'UTR and IPA events across species

(Wang et al, 2020).

Alternative 3'UTRs are typically classified as either “constitutive” or “alternative”
based on length. My data indicated that 3'UTR utilization varies significantly between
early developmental stages. Additionally, I observed the use of intronic alternative

polyadenylation sites, independent of developmental stage. Some putative 3'UTRs, not
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previously annotated in databases, appeared as extensions of known UTRs, intronic

sequences, or novel exonic regions, necessitating further analysis.

I analysed three biological replicates per time point at 0, 2, and 4 hpf, revealing
dynamic changes in 3'UTR length throughout early development (an example is shown
in Fig 9A). Then, samples were merged and analysed to get the most data possible. At 0,
2, and 4 hpf, 9,356, 11,993, and 7,613 transcripts were detected, respectively. APAlyzer
identified significant APA events in 738 mRNAs between 0 and 2 hpf. Among these,
198 exhibited 3'UTR shortening, while 215 showed 3'UTR lengthening (adjusted p-
values < 0.05) (Fig 10A, C). Notably, imgala mRNA displayed an increased proportion
of short 3'UTR isoforms, whereas jupa mRNA exhibited an increase in long 3'UTR
isoforms (Fig 10G). The remaining 325 mRNAs maintained stable APA patterns. [PA
changes were similarly prevalent, with 71 mRNAs exhibiting 3'UTR shortening and 70

displaying lengthening (Fig 10B,D).

Between 2 and 4 hpf, APAlyzer detected a similar trend, albeit with greater diversity in
3'UTR changes (Fig 11A,B,C,D,E,F). For example, e//2 mRNA showed an increase in
short 3'UTR isoforms at 4 hpf, whereas cdc20 mRNA exhibited an increase in long

3'UTR isoforms (Fig 11G).

Functional Implications of APA Dynamics
APA is a key mechanism regulating mRNA stability, processing, localization, and
translation. Shortened 3'UTRs often correlate with translational activation, while longer

3'UTRs confer mRNA stability and translational repression (Tanguay et al, 1996).
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My analysis using APAlyzer revealed a previously unknown trend of decreased distal
PAS (dPAS) usage from 0 to 4 hpf, favoring more proximal PAS (pPAS). Genes
exhibiting this shift predominantly encoded proteins involved in RNA splicing, mRNA
processing, translation activation, and intracellular localization (Fig 12). On the other
hand, genes increasing dPAS usage tend to encode proteins involved in translation
repression, mRNA degradation, and regulatory processes, including RNA splicing. This
suggests a coordinated transition in mRNA processing machinery during early

development.

Notably, between 2 and 4 hpf, a clearer pattern emerged, with strong differences of
isoform choice, reinforcing that most 3'UTR remodelling occurs later in early
embryogenesis (Fig 12B). In contrast, genes exhibiting 3'UTR shortening or
lengthening from 0 to 2 hpf are primarily involved in mRNA metabolism and
expression regulation, indicating a fine-tuning of gene expression before ZGA (Fig

12A).

IPA also appears highly active during early development. Genes undergoing IPA
predominantly encode regulators of transcription factor activity, RNA binding proteins,
and factors involved in domain binding activation. These findings highlight the intricate

regulatory landscape governing early zebrafish development.

A vastly unexplored landscape
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When analysing my data sets, a striking number of genes displayed visibly extended
3'UTRs or the use of an alternative-yet-not-registered 3'UTR, either intronic or exonic.
Alternative 3'UTRs, are common in genes undergoing physiological changes, such as
during development, or pathological conditions like cancer, highlighting their role in
regulatory plasticity (Tian et al, 2017, Masamha et al., 2014). In many model species
outside of the commonly studied mouse and human, incomplete gene annotation is not
uncommon. This is particularly true for 3'UTRs, where a lack of annotations can make it
difficult to understand gene regulatory processes and expression patterns. peaks2utr

addresses this issue by accurately annotating transcriptomes (Haese-Hill et al., 2023).

Notably, Danio rerio typically expresses longer transcripts, and it is not uncommon for
3'UTRs to span thousands of bases. For this reason, the gap between a readily annotated
UTR and a possibly novel UTR was set at 3000 bases in the peaks2utr analysis,
extending already annotated UTRs when possible. At 0 hpf, peaks2utr annotated 1026
new 3'UTRs (Fig 13B). This number decreased to 633 at 4 hpf, which aligns with the

fact that the transcriptome of early-stage embryos has been less studied.

A similar study by Lawson et al. (2020) used different pipelines to generate a more
accurately annotated zebrafish reference file. By incorporating their work, we reduced
the number of newly discovered 3'UTRs to 467 at 0 hpf (Fig 13B). However, a
significant number of newly annotated UTRs remained, likely because Lawson et al.
focused on embryos well beyond 4,5 hpf (hence why the number decreases to 194 and

121 at respectively 2 and 4 hpf), whereas our study targeted earlier developmental
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stages. This discrepancy highlights the gaps that still exist in zebrafish transcriptome

annotation.

In addition to identifying new 3'UTRs, I also analysed the total number of 3'end peaks
detected by peaks2utr. Across all time points (0, 2, and 4 hpf), more than 35000 peaks
were consistently detected, with no significant fluctuations (Fig 13A). Given that the
total number of mRNAs detected in our RNA sequencing was approximately 9400,
12000, and 7600 at 0, 2, and 4 hpf, respectively, it is possible to infer an average of
around 3 distinct 3'UTRs per gene. A more detailed count of individual mRNAs
confirmed that maternal transcripts possess an average of 2,8 distinct 3'ends (Fig 13C).
Peaks2utr allowed for detecting not only new 3'UTR withing the CDS, but also extend
existing 3'UTR which can be seen in Fig 13D. These findings suggest that most
maternal mRNAs harbour multiple 3'UTR variants, contributing to transcriptome

complexity and post-transcriptional regulatory diversity.

Types of genes shortened per class

Class I and Il mRNAs were further analysed and a GO analysis revealed Class I mRNA
carried a longer 3’UTR, on average, than their class II counterparts and in general, of
zebrafish transcripts (Fig 14A, B). Class I mRNAs were also involved in transcriptional
pathway (Fig 14C, D) while class II, on top of positive feedback for gene expression
(Fig 14E), were also involved oocyte maturation or wnt pathways. It is noteworthy that
class II UTRs also had, on average, a bigger number of isoforms compared to the rest of

the transcriptome (Fig 14F).
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DISCUSSION

In chapter I, I discussed the shortening of a specific mRNA which, when translated,
works as a key maternal factor for the activation of the zygotic genome and the
progression of development. After a transcriptome-wide analysis, my study provided
new insights into the intricacies of post-transcriptional regulation during early zebrafish
development, particularly through the dynamic changes in 3'UTR lengths. The
regulation of maternal mRNAs is fundamental for orchestrating developmental
processes after fertilisation, yet the molecular mechanisms promoting these processes
remain only partially understood. By comprehensively analysing 3'UTR length changes
in early-stage embryos, I demonstrate three phenomena. First, thousands of mRNAs
underwent alterations in their 3'UTR lengths during early development. Second, these
changes encompassed both shortening and lengthening including intronic
polyadenylation. Thirdly, many mRNAs exhibited dynamic shifts in 3'UTR length

between 2 and 4 hpf and they were more common before 2 hpf.

Although changes in mRNA levels have been widely studied, our findings highlight
an additional layer of regulation wherein variations in 3'UTR length influence
translational control. This suggests that early embryonic development is not solely
dictated by transcript abundance but also by the fine-tuning of mRNA stability and

translational efficiency through 3'UTR modifications.

The length and sequence composition of mRNAs are determined by nuclear

processes such as splicing and 3' cleavage and polyadenylation. Extensive studies on
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other species have shown that translationally repressed mRNAs initially possess short
poly(A) tails, which are elongated prior to their activation through cytoplasmic
polyadenylation (Simon et al, 1996, Radford et al, 2008, Lin et al, 2009, Cui et al,
2013). Similar regulatory mechanisms have been observed in zebrafish early
development (Winata et al, 2018, Vastenhouw et al, 2019). On the other hand, poly(A)
tail shortening is often associated with mRNA degradation. In this chapter, I found that
more than three thousand mRNAs shortened their 3'end sequences in early
developmental stages (Figs. 2 and 5). These partial shortenings of 3'ends were also
found in human embryos in mitotic cleavage stages (Liu et al, 2023), although their
biological significance remains unclear. We previously reported that shortening of
approximately 70 nucleotides of the pou5f3 3’end directed translational activation of
mRNA, promoting early developmental processes (as per chapter I). In this process,
proteins binding to pou5f3 mRNA were dynamically changed from those repressing
translation to those activating translation (Takada et al, 2023). Although the relationship
between the 3'end shortening and translational control in individual mRNAs should be
addressed in future studies, it most likely directs translational activation of mRNAs

stored in eggs as dormant forms.

The molecular processes driving 3' end shortening remain unclear. One plausible
mechanism is exonucleolytic degradation, as opposed to endonuclease mediated
cleavage. Additionally, different mechanisms may be responsible for the shortening
observed in distinct mRNA classes. These could include exonucleolytic trimming,

targeted endonuclease cleavage, or selective degradation of transcripts with longer
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3'UTRs. Given the scale of these changes, it is likely that multiple overlapping

pathways contribute to 3'UTR regulation during early development.

Interestingly, I also identified hundreds of mRNAs that underwent 3'UTR lengthening
during early embryonic stages. While the onset of ZGA occurs shortly before 4 hpf,
most of these lengthening events are unlikely to be driven by newly transcribed zygotic
mRNAs, given the low transcriptional activity during this period (Bhat et al, 2022).
Indeed, the zygotic transcription activity stays under 10% before 5,5 hpf meaning while
some of these transcripts will be newly synthesised, the majority of processing observed
is necessarily actively modified maternally inherited mRNAs. The release or
sequestration of specific mRNAs into granules, depending on their binding types, could
also influence the overall mRNA landscape. My data suggest that the early embryonic
transcriptome is more complex than previously recognised, with approximately 10000

mRNAs exhibiting 35000 distinct 3' ends, including previously unannotated 3'UTRs.

Longer 3'UTRs provide additional cis-regulatory motifs, which serve as binding sites
for RNA-binding proteins and miRNAs. My results suggest that differential 3'UTR
usage may contribute to temporal control over mRNA stability and translation. For
instance, mMRNAs with short 3'UTRs may be preferentially translated before fertilisation
but rapidly degraded thereafter, while transcripts with long 3'UTRs persist and are
actively translated at later stages by creating protective, stable structures. This supports
a model in which developmental transitions are led not just by mRNA synthesis and

degradation but also by selective retention of specific 3'UTR isoforms.
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Changes in APA have been reported at later stages of zebrafish, typically resulting in
the usage of longer 3'UTRs (Ulitsky et al, 2012). These APA events, occurring well after
ZGA, likely facilitate the complex regulatory needs of organogenesis and tissue
differentiation. However, the APA shifts I describe here, occurring before ZGA,
represent a distinct mode of mRNA regulation that precedes widespread zygotic

transcription.

I also observed hundreds of mRNAs exhibiting IPA events. Since [PA-generated
mRNAs were detected as early as 0 hpf, their apparent lengthening or shortening may
result from the selective loss of particular isoforms or a negative feedback activity.
While zygotic transcription may contribute to some [PA-associated lengthening events,
the overall regulatory mechanisms remain to be fully determined. Given that IPA can
lead to the inclusion of alternative last exons, my findings suggest that shifts in [PA
usage may play a role in modulating protein isoform expression during early

development.

Overall, this chapter revealed the dynamics of 3'UTR processing and identified novel

regulatory modes in the post-transcriptional regulation of gene expression during

zebrafish development.
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Chapter 111

miRNA library and effect of mRNA

length on protein translation.
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ABSTRACT

In chapter I and II, I discovered the shortening of pou5f3 mRNA and the shortening and
lengthening of thousands of mRNAs in 3 distinct patterns classified as class I, class II
and class II1. Although, it is still obscure how this processing happens, different patterns
could call for different processing pathways. Also, the systemic loss of binding sites
from the UTRs of a number of transcripts implies regulatory factors not being able to
act on said mRNA, including binding proteins and miRNAs. In animals, miRNA tend to
bind through a short sequence called “seed” oftentimes to a target sequence in the
3'UTR of 6 to 8 nucleotides, binding that is multifactorial and impacted by the mRNA’s
conformation. In this chapter, I analysed candidate miRNAs by using the readily
available database and generating a miRNA library. This custom-built miRNA library
demonstrated the accumulation of 100 miRNAs in embryos at 1 hpf and identified 26
previously unknown miRNAs. One of the 4 with the highest confidence score may
target the 3' end sequences of pou5f3 mRNA. In nuclear processing, one of the main
actors in mRNA 3' end processing is CPSF6 (Cleavage and Polyadenylation Specificity
Factor 6), a key component of the polyadenylation machinery. I found that the amount
of Cpsfb6 slightly increased by 4 hpf, right after cpsf6 mRNA was lengthened. This
tendency was also observed with elav/l which had increased expression after
lengthening. These results suggest the potential role of 3'UTR lengthening and the

facilitation of 3'UTR processing by synthesised CPSF6.
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INTRODUCTION

In the previous chapter, I demonstrated an overwhelming presence of mRNA
processing. In the physiological and pathological, changes in the 3'UTRs through
nuclear RNA processing are common occurrence, and several causes have been
contemplated (Danckwardt et al, 2008, Ji et al, 2009, Thomsen et al, 2010, Li et al,
2025). To understand what could entail mRNA length change, it is useful to research the
impact of the shortening or lengthening of processed mRNA throughout the early
development. In chapter I, I have shown pou5f3 shortening to impact its translation
when a pou’5f3 relieved of 72 nucleotides appeared to show more translational
efficiency than its longer counterpart.

Similarly to developmental cells, there tend to be higher incidence of APA in cancer
cells (Masambha et al, 2014). Cancer cells frequently use proximal poly(A) sites,
resulting in mRNAs with shorter 3'UTRs. This removes binding sites for miRNAs and
RNA-binding proteins, reducing post-transcriptional repression and enhancing
oncogene expression (Sun et al, 2024). For instance, MY C oncogene in liver cancer
undergoes APA, leading to shorter mRNA forms that escape miRNA repression and
boost tumour progression (Venkat et al, 2020). In this regard, the change of length of the
3'UTR impacts the binding of miRNA.

In chapter I, I showed the possibility of micro-RNA (miRNA) binding to pou5f3 long
but not short 3'UTR using a miRNA prediction binding tool. However, miRNA tools
usually do not include zebrafish as a model or are obsolete. Many miRNAs remain

unannotated.
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miRNA are small, non-coding RNAs that play crucial roles in post-transcriptional
gene regulation. They typically originate from precursor miRNAs (pre-miRNAs), which
form characteristic stem-loop (hairpin) structures. Identifying novel miRNAs,
particularly in not so well studied organisms like zebrafish, requires a combination of
structural predictions, sequence homology searches, and target validation. Key features
of a pre-miRNA include a structure with minimum free energy (MFE) in the range of -
30 to -70 kcal/mol. Lower MFE values (< -100 kcal/mol) may indicate a more complex
RNA structure, such as a long non-coding RNA (IncRNA), rather than a miRNA
precursor (Bonnet et al, 2004). After extracting small RNA and small RNA-sequencing,
using computational methods to confirm the existence of novel miRNAs is the most
accurate methodology.

miRNAs regulate gene expression primarily through mRNA degradation and
translational repression. By mediating mRNA processing through both degradative and
non-degradative pathways, miRNAs play a crucial role in fine-tuning gene expression,
particularly in developmental and disease contexts (Vasudevan et al, 2012, Martin et al,
2014, Orang et al, 2014, O'Brien et al, 2018, Suzuki, 2023).

To generate miRNA, pre-miRNAs are processed in turn by Drosha (in the nucleus)
and Dicer (in the cytoplasm). The study of mutants demonstrated severe developmental
delay or even lethality depending on the extend and the protein (Drosha or Dicer) (Kim
et al, 2016, Pong et al, 2018). Pre-miRNA are typically in a hairpin structure with the 5'
strand generating what is called “the guide”, usually incorporated to the RISC complex
leading to the degradation of its target. The “passenger” or “star” is its complementary

sequence, on the other side of the hairpin, which until recently has been thought as a
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simple by-product but is now thought to be of biological significance (Khvorova et al,
2003, Bartel, 2004, Czech et al, 2011, Medley et al 2020).

In chapter 2, I found that one mRNA that was particularly lengthened from 0 to 2 hpf
was cpsf6. CPSF6 (Cleavage and Polyadenylation Specificity Factor 6) is an essential
component of the cleavage factor complex involved in nuclear 3' end processing of
mRNAs (Gruber et al, 2023, Liu et al, 2024). Indeed, the polyadenylation complex is,
among others, constituted CstF (cleavage stimulation factor), PAP (polyadenylate
polymerase), PABII (polyadenylate binding protein 2), CFI and II (cleavage factor I and
IT) which englobes members of the CPSF family (Elkon et al, 2013). CPSF knockouts
have been studied to be lethal or presenting developmental disorders in human, mice
and zebrafish (De Prisco et al, 2023).

In this chapter, I analysed miRNAs binding sites of poujf3 in comparison using
readily available databases. In addition, I sequenced a 1 hpf small RNA library and
quantified known miRNAs. I identified novel miRNAs. For both known and newly
found miRNAs, I also analysed mRNAs that could be their biding targets. Finally, |
looked at the expression of 3 proteins with a significant role in the early development,
namely Dicerl, Cpsf6 and HuR, all of which underwent mRNA processing between 0
hpf and 4 hpf. I subsequently found that not only shortening can activate mRNA
translation, but also lengthening, highlighting the complexity of 3'UTR changes and

what it entails for the early development.
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MATERIALS AND METHODS

miRNA library generation

Fifty eggs at 1 hpf were homogenised with RNA grade extraction buffer (EB) [in the
Lexogen Small RNA Library Prep Kit (Lexogen)] containing a concentration of 1/100
proteinase K, for 30 minutes at 37°. For small RNA selection, a SPLIT gel column
(Lexogen) was used. Small RNA libraries were prepared using the Lexogen Small RNA
Library Prep Kit following the manufacturer’s protocol. Briefly, 500 ng of small RNA
was used as input, and 3' and 5' adapters were sequentially ligated to small RNAs.
Adapter-ligated RNA was subjected to reverse transcription followed by PCR
amplification. The final library was size-selected using magnetic bead purification (in
kit) to enrich fragments corresponding to mature miRNAs (~140-160 bp, including
adapters). Library quality and concentration were assessed using Tape Station (High
D1000) (Agilent) before sequencing. High-throughput sequencing was performed on an

[llumina Miseq 150SE (Illumina) with single-end 140 bp reads settings.

miRNA analysis

The sequencing data underwent quality control using FastQC to assess read quality,
adapter content, and GC distribution. Reads were then trimmed using Fastp to remove
adapter sequences and low-quality bases. High-quality reads were aligned to the
zebrafish reference genome GRCz11 (Ensembl release 110) using Bowtie. Read
quantification was performed with FeatureCounts. RNA structure was assumed by
RNAfold. New RNA sequences were inferred using MiRdeep2 (Freeldnder et al, 2012)

with collapsed file earned using MiRdeep2 mapper. Mature and hairpin structures were
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verified using MiRdeep2 quantifier. For reference preprocessed and mature file were
downloaded from miRbase, a tool developed by Kozomara and colleagues (Kozomara
et al, 2019). For new miRNA sequenced, a binding predicting tool (psRNA target, 2017
version) was used to forecast which miRNA would bind to which 3'UTR. The 3'UTR
file was generated from USCS, set on using the Ensembl GRCz11 reference file. GO

was performed using ShinyGO (version 0.82).

Dicer antibody generation

Dicer 3' end ORF (1290 nucleotides at the 3’end of the ORF) was amplified by PCR
and ligated into pGEX-KG vector at Eco RI/Sal I sites to produce glutathione S-
transferase (GST)—tagged proteins. The recombinant proteins were expressed in
Escherichia coli (XLI) and purified by SDS-PAGE, followed by electroelution in Tris-
glycine buffer. The purified proteins were dialysed with 1 mM Hepes (pH 7.5),
lyophilised, and then injected thrice (200 ug, 100 ug and 100 ug) into two mice. The
obtained antisera were affinity-purified with recombinant GST—Dicer protein

electroblotted onto the Immobilon membrane.

Western blotting, IP/RT-PCR

Protein fraction was extracted from a number of zebrafish eggs at different time points
with twice 2x amount of extraction buffer (100 mM B-glycerophosphate, 20 mM
HEPES, 15 mM MgCl2, 5 mM EGTA, 1 mM dithiothreitol, 100 uM (p-amidinophenyl)
methanesulfonyl fluoride, and 3 pg/mL leupeptin; pH 7,5 ) with 1% Tween 20. After
centrifugation at 5000 rpm for 15 min at 4°C, the supernatant was collected. After SDS-

PAGE, the gel was blotted to an immobilon membrane for 3 hours. The membrane was
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then incubated for 1 hour in a blocking (4% skim milk and 0.1% Tween 20 in TBS) and
overnight at room temperature with anti-Dicer (A and B), mIgG or no antibody. For
IP/RT-PCR, the protein samples were incubated with anti-Dicerl antibody and
Sepharose beads at 4°C overnight and then ran on SDS gels, after which, blotted on the
immobilon membrane. After extracting mRNAs from the beads using TRIzol reagent,
RT-PCR was performed. For this, 150 uL out of the 200 uL of EB and beads mix were
collected, washed and added to 500 uL of TRIzol. After adding 100 uL of chloroform
and centrifuge at 12 000g for 10 minutes, the supernatant was collected, and an equal
amount of isopropanol was added. The sample was centrifuged again at 12 000g for 10
minutes and the gathered pellet was washed with 70% EtOH, and then diluted in 50 uL
of dDW. 2500 ng of this total RNA sample were used for reverse transcription using
Superscript III First-strand synthesis system (Invitrogen) according to the maker’s
protocol. Then, 2 uL out of the 10 uL of the cDNA were used as an input of PCR using
the expand high fidelity PCR system (Roche), following the manufacturer's instructions

for a total reaction of 26 uL. The PCR was performed using primer sets specific for

pou’f3 (chap I).

Immunostaining

Zebrafish embryos were fixed in 4% PFA/PBS overnight at 4°C. Following chorion
removal, the embryos were incubated for 1 hour in a blocking buffer (4% skim milk and
0.1% Tween 20 in TBS). They were then incubated overnight at room temperature with
either an anti-Cpsf6 rabbit antibody (1:50 dilution) (Santa Cruz), an anti-Rpl11 rabbit
antibody (1:200 dilution) (Abcam), an anti-Pou5f3 mouse antibody (1:50 dilution) (Sato

et al, 2022), an anti-HuR antibody (1:100 dilution) (Santa Cruz) or no first antibody. In
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the case of Dicer (anti-Dicer mouse antibody), the dilution was of 1:50 for the first
repetition and 1:100 for the 2 second repetitions. The following day, embryos were
incubated with an anti-rabbit or anti-mouse IgG Alexa-555 antibody (1:200 dilution) for
1 hour. After mounting, the samples were examined using fluorescence microscopy and

an LSM 980 confocal microscope (Carl Zeiss).

59



RESULTS

Binding site deletion in pou5f3

Some prediction tools allow for miRNA binding sites global view. Since miRNA tend to
have a short binding sequence of under 10 bases, which also called seed, it is hard to say
whether these binding actually happen in vivo. However, they give an idea of the impact
of deleting a region in a particular transcript. Using TargetScanFish, we have noticed
that putative miR-737 binding sequence got deleted in pouJf3 mRNA when the short
isoform was birthed (Fig 6C). The shortening also stops right before another potential
seed (miR-135). When looking at the expression of both miRNAs using miRbase, which
acts an as-comprehensive-as-it-can-be database, both are found in the ovary. In the case
of miR737, both the guide and the passenger can largely be found in the ovary (3p: 19
Reads Per Million (RPM), twice the mean; 5p: 150 RPM) (Fig 15A). In the case of
miR-135, miR-135¢-5p is the most present with 269 RPM in the ovary (Fig 15B). The
other paralogs do not show the same level of expression however, for miR-135a-2-5p, it

is higher than the mean.

miRNA expression at 1 hpf

I have created an Illumina compatible miRNA library from a small RNA enriched
sample. [llumina sequencing revealed a particularly unbalanced expression with one
miRNA having 1457133 reads picked up (Fig 16A upper), another 107348 while the
next two in the thousands and the others in the hundreds only. The first one is
referenced in Ensembl under si:ch73-389k6.1 (Fig 16A). After 3D simulation of the

sequence mapped against si:ch73-389k6.1, the centroid model appeared to resemble that
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of a pre-miRNA (Fig 16A lower). The lack of stability given by the minimum free

energy of -80 kcal/mol indicates also a possibility for this to be a pre-miRNA.

Surprisingly, at 1 hpf, no member of the miR-430 family, which has been known to be
the most abundant miRNA in later stages (Giraldez et al, 2007) could be picked up in
my library. On the other hand, dre-miR-21 and 22 targeting genes were broadly
expressed. dre-miR-181 was also expressed at 1 hpf. These miRNAs are known to be
important for the development (Kumarswamy et al, 2011, Kos et al, 2016, Indrieri et al,
2020, Dehghan et al, 2021). Using TargetScanFish, a list of the miRNAs targets was
generated. I reduced the selection to mRNAs expressed in the ovary to focus on the
maternal expression landscape. For all of three miRNAs targets, RNAs were coding,
longer, especially in the 3'UTR, with on average, a greater number of isoforms (Fig
16B, 17A-B). Since the targets resemble class Il mRNAs shown in chapter II, they may

be regulated by miR-21, miR-22 and miR-181.

Having a closer look on mRNAs targeted by miR-21, they were involved in negative
feedback transcription/translation processes whereas mRNAs target by miR-22 were
involved in positive transcription/translation regulation, indicating a fine tuning from
their complementary actions. miR-181 targets are mostly acting on localisation of
different types of molecules. Overall, all three targets and therefore miR-21, miR-22 and
miR-181 showed to be involved in developmental processes, and most likely important

actors of the early development of zebrafish.

Unreferenced miRNAs are expressed in zebrafish early-stage embryo
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Using MiRdeep2, which allows both the quantification of pre-miRNAs, mature
miRNAs and identification of new miRNAs, out of the approximately 100 miRNAs in
the library, 26 novel, unreferenced miRNAs were discovered. The majority of them
presented both the precursor and the active form at 1 hpf with 5 of them being expressed
in significant amounts, hinting toward an active production of miRNAs even in the
early stages of zebrafish development. Out of these, 4, with the highest confidence
score, were further analysed (Fig 18). psRNATarget, a tool that is able to predict
miRNAs target sites from a miRNA’s sequence, was used for the 4 new miRNAs. Gene
ontology analysis revealed RNA targets were coding, long (in particular in the 3'UTR),
with more isoforms than the average, resembling class Il mRNAs (Fig 19A-D).

Out of the newly discovered miRNA by miRdeep2, the one with the most confidence

score binds to the 72 bases deleted sequence of pousf3 (Fig 20).

An active endonuclease, Dicerl

miRNAs being present in both their premature and mature form, their processing could
be an active and ongoing event in the early development, which would necessitate the
action of the endonuclease Dicerl. An antibody of Dicerl was created to specifically
detect zebrafish Dicerl (Fig 21 A). After performing immunoprecipitation of Dicerl at
both 0 hpf and 4 hpf, RT-PCR of pou5f3 showed that Dicer1 did not bind directly to
pou’f3 (Fig 21 B). Another more plausible scenario is seeing Dicerl acting via miRNAs
generation. In the change point analysis, dicer mRNA was shortened from 0 hpfto 2
hpf, but not from 2 hpf to 4 hpf, suggesting a potential translational activation quite

early on in zebrafish development.
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When staining eggs through 0 until 6 hpf, Dicerl was detected from 0 hpf with an
increasing presence. It shows both nuclear and cytoplasmic and minor nuclear
expression from 0 hpf onwards (Fig 21 C,D). From 2 hpf, clusters seemed to appear in
the shape of bigger aggregates, sometimes covering the entire nucleus, sometimes in a

vesicle-like fashion, in the cytoplasm (Fig 21 D).

Two different patterns of expression for mRNA lengthening

Cpsf6, a member of the cleavage and polyadenylation specific factor family, is
important for APA by selecting a PAS. It has been predicted, from previous studies, to
be involved in 3' end RNA processing (Gruber et al, 2023, Liu et al, 2024). APAlyzer
results showed cpsf6 mRNA to be lengthened through a change of PAS, notably and
standing out from others, with a higher relative expression difference, from 0 hpf to 2
hpf. When checking its localisation, it appeared to be not only cytoplasmic (Fig 22 A) -
although no expression change was detected overtime (Fig 22 B), but also nuclear from
2 hpf (Fig 22 C) but this tendency increases furthermore from 4 hpf. Interestingly, at 4
hpf especially, only certain mitotic stages of the cell expressed nuclear CPSF6 while
others repelled it (Fig 22 D). Elavl1, which is also lengthened from 0 hpf to 4 hpf (Fig
23 A), was expressed continuously at increased levels from 0 hpf to 4 hpf, while
consistently forming granular-like condensates in the cytoplasm, although the spatial
expression of the protein was the same all throughout 0 hpf to 6 hpf, its expression
increased gradually to reach its peak at 4 hpf (Fig 23 B). HuR (Elavll) itself is known to
be involved in granule formation (Brennan et al, 2001, Tsai et al, 2008, Huai et al,

2024). Western blotting confirmed this results with a significant difference between
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HuR/Elavll expression at 0 hpf compared to 4 hpf (Fig 23 C). Interestingly, from 6 hpf,

its concentration decreased as RNA stabilisation becomes less needed.
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DISCUSSION

My study revealed that shortening and lengthening of mRNAs are common occurrences
observed in zebrafish as early as before the zygotic genome activation even starts. The
change of length would mean a change of three-dimensional structure which entails
different binding site being accessible, or, on the contrary inaccessible. In the case of
shortening, we have studied what could be responsible actors for the mechanism to start.
poulf3 has two putative miRNA binding sites in their 3'UTR which one being fully
deleted in its shorter version from 2 hpf. The RNA configuration changing with its
length, accessibility to other sites could also be modified by the shortening of its
mRNA. miRNA seeds are relatively short, and several pre-miRNAs can create paralogs.
On top of that, it is a well-oiled machine with back up pieces at all points. For instance,
the guide miRNAs were thought for a long time to be the only active ones, but prior
research has shown that even the passengers have biological impact and can regulate
mRNAs themselves (Bang et al, 2014, Gao et al, 2020). In plants, miRNAs are capable
of binding nearly perfectly to their target and they have been widely studied and proven
to be important for development and creating stress granule by recruiting other proteins,
including endonucleases (Dolata et al, 2016). It is thought that miRNA binding does not
necessarily lead to mRNA degradation in mammals but only translation repression.
Unfortunately, miRNA annotation is widely incomplete for zebrafish. miRNA-
sequencing counters this defect but there is need for more in-depth analysis as well as in
vivo assessment. miR-737 and miR-135 might very well be acting in pou5f3 shortening
but the presence only of the seed is not proof enough since it is so short which means

we cannot exclude a simple coincidence. While 5Sp miRNA tend to be more abundant
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and functionally more active, 3p have been proven to have a role of their own and
biologically significant.

In general, all miRNAs quantified at 1 hpf, be it the newly discovered ones or the
already well-known to act in the development miRNAs seemed to target class II 3'UTR
mRNAs. This could mean the processing of mRNAs differ according to their class. One
of the newly discovered miRNAs may target pou5f3 with 2 potential seeds which would
locate in the 72 bases-long sequence being deleted from 0 hpf onwards.

One of the hypotheses for the shortening to happen in mRNAs would require an
endonuclease. Dicerl endorses this role among others and expresses from the earliest
stages. The shortening of dicer/ mRNA hinted towards a translational activation which
seemed to show in the form of creating complexes from 4 hpf. Its presence in the
nucleus is not an isolated example with Dicer have nuclear functions in mice and
human, even performing similar role as Drosha (Burger et al, 2015). It has been shown
before that in a Drosha deficient model, Dicer would compensate by processing certain
RNAs in the nucleus (Kim et al, 2016). Other nuclear roles of Dicer include
heterochromatin formation (Fukagawa et al, 2004), dsSRNA processing and DNA
Damage Repair (DDR) (Vermeulen et al, 2005, Burger et al, 2015, Francia et al, 2016).

In zebrafish like in other species, a CPSF member selects a PAS through a, for
instance, AAUAAA motif (Chan et al, 2014, Liu et al, 2024). Some CPSF subunits
interact with RNA-binding proteins (RBPs), which can priorities the selection of an
alternative PAS, leading to alternative 3' UTR isoforms. CPSF6 levels have also been
shown to be correlated with RNA length by influencing on PAS binding (Ge et al,
2024). In zebrafish, although cpsf6 mRNA was lengthened, suggesting a translational

repression, the protein levels were stable and even decrease after 4 hpf. The case of
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HuR (Elavll) is even more counter intuitive with proteins levels that were increased
although elavil mRNA was lengthened.

HuR (Elavll) is a ubiquitously expressed RNA-binding protein of the ELAV-like
family, characterized by its ability to bind AU-rich elements (AREs) located in the
3'UTRs of target mRNAs (Brennan et al, 2001, Lebedeva et al, 2011). Through this
interaction, HuR contributes to the stabilization and post-transcriptional regulation of
numerous transcripts involved in key cellular processes, including cell proliferation,
differentiation, and stress response (Mukherjee et al, 2011, Lebedeva et al, 2011,
Schultz et al, 2020). In zebrafish, HuR has been reported to play essential roles during
embryogenesis, particularly in regulating mRNAs associated with cell cycle progression
and morphogenetic events, thereby ensuring proper development (Chi et al, 2011,
Osma-QGarcia et al, 2021). After mRNA lengthening, HuR was expressed profusely,

indicating the biological significance of mRNA lengthening in certain cases.
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GENERAL DISCUSSION

mRNA translational regulation is a vastly studied topic, even in the context of the
maternal to zygotic transition. In zebrafish, the common theory being that maternal
transcripts persist until clearance from the zygotic genome activation where slowly,
newly formed mRNAs take over. Recent studies have challenged this premise (Takada
et al, 2023; Bhat et al, 2023, Fishman et al, 2024) with over 90 % of transcripts being
maternal at the MZT, although it would depend on the cell type.

I have showed not just one, but thousands of mRNAs are shortened from the earliest
stages (including before the ZGA starts, from 0 hpf to 2 hpf). This applied to transcripts
encoding necessary transcription factors of the MZT such as Pou5f3, affecting their
translation (Fig 20). mRNA shortening would be mechanism that impacts its translation
through multiple ways. One of them is binding sites accessibility such as regulatory
elements in the 3' UTR that interact with miRNAs or RN A-binding proteins. The loss of
hundreds of nucleotides exposes binding sites that were previously masked by RNA
secondary structure or occluded by competing factors. For example, in previous studies,
HuR (Elavll), which binds to AREs, who themselves tend to localise in the earlier part
of the 3'UTR, have an easier access to the transcripts when the structures formed by a
longer 3'UTR are removed. HuR binding allow for the target transcript’s stabilisation
and even positively regulates translational activation. This happens with p53 or
cyclooxygenase 2 in human and mice (de Moraes et al, 2007).

In a similar way to how Adenomatous Polyposis Coli (APC) loss-of-function
mutations influence 3'UTR lengthening in human cancers (Gabel et al, 2024, Wang et

al, 2024), my research on zebrafish aims to explore how changes in poly(A) site
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selection may affect gene expression, particularly in pathways critical for development.
For example, in human cancers, alterations in APC expression and its effect on 3'UTR
lengthening can influence growth-promoting pathways, such as WNT signalling.
Similarly, understanding how RNA-binding proteins like APC in zebrafish affect 3'UTR
dynamics could provide insight into the regulatory mechanisms underlying
developmental processes and disease. By examining these patterns in zebrafish, we can
uncover potential parallels in the regulation of growth and differentiation.

In mice, hnRNP A1 binds to a 71-nucleotide stretch in the 3' UTR of CYP2AS5 mRNA,
which helps stabilise the transcript and boosts CYP2AS5 expression. When this binding
site is deleted, the hnRNP A 1-dependent regulation is lost and the translation activation
is lost (Glisovic et al, 2003). This is an example of the how, on the other hand,
lengthening of mRNAs can have the very same effect by a seemingly opposite mRNA
regulation mechanism.

Now looking at the processing itself, isoform change is often related to PAS use
change. Proximal or distal PAS selection is related to CPSF protein which bind directly
to the signal and influence thereby the size of its transcript (Fig 20). CPSF6 is known to
favour proximal PAS and therefore, a depletion of CPSF6 has been shown to be directly
responsible for a general shortening of mRNAs (Tan et al, 2021, Ge et al, 2024). The
corollary is also true, where CPSF6 expression augmentation is linked to mRNA
lengthening (Liu et al, 2023), and opposite results when other CPSF members are
overexpressed. CPSF6 binds to common PAS and therefore regulates APA sites within
the 3'UTR, influencing mRNA stability, localisation, and translational efficiency. By
preferentially promoting the use of distal polyadenylation sites, CPSF6 contributes to

the production of longer 3'UTRs, which often harbour regulatory elements such as
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microRNA-binding sites and RNA-binding protein motifs (De Prisco et al, 2023, Ge et
al, 2024). This is critical particularly in developmental contexts, where mRNA length
influences gene expression patterns (Chiaromonte et al, 2003, Fansler et al, 2024). On
the other hand, reduced CPSF6 activity can lead to proximal polyadenylation site
selection, generating shorter mRNA isoforms. This dynamic regulation allows cells to
regulate gene expression in response to developmental cues. We have shown cpsf6 to
lengthen early on, before 2 hpf (chapter II, APAlyzer) and its expression to be
seemingly a little stronger at 4 hpf both in the cytoplasm and nucleus. At the same time,
general APA lengthening becomes stronger from 2 to 4 hpf. Cpsf6 is likely to be
involved in mRNA UTR isoform change.

My study raises another question: with the change of 3'end, how does this impact
polyA tail length? In line with mRNA translational activation, polyA tail length and
3'UTR length would influence the binding of the PABP family. In zebrafish, like in
other organisms, PABPs help regulate mRNA lifespan by interacting with RNA-binding
proteins and translation initiation factors (Le et al, 1997, Wigington et al, 2014, Kajjo et
al, 2022). These interactions ensure that mRNAs are properly processed and translated,
which is essential when zebrafish undergoes transcriptome changes in early
development.

Another impact of mRNA processing is the loss of binding sites for miRNAs. The
most known mechanism of miRNA’s mRNA shortening is silencing by binding the
mRNA’s poly(A) tail and by deadenylation, reducing mRNA stability and accelerating
degradation (Wahid et al, 2010, Dalmay, 2013). In addition to this, recent studies
illustrated miRNAs as shortening mediators without complete decay in the nucleus. In

some cases, miRNA binding results in an event that generates shorter mRNAs isoform.
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These transcripts may retain translational activity, but exhibit altered stability or
localisation, affecting their functional output (Xu et al, 2016, Malka et al, 2017). This
fine tuning is greatly impacted by their paired binding sites. New potential miRNAs
have been identified in an effort to better understand how they modulate gene
expression by binding to target mRNAs. Candidates for pou5f3 include miR-737 or
miR-135 or unannotated candidatel (chromosome 4), with an overwhelmingly strong
expression at 1 hpf (over 1 000 000 reads) and candidate2 (chromosome 17) as well as
newly identified miRNAT1. These findings could be completed by knocking down
miRNA candidates and investigate the effects of it at a molecular level by RNA
sequencing. /n situ hybridisation of miR-21, miR-22, miR-181 or herein described
novel miRNAs with class Il mRNAs could also give stronger proof of miRNAs’
involvement. We also found poly(A) tail to be lengthened at later stages in pou5f3 and
witn8a. Whether in this scenario a change of PAS is correlated to poly(A) tail length
change during the first few hours of the development could also be. All in all, it could
hint towards potentially different types of necessary regulation for mRNAs at a time
when timing is of the essence. Taken together, these findings show that mRNAs are

processed in a variety of manners, affecting the translation (Fig 20).

71



REFERENCES

Aanes, H., Ostrup, O., Andersen, 1. S., Moen, L. F., Mathavan, S., Collas, P., &
Alestrom, P. (2013). Differential transcript isoform usage pre- and post-zygotic genome

activation in zebrafish. BMC genomics, 14, 331. https://doi.org/10.1186/1471-2164-14-

331

Aanes, H., Winata, C. L., Lin, C. H., Chen, J. P., Srinivasan, K. G., Lee, S. G., Lim, A.
Y., Hajan, H. S., Collas, P., Bourque, G., Gong, Z., Korzh, V., Alestrom, P., &
Mathavan, S. (2011). Zebrafish mRNA sequencing deciphers novelties in transcriptome

dynamics during maternal to zygotic transition. Genome research, 21(8), 1328—1338.

https://doi.org/10.1101/er.116012.110

Anderson, P., & Kedersha, N. (2009). RNA granules: post-transcriptional and epigenetic
modulators of gene expression. Nature reviews. Molecular cell biology, 10(6), 430—436.

https://doi.org/10.1038/ nrm2694

Andreassi, C., & Riccio, A. (2009). To localize or not to localize: mRNA fate is in
3'UTR ends. Trends in cell biology, 19(9), 465—474.

https://doi.org/10.1016/1.tcb.2009.06.001

Antonio J. Giraldez et al. ,Zebrafish MiR-430 Promotes Deadenylation and Clearance

of Maternal mRNAs.Science312,75-79(2006).DOI1:10.1126/science. 1122689

72



Anthony, D. D., & Merrick, W. C. (1991). Eukaryotic initiation factor (elF)-4F.
Implications for a role in internal initiation of translation. The Journal of biological

chemistry, 266(16), 10218-10226.

Bang, C., Batkai, S., Dangwal, S., Gupta, S. K., Foinquinos, A., Holzmann, A., Just, A.,
Remke, J., Zimmer, K., Zeug, A., Ponimaskin, E., Schmiedl, A., Yin, X., Mayr, M.,
Halder, R., Fischer, A., Engelhardt, S., Wei, Y., Schober, A., Fiedler, J., ... Thum, T.
(2014). Cardiac fibroblast-derived microRNA passenger strand-enriched exosomes
mediate cardiomyocyte hypertrophy. The Journal of clinical investigation, 124(5),

2136-2146. https://doi.org/10.1172/IC170577

Bartel D. P. (2004). MicroRNAs: genomics, biogenesis, mechanism, and function. Cell,

116(2), 281-297. https://doi.org/10.1016/s0092-8674(04)00045-5

Beaudoin, J. D., & Perreault, J. P. (2013). Exploring mRNA 3'-UTR G-quadruplexes:
evidence of roles in both alternative polyadenylation and mRNA shortening. Nucleic

acids research, 41(11), 5898-5911. https://doi.org/10.1093/nar/gkt265

Beaudoing, E., Freier, S., Wyatt, J. R., Claverie, J. M., & Gautheret, D. (2000). Patterns
of variant polyadenylation signal usage in human genes. Genome research, 10(7), 1001-

1010. https://doi.org/10.1101/gr.10.7.1001

Bentley D. L. (2014). Coupling mRNA processing with transcription in time and space.

Nature reviews. Genetics, 15(3), 163—175. https://doi.org/10.1038/nrg3662

73



Bernstein, P., & Ross, J. (1989). Poly(A), poly(A) binding protein and the regulation of
mRNA stability. Trends in biochemical sciences, 14(9), 373-377.

https://doi.org/10.1016/0968-0004(89)90011-x

Bhat, P., Cabrera-Quio, L. E., Herzog, V. A., Fasching, N., Pauli, A., & Ameres, S. L.
(2023). SLAMseq resolves the kinetics of maternal and zygotic gene expression during
early zebrafish embryogenesis. Cell reports, 42(2), 112070.

https://doi.org/10.1016/j.celrep.2023.112070

Bonnet, E., Wuyts, J., Rouzé, P., & Van de Peer, Y. (2004). Evidence that microRNA
precursors, unlike other non-coding RNAs, have lower folding free energies than
random sequences. Bioinformatics (Oxford, England), 20(17), 2911-2917.

https://doi.org/10.1093/bioinformatics/bth374

Brennan, C. M., & Steitz, J. A. (2001). HuR and mRNA stability. Cellular and

molecular life sciences : CMLS, 58(2), 266—277. https://doi.org/10.1007/PLO0000854

Bruno, S., Schlaeger, T. M., & Del Vecchio, D. (2024). Epigenetic OCT4 regulatory
network: stochastic analysis of cellular reprogramming. NPJ systems biology and

applications, 10(1), 3. https://doi.org/10.1038/s41540-023-00326-0

74



Burger, K., & Gullerova, M. (2015). Swiss army knives: non-canonical functions of
nuclear Drosha and Dicer. Nature reviews. Molecular cell biology, 16(7), 417-430.

https://doi.org/10.1038/nrm3994

Cao, W. X., & Lipshitz, H. D. (2019). Coordinating the maternal-to-zygotic transition in

vertebrates. Development, 146(11), dev161471. https://doi.org/10.1242/dev.161471

Chan, S. L., Huppertz, ., Yao, C., Weng, L., Moresco, J. J., Yates, J. R., 3rd, Ule, J.,
Manley, J. L., & Shi, Y. (2014). CPSF30 and Wdr33 directly bind to AAUAAA in
mammalian mRNA 3' processing. Genes & development, 28(21), 2370-2380.

https://doi.org/10.1101/gad.250993.114

Chao, L. C., Jamil, A., Kim, S. J., Huang, L., & Martinson, H. G. (1999). Assembly of
the cleavage and polyadenylation apparatus requires about 10 seconds in vivo and is

faster for strong than for weak poly(A) sites. Molecular and cellular biology, 19(8),

5588-5600. https://doi.org/10.1128/MCB.19.8.5588

Chen, C. Y., & Shyu, A. B. (1995). AU-rich elements: characterization and importance
in mRNA degradation. Trends in biochemical sciences, 20(11), 465—470.

https://doi.org/10.1016/s0968-0004(00)89102-1

Chen, C.-Y. A., & Shyu, A. B. (2022). AU-rich elements: Characterization and
importance in mRNA degradation. Annual Review of Genetics, 56, 503-522.

https://doi.org/10.1146/annurev-genet-102019-124915

75



Chen, H., & Good, M. C. (2022). Nascent transcriptome reveals orchestration of zygotic
genome activation in early embryogenesis. Current biology : CB, 32(19), 4314—

4324.¢e7. https://doi.org/10.1016/j.cub.2022.07.078

Chen, H., Einstein, L. C., Little, S. C., & Good, M. C. (2019). Spatiotemporal
Patterning of Zygotic Genome Activation in a Model Vertebrate Embryo.

Developmental cell, 49(6), 852—-866.¢7. https://doi.org/10.1016/j.devcel.2019.05.036

Chi, M. N, Auriol, J., Jégou, B., Kontoyiannis, D. L., Turner, J. M., de Rooij, D. G., &
Morello, D. (2011). The RNA-binding protein ELAVL1/HuR is essential for mouse
spermatogenesis, acting both at meiotic and postmeiotic stages. Molecular biology of

the cell, 22(16), 2875-2885. https://doi.org/10.1091/mbc.E11-03-0212

Chiaromonte, F., Miller, W., & Bouhassira, E. E. (2003). Gene length and proximity to
neighbors affect genome-wide expression levels. Genome research, 13(12), 2602-2608.

https://doi.org/10.1101/g1r.1169203

Colgan, D. F., & Manley, J. L. (1997). Mechanism and regulation of mRNA
polyadenylation. Genes & development, 11(21), 2755-2766.

https://doi.org/10.1101/gad.11.21.2755

Conn, G. L., & Draper, D. E. (1998). RNA structure. Current opinion in structural

biology, 8(3), 278-285. https://doi.org/10.1016/s0959-440x(98)80059-6

76



Cui, J., Sartain, C. V., Pleiss, J. A., & Wolfner, M. F. (2013). Cytoplasmic
polyadenylation is a major mRNA regulator during oogenesis and egg activation in
Drosophila. Developmental biology, 383(1), 121-131.

https://doi.org/10.1016/1.ydbio.2013.08.013

Curtis, D., Lehmann, R., & Zamore, P. D. (1995). Translational regulation in

development. Cell, 81(2), 171-178. https://doi.org/10.1016/0092-8674(95)90325-9

Czech, B., & Hannon, G. J. (2011). Small RNA sorting: matchmaking for Argonautes.

Nature reviews. Genetics, 12(1), 19-31. https://doi.org/10.1038/nrg2916

Dalmay T. (2013). Mechanism of miRNA-mediated repression of mRNA translation.

Essays in biochemistry, 54, 29-38. https://doi.org/10.1042/bse0540029

Danckwardt, S., Hentze, M. W., & Kulozik, A. E. (2008). 3' end mRNA processing:
molecular mechanisms and implications for health and disease. The EMBO journal,

27(3), 482—498. https://doi.org/10.1038/sj.emboj.7601932

Dantonel, J. C., Murthy, K. G., Manley, J. L., & Tora, L. (1997). Transcription factor
TFIID recruits factor CPSF for formation of 3' end of mRNA. Nature, 389(6649), 399—

402. https://doi.org/10.1038/38763

77



de Klerk, E., & ’t Hoen, P. A. C. (2015). Alternative mRNA transcription, processing,

and translation: insights from RNA sequencing. Trends in Genetics, 31(3), 128—139.

de Moraes, E., Dar, N. A., de Moura Gallo, C. V., & Hainaut, P. (2007). Cross-talks
between cyclooxygenase-2 and tumor suppressor protein p53: Balancing life and death
during inflammatory stress and carcinogenesis. International journal of cancer, 121(5),

929-937. https://doi.org/10.1002/ijc.22899

de Prisco, N., Ford, C., Elrod, N. D., Lee, W., Tang, L. C., Huang, K. L., Lin, A., Ji, P.,
Jonnakuti, V. S., Boyle, L., Cabaj, M., Botta, S., Ounap, K., Reinson, K., Wojcik, M. H.,
Rosenfeld, J. A., Bi, W., Tveten, K., Prescott, T., Gerstner, T., ... Gennarino, V. A.
(2023). Alternative polyadenylation alters protein dosage by switching between intronic
and 3'UTR sites. Science advances, 9(7), eade4814.

https://doi.org/10.1126/sciadv.ade4814

Dehghan, Z., Mohammadi-Yeganeh, S., Rezaee, D., & Salehi, M. (2021). MicroRNA-
21 is involved in oocyte maturation, blastocyst formation, and pre-implantation embryo
development. Developmental biology, 480, 69—77.

https://doi.org/10.1016/1.ydbio.2021.08.008

Deng, X., & Cao, X. (2017). Roles of pre-mRNA splicing and polyadenylation in plant
development. Current opinion in plant biology, 35, 45-53.

https://doi.org/10.1016/].pbi1.2016.11.003

78



Draper, D. E., & Reynaldo, L. P. (1999). RNA binding strategies of ribosomal proteins.

Nucleic acids research, 27(2), 381-388. https://doi.org/10.1093/nar/27.2.381

Dolata, J., Bajczyk, M., Bielewicz, D., Niedojadlo, K., Niedojadlo, J., Pietrykowska, H.,
Walczak, W., Szweykowska-Kulinska, Z., & Jarmolowski, A. (2016). Salt Stress
Reveals a New Role for ARGONAUTEI in miRNA Biogenesis at the Transcriptional
and Posttranscriptional Levels. Plant physiology, 172(1), 297-312.

https://doi.org/10.1104/pp.16.00830

Ducos, B., Bensimon, D., & Scerbo, P. (2022). Vertebrate Cell Differentiation,
Evolution, and Diseases: The Vertebrate-Specific Developmental Potential Guardians
VENTX/NANOG and POU5/OCT4 Enter the Stage. Cells, 11(15), 2299.

https://doi.org/10.3390/cells11152299

Elkon, R., Ugalde, A. P., & Agami, R. (2013). Alternative cleavage and
polyadenylation: extent, regulation and function. Nature reviews. Genetics, 14(7), 496—

506. https://doi.org/10.1038/nre3482

Fansler, M. M., Mitschka, S., & Mayr, C. (2024). Quantifying 3'UTR length from
scRNA-seq data reveals changes independent of gene expression. Nature

communications, 15(1), 4050. https://doi.org/10.1038/s41467-024-48254-9

Farrell, J. A., Wang, Y., Riesenfeld, S. J., Shekhar, K., Regev, A., & Schier, A. F. (2018).

Single-cell reconstruction of developmental trajectories during zebrafish

79



embryogenesis. Science (New York, N.Y.), 360(6392), eaar3131.

https://doi.org/10.1126/science.aar3131

Fishman, L., Modak, A., Nechooshtan, G., Razin, T., Erhard, F., Regev, A., Farrell, J. A.,
& Rabani, M. (2024). Cell-type-specific mRNA transcription and degradation kinetics

in zebrafish embryogenesis from metabolically labeled single-cell RNA-seq. Nature

communications, 15(1), 3104. https://doi.org/10.1038/s41467-024-47290-9

Francia, S., Cabrini, M., Matti, V., Oldani, A., & d'Adda di Fagagna, F. (2016). DICER,
DROSHA and DNA damage response RNAs are necessary for the secondary
recruitment of DNA damage response factors. Journal of cell science, 129(7), 1468—

1476. https://doi.org/10.1242/jcs. 182188

Fukagawa, T., Nogami, M., Yoshikawa, M., Ikeno, M., Okazaki, T., Takami, Y.,
Nakayama, T., & Oshimura, M. (2004). Dicer is essential for formation of the

heterochromatin structure in vertebrate cells. Nature cell biology, 6(8), 784—791.

https://doi.org/10.1038/ncb1155

Gabel, A. M., Belleville, A. E., Thomas, J. D., Pineda, J. M. B., & Bradley, R. K.
(2024). APC mutations dysregulate alternative polyadenylation in cancer. Genome

biology, 25(1), 255. https://doi.org/10.1186/s13059-024-03406-4

Gao, Q., Lei, F., Zeng, Q., Gao, Z., Niu, P., Junnan, Ning, Li, J., & Zhang, J. (2020).

Functional Passenger-Strand miRNAs in Exosomes Derived from Human Colon Cancer

80



Cells and Their Heterogeneous Paracrine Effects. International journal of biological

sciences, 16(6), 1044—1058. https://doi.org/10.7150/ijbs.40787

Ge, Y., Huang, J., Chen, R., Fu, Y., Ling, T., Ou, X., Rong, X., Cheng, Y., Lin, Y., Zhou,
F., Lu, C., Yuan, S., & Xu, A. (2024). Downregulation of CPSF6 leads to global mRNA
3' UTR shortening and enhanced antiviral immune responses. PLoS pathogens, 20(2),

e€1012061. https://doi.org/10.1371/journal.ppat.1012061

Giraldez, A. J., Mishima, Y., Rihel, J., Grocock, R. J., Van Dongen, S., Inoue, K.,
Enright, A. J., & Schier, A. F. (2006). Zebrafish MiR-430 promotes deadenylation and
clearance of maternal mRNAs. Science (New York, N.Y.), 312(5770), 75-79.

https://doi.org/10.1126/science.1122689

Glisovic, T., Ben-David, Y., Lang, M. A., & Raffalli-Mathieu, F. (2003). Interplay
between hnRNP Al and a cis-acting element in the 3' UTR of CYP2AS5 mRNA is
central for high expression of the gene. FEBS letters, 535(1-3), 147-152.

https://doi.org/10.1016/s0014-5793(02)03893-0

Gruber, A. R., Martin, G., Keller, W., & Zavolan, M. (2014). Means to an end:
mechanisms of alternative polyadenylation of messenger RNA precursors. Wiley

Interdisciplinary Reviews: RNA, 5(2), 183—-196. https://doi.org/10.1002/wrna.1206

Guo, S., & Lin, S. (2020). mRNA alternative polyadenylation (APA) in regulation of

gene expression and diseases. Cell Bioscience, 10, 59.

81



Haese-Hill, W., Crouch, K., & Otto, T. D. (2023). peaks2utr: a robust Python tool for the
annotation of 3' UTRs. Bioinformatics (Oxford, England), 39(3), btad112.

https://doi.org/10.1093/bioinformatics/btad112

Hake, L. E., & Richter, J. D. (1997). Translational regulation of maternal mRNA.

Biochimica et biophysica acta, 1332(1), M31-M38. https://doi.org/10.1016/s0304-

419x(96)00039-x

Harvey, S. A., Sealy, 1., Kettleborough, R., Fenyes, F., White, R., Stemple, D., & Smith,
J. C. (2013). Identification of the zebrafish maternal and paternal transcriptomes.
Development (Cambridge, England), 140(13), 2703-2710.

https://doi.org/10.1242/dev.095091

Hay, D. C., Sutherland, L., Clark, J., & Burdon, T. (2004). Oct-4 knockdown induces
similar patterns of endoderm and trophoblast differentiation markers in human and
mouse embryonic stem cells. Stem cells (Dayton, Ohio), 22(2), 225-235.

https://doi.org/10.1634/stemcells.22-2-225

Hirata, S., Shoda, T., Kato, J., & Hoshi, K. (2003). Isoform/variant mRNAs for sex
steroid hormone receptors in humans. Trends in endocrinology and metabolism: TEM,

14(3), 124-129. https://doi.org/10.1016/s1043-2760(03)00028-6

82



Holbrook S. R. (2005). RNA structure: the long and the short of it. Current opinion in

structural biology, 15(3), 302—-308. https://doi.org/10.1016/].sbi.2005.04.005

Hoque, M., Ji, Z., Zheng, D., Luo, W., Li, W., You, B., Park, J. Y., Yehia, G., & Tian, B.
(2013). Analysis of alternative cleavage and polyadenylation by 3' region extraction and

deep sequencing. Nature methods, 10(2), 133—139. https://doi.org/10.1038/nmeth.2288

Hu, W., & Coller, J. (2012). What comes first: translational repression or mRNA
degradation? The deepening mystery of microRNA function. Cell research, 22(9),

1322—1324. https://doi.org/10.1038/cr.2012.80

Huai, Y., Wang, X., Mao, W., Wang, X., Zhao, Y., Chu, X., Huang, Q., Ru, K., Zhang,
L.,Li, Y., Chen, Z., & Qian, A. (2024). HuR-positive stress granules: Potential targets
for age-related osteoporosis. Aging cell, 23(3), e14053.

https://doi.org/10.1111/acel.14053

Indrieri, A., Carrella, S., Carotenuto, P., Banfi, S., & Franco, B. (2020). The Pervasive
Role of the miR-181 Family in Development, Neurodegeneration, and Cancer.

International journal of molecular sciences, 21(6), 2092.

https://doi.org/10.3390/ijms21062092

Inomata, C., Yuikawa, T., Nakayama-Sadakiyo, Y., Kobayashi, K., Ikeda, M., Chiba,
M., Konishi, C., Ishioka, A., Tsuda, S., & Yamasu, K. (2020). Involvement of an Oct4-

related PouV gene, pou5f3/pou2, in neurogenesis in the early neural plate of zebrafish

83



embryos. Developmental biology, 457(1), 30—42.

https://doi.org/10.1016/j.ydbio.2019.09.002

Ito, K., Go, S., Komiyama, M., & Xu, Y. (2011). Inhibition of translation by small
RNA -stabilized mRNA structures in human cells. Journal of the American Chemical

Society, 133(47), 19153—-19159. https://doi.org/10.1021/ja206353¢

Iwakawa, H. O., & Tomari, Y. (2013). Molecular insights into microRNA-mediated
translational repression in plants. Molecular cell, 52(4), 591-601.

https://doi.org/10.1016/1.molcel.2013.10.033

Jackson R. J. (1993). Cytoplasmic regulation of mRNA function: the importance of the

3" untranslated region. Cell, 74(1), 9—14. https://doi.org/10.1016/0092-8674(93)90290-7

Jang, S., Cook, N. J., Pye, V. E., Bedwell, G. J., Dudek, A. M., Singh, P. K.,
Cherepanov, P., & Engelman, A. N. (2019). Differential role for phosphorylation in
alternative polyadenylation function versus nuclear import of SR-like protein CPSF6.

Nucleic Acids Research, 47(9), 4663—4683. https://doi.org/10.1093/nar/gkz206

Ji, Z., Lee, J. Y., Pan, Z., Jiang, B., & Tian, B. (2009). Progressive lengthening of 3'
untranslated regions of mRNAs by alternative polyadenylation during mouse embryonic

development. Proceedings of the National Academy of Sciences of the United States of

America, 106(17), 7028—7033. https://doi.org/10.1073/pnas.0900028106

84



Ji, Z., & Tian, B. (2009). Reprogramming of 3' untranslated regions of mRNAs by
alternative polyadenylation in generation of pluripotent stem cells from different cell

types. PloS one, 4(12), e8419. https://doi.org/10.1371/journal.pone.0008419

Kahvejian, A., Roy, G., & Sonenberg, N. (2001). The mRNA closed-loop model: the
function of PABP and PABP-interacting proteins in mRNA translation. Cold Spring

Harbor symposia on quantitative biology, 66, 293—-300.

https://doi.org/10.1101/sgb.2001.66.293

Kajjo, S., Sharma, S., Chen, S., Brothers, W. R., Cott, M., Hasaj, B., Jovanovic, P.,
Larsson, O., & Fabian, M. R. (2022). PABP prevents the untimely decay of select
mRNA populations in human cells. The EMBO journal, 41(6), €108650.

https://doi.org/10.15252/embj.2021108650

Kane, D. A., & Kimmel, C. B. (1993). The zebrafish midblastula transition.
Development (Cambridge, England), 119(2), 447—-456.

https://doi.org/10.1242/dev.119.2.447

Khvorova, A., Reynolds, A., & Jayasena, S. D. (2003). Functional siRNAs and miRNAs

exhibit strand bias. Cell, 115(2), 209-216. https://doi.org/10.1016/s0092-

8674(03)00801-8

Kim, Y. K., Kim, B., & Kim, V. N. (2016). Re-evaluation of the roles of DROSHA,

Export in 5, and DICER in microRNA biogenesis. Proceedings of the National

85



Academy of Sciences of the United States of America, 113(13), E1881-E1889.

https://doi.org/10.1073/pnas.1602532113

Kobayashi, W., & Tachibana, K. (2021). Awakening of the zygotic genome by pioneer
transcription factors. Current opinion in structural biology, 71, 94—100.

https://doi.org/10.1016/1.sb1.2021.05.013

Kotkamp, K., Kur, E., Wendik, B., Polok, B. K., Ben-Dor, S., Onichtchouk, D., &
Driever, W. (2014). Pou5f1/Oct4 promotes cell survival via direct activation of mych
expression during zebrafish gastrulation. PloS one, 9(3), €92356.

https://doi.org/10.1371/journal.pone.0092356

Kos, A., Olde Loohuis, N., Meinhardt, J., van Bokhoven, H., Kaplan, B. B., Martens, G.
J., & Aschrafi, A. (2016). MicroRNA-181 promotes synaptogenesis and attenuates

axonal outgrowth in cortical neurons. Cellular and molecular life sciences : CMLS,

73(18), 3555-3567. https://doi.org/10.1007/s00018-016-2179-0

Kozak M. (1988). Leader length and secondary structure modulate mRNA function
under conditions of stress. Molecular and cellular biology, 8(7), 2737-2744.

https://doi.org/10.1128/mcb.8.7.2737-2744.1988

Kozlov, G., Trempe, J. F., Khaleghpour, K., Kahvejian, A., Ekiel, 1., & Gehring, K.

(2001). Structure and function of the C-terminal PABC domain of human poly(A)-

86



binding protein. Proceedings of the National Academy of Sciences of the United States

of America, 98(8), 4409—-4413. https://doi.org/10.1073/pnas.071024998

Kuersten, S., & Goodwin, E. B. (2003). The power of the 3' UTR: translational control
and development. Nature reviews. Genetics, 4(8), 626—637.

https://doi.org/10.1038/nrgl125

Kumarswamy, R., Volkmann, I., & Thum, T. (2011). Regulation and function of
miRNA-21 in health and disease. RNA biology, 8(5), 706-713.

https://doi.org/10.4161/rna.8.5.16154

Lavut, A., & Raveh, D. (2012). Sequestration of highly expressed mRNAs in
cytoplasmic granules, P-bodies, and stress granules enhances cell viability. PLoS

genetics, 8(2), e1002527. https://doi.org/10.1371/journal.pgen.1002527

Lawson, N. D., Li, R., Shin, M., Grosse, A., Yukselen, O., Stone, O. A., Kucukural, A.,
& Zhu, L. (2020). An improved zebrafish transcriptome annotation for sensitive and
comprehensive detection of cell type-specific genes. eLife, 9, €55792.

https://doi.org/10.7554/eLife.55792

Le, H., Chang, S. C., Tanguay, R. L., & Gallie, D. R. (1997). The wheat poly(A)-
binding protein functionally complements pabl in yeast. European journal of

biochemistry, 243(1-2), 350-357. https://doi.org/10.1111/7.1432-1033.1997.0350a.x

87



Lebedeva, S., Jens, M., Theil, K., Schwanhiusser, B., Selbach, M., Landthaler, M., &
Rajewsky, N. (2011). Transcriptome-wide analysis of regulatory interactions of the
RNA-binding protein HuR. Molecular cell, 43(3), 340-352.

https://doi.org/10.1016/1.molcel.2011.06.008

Lee, M. T., Bonneau, A. R., Takacs, C. M., Bazzini, A. A., DiVito, K. R., Fleming, E. S.,
& Giraldez, A. J. (2013). Nanog, Pou5f1 and SoxB1 activate zygotic gene expression
during the maternal-to-zygotic transition. Nature, 503, 360-364.

https://doi.org/10.1038/nature12632

Lee, S. H., Singh, 1., Tisdale, S., Abdel-Wahab, O., Leslie, C. S., & Mayr, C. (2018).
Widespread intronic polyadenylation inactivates tumour suppressor genes in leukaemia.

Nature, 561(7721), 127-131. https://doi.org/10.1038/541586-018-0465-8

Legendre, M., & Gautheret, D. (2003). Sequence determinants in human

polyadenylation site selection. BMC genomics, 4(1), 7. https://doi.org/10.1186/1471-

2164-4-7

Leichsenring, M., Maes, J., Mdssner, R., Driever, W., & Onichtchouk, D. (2013).
Pou5f1 transcription factor controls zygotic gene activation in vertebrates. Science,

341(6149), 1005-1009. https://doi.org/10.1126/science.1242527

88



Lewandowski, S., Kalita, K., & Kaczmarek, L. (2002). Estrogen receptor beta. Potential
functional significance of a variety of mRNA isoforms. FEBS letters, 524(1-3), 1-5.

https://doi.org/10.1016/s0014-5793(02)03015-6

Li, Y., & Sun, S. (2025). RNA dysregulation in neurodegenerative diseases. The EMBO

journal, 44(3), 613—638. https://doi.org/10.1038/s44318-024-00352-6

Lin, A. C, Tan, C. L., Lin, C. L., Strochlic, L., Huang, Y. S., Richter, J. D., & Holt, C.
E. (2009). Cytoplasmic polyadenylation and cytoplasmic polyadenylation element-

dependent mRNA regulation are involved in Xenopus retinal axon development. Neural

development, 4, 8. https://doi.org/10.1186/1749-8104-4-8

Liu, Y., Zhao, H., Shao, F., Zhang, Y., Nie, H., Zhang, J., Li, C., Hou, Z., Chen, Z. J.,
Wang, J., Zhou, B., Wu, K., & Lu, F. (2023). Remodeling of maternal mRNA through
poly(A) tail orchestrates human oocyte-to-embryo transition. Nature structural &

molecular biology, 30(2), 200-215. https://doi.org/10.1038/s41594-022-00908-2

Liu, L., & Manley, J. L. (2024). Modulation of diverse biological processes by CPSF,
the master regulator of mRNA 3' ends. RNA (New York, N.Y.), 30(9), 1122-1140.

https://doi.org/10.1261/rna.080108.124

Liu, S., Wu, R., Chen, L., Deng, K., Ou, X., Lu, X., Li, M., Liu, C., Chen, S., Fu, Y., &

Xu, A. (2023). CPSF6 regulates alternative polyadenylation and proliferation of cancer

89



cells through phase separation. Cell reports, 42(10), 113197.

https://doi.org/10.1016/j.celrep.2023.113197

Lopez A. J. (1998). Alternative splicing of pre-mRNA: developmental consequences
and mechanisms of regulation. Annual review of genetics, 32, 279-305.

https://doi.org/10.1146/annurev.genet.32.1.279

Lou, H., & Gagel, R. F. (1998). Alternative RNA processing--its role in regulating
expression of calcitonin/calcitonin gene-related peptide. The Journal of endocrinology,

156(3), 401-405. https://doi.org/10.1677/j0e.0.1560401

Lu, F. L., Thisse, C., & Thisse, B. (2011). Identification and mechanism of regulation of
the zebrafish dorsal determinant. Proceedings of the National Academy of Sciences of
the United States of America, 108(38), 15876—15880.

https://doi.org/10.1073/pnas.1106801108

Lunde, K., Belting, H. G., & Driever, W. (2004). Zebrafish pou5f1/pou2, homolog of
mammalian Oct4, functions in the endoderm specification cascade. Current biology :

CB, 14(1), 48-55. https://doi.org/10.1016/j.cub.2003.11.022

Mader, S., Lee, H., Pause, A., & Sonenberg, N. (1995). The translation initiation factor
elF-4E binds to a common motif shared by the translation factor elF-4 gamma and the

translational repressors 4E-binding proteins. Molecular and cellular biology, 15(9),

4990-4997. https://doi.org/10.1128/MCB.15.9.4990

90



Macekawa, M., Saito, S., Isobe, D., Takemoto, K., Miura, Y., Dobashi, Y., & Yamasu, K.
(2024). The Oct4-related PouV gene, pou5Sf3, mediates isthmus development in

zebrafish by directly and dynamically regulating pax2a. Cells & development, 179,

203933. https://doi.org/10.1016/j.cdev.2024.203933

Malka, Y., Steiman-Shimony, A., Rosenthal, E., Argaman, L., Cohen-Daniel, L., Arbib,
E., Margalit, H., Kaplan, T., & Berger, M. (2017). Post-transcriptional 3’-UTR cleavage
of mRNA transcripts generates thousands of stable uncapped autonomous RNA

fragments. Nature communications, 8(1), 2029. https://doi.org/10.1038/s41467-017-

02099-7

Martin, H. C., Wani, S., Steptoe, A. L., Krishnan, K., Nones, K., Nourbakhsh, E.,
Vlassov, A., Grimmond, S. M., & Cloonan, N. (2014). Imperfect centered miRNA
binding sites are common and can mediate repression of target mRNAs. Genome

biology, 15(3), R51. https://doi.org/10.1186/gb-2014-15-3-r51

Masamha, C. P, Xia, Z., Yang, J., Albrecht, T. R., Li, M., Shyu, A. B., Li, W., &
Wagner, E. J. (2014). CFIm25 links alternative polyadenylation to glioblastoma tumour

suppression. Nature, 510(7505), 412—416. https://doi.org/10.1038/nature13261

Mayr, C., & Bartel, D. P. (2009). Widespread shortening of 3'UTRs by alternative
cleavage and polyadenylation activates oncogenes in cancer cells. Cell, 138(4), 673—

684. https://doi.org/10.1016/j.cell.2009.06.016

91



Medley, J. C., Panzade, G., & Zinovyeva, A. Y. (2021). microRNA strand selection:
Unwinding the rules. Wiley interdisciplinary reviews. RNA, 12(3), e1627.

https://doi.org/10.1002/wrna.1627

Mitschka, S., & Mayr, C. (2022). Context-specific regulation and function of mRNA
alternative polyadenylation. Nature reviews. Molecular cell biology, 23(12), 779-796.

https://doi.org/10.1038/s41580-022-00507-5

Miura, P., Shenker, S., Andreu-Agullo, C., Westholm, J. O., & Lai, E. C. (2013).
Widespread and extensive lengthening of 3' UTRs in the mammalian brain. Genome

research, 23(5), 812—825. https://doi.org/10.1101/gr.146886.112

Mukherjee, N., Corcoran, D. L., Nusbaum, J. D., Reid, D. W., Georgiev, S., Hafner, M.,
Ascano, M., Jr, Tuschl, T., Ohler, U., & Keene, J. D. (2011). Integrative regulatory
mapping indicates that the RNA-binding protein HuR couples pre-mRNA processing
and mRNA stability. Molecular cell, 43(3), 327-339.

https://doi.org/10.1016/j.molcel.2011.06.007

Nag, A., Narsinh, K., & Martinson, H. G. (2007). The poly(A)-dependent transcriptional
pause is mediated by CPSF acting on the body of the polymerase. Nature structural &

molecular biology, 14(7), 662—669. https://doi.org/10.1038/nsmb1253

92



Navarro, E., Mallén, A., & Hueso, M. (2021). Dynamic Variations of 3'UTR Length
Reprogram the mRNA Regulatory Landscape. Biomedicines, 9(11), 1560.

https://doi.org/10.3390/biomedicines9111560

Ni, W. J., & Leng, X. M. (2016). miRNA-Dependent Activation of mRNA Translation.
MicroRNA (Sharigah, United Arab Emirates), 5(2), 83—86.

https://doi.org/10.2174/2211536605666160825151201

Nishitani, E., Li, C., Lee, J., Hotta, H., Katayama, Y., Yamaguchi, M., & Kinoshita, T.
(2015). Pou513.2-induced proliferative state of embryonic cells during gastrulation of

Xenopus laevis embryo. Development, growth & differentiation, 57(9), 591-600.

https://doi.org/10.1111/ded. 12246

O'Brien, J., Hayder, H., Zayed, Y., & Peng, C. (2018). Overview of MicroRNA
Biogenesis, Mechanisms of Actions, and Circulation. Frontiers in endocrinology, 9, 402.

https://doi.org/10.3389/fendo.2018.00402

Osma-Garcia, 1. C., Capitan-Sobrino, D., Mouysset, M., Bell, S. E., Lebeurrier, M.,
Turner, M., & Diaz-Muiioz, M. D. (2021). The RNA-binding protein HuR is required
for maintenance of the germinal centre response. Nature communications, 12(1), 6556.

https://doi.org/10.1038/s41467-021-26908-2

Perez-Camps, M., Tian, J., Chng, S. C., Sem, K. P., Sudhaharan, T., Teh, C.,

Wachsmuth, M., Korzh, V., Ahmed, S., & Reversade, B. (2016). Quantitative imaging

93



reveals real-time Pou5f3-Nanog complexes driving dorsoventral mesendoderm

patterning in zebrafish. eLife, 5, e11475. https://doi.org/10.7554/eLife.11475

Pikulkaew, S., Benato, F., Celeghin, A., Zucal, C., Skobo, T., Colombo, L., & Dalla
Valle, L. (2011). The knockdown of maternal glucocorticoid receptor mRNA alters
embryo development in zebrafish. Developmental dynamics : an official publication of
the American Association of Anatomists, 240(4), 874—889.

https://doi.org/10.1002/dvdy.22586

Pong, S.K. and Gullerova, M. (2018), Noncanonical functions of microRNA pathway
enzymes — Drosha, DGCRS, Dicer and Ago proteins. FEBS Lett, 592: 2973-2986.

https://doi.org/10.1002/1873-3468.13196

Radford, H. E., Meijer, H. A., & de Moor, C. H. (2008). Translational control by
cytoplasmic polyadenylation in Xenopus oocytes. Biochimica et biophysica acta,

1779(4), 217-229. https://doi.org/10.1016/j.bbagrm.2008.02.002

Reim, G., & Brand, M. (2006). Maternal control of vertebrate dorsoventral axis

formation and epiboly by the POU domain protein Spg/Pou2/Oct4. Development

(Cambridge, England), 133(14), 2757-2770. https://doi.org/10.1242/dev.02391

Reyes, J. M., & Ross, P. J. (2015). Cytoplasmic polyadenylation in mammalian oocyte
maturation. Wiley Interdisciplinary Reviews: RNA, 7(3), 1-15.

https://doi.org/10.1002/wrna.1326

94



Richter, J. D. (1999). Cytoplasmic polyadenylation in development and beyond.
Microbiology and Molecular Biology Reviews, 63(2), 446—456.

https://doi.org/10.1128/mmbr.63.2.446-456.1999

Ruiz-Echevarria, M. J., Munshi, R., Tomback, J., Kinzy, T. G., & Peltz, S. W. (2001).
Characterization of a general stabilizer element that blocks deadenylation-dependent
mRNA decay. The Journal of biological chemistry, 276(33), 30995-31003.

https://doi.org/10.1074/jbc.M010833200

Sato, K., Sakai, M., Ishii, A., Maehata, K., Takada, Y., Yasuda, K., & Kotani, T. (2022).
Identification of embryonic RNA granules that act as sites of mRNA translation after
changing their physical properties. iScience, 25(6), 104344.

https://doi.org/10.1016/1.1s¢1.2022.104344

Schier, A. F. (2007). The maternal-zygotic transition: death and birth of RNAs. Science,

316(5823), 406—407.

Schultz, C. W., Preet, R., Dhir, T., Dixon, D. A., & Brody, J. R. (2020). Understanding
and targeting the disease-related RNA binding protein human antigen R (HuR). Wiley

interdisciplinary reviews. RNA, 11(3), e1581. https://doi.org/10.1002/wrna.1581

95



Sha, Q.-Q., Zhang, J., & Fan, H.-Y. (2019). A story of birth and death: mRNA
translation and clearance at the onset of maternal-to-zygotic transition in mammals.

Biology of Reproduction, 101(3), 579-590. https://doi.org/10.1093/biolre/ioz012

Sha, Q.-Q., Zhu, Y.-Z., Li, S., Jiang, Y., Chen, L., Sun, X.-H., Shen, L., Ou, X.-H., &
Fan, H.-Y. (2020). Characterization of zygotic genome activation-dependent maternal
mRNA clearance in mouse. Nucleic Acids Research, 48(2), 879—894.

https://doi.org/10.1093/nar/ekz1111

Shiina, N. (2019). Liquid- and solid-like RNA granules form through specific scaffold
proteins and combine into biphasic granules. Journal of Biological Chemistry, 294(39),

15252-15263.

Shyu, A. B., Belasco, J. G., & Greenberg, M. E. (1991). Two distinct destabilizing
elements in the c-fos message trigger deadenylation as a first step in rapid mRNA decay.

Genes & development, 5(2), 221-231. https://doi.org/10.1101/gad.5.2.221

Simon, R., Wu, L., & Richter, J. D. (1996). Cytoplasmic polyadenylation of activin
receptor mRNA and the control of pattern formation in Xenopus development.

Developmental biology, 179(1), 239-250. https://doi.org/10.1006/dbio.1996.0254

Singh, L., Lee, S. H., Sperling, A. S., Samur, M. K., Tai, Y. T., Fulciniti, M., Munshi, N.

C., Mayr, C., & Leslie, C. S. (2018). Widespread intronic polyadenylation diversifies

96



immune cell transcriptomes. Nature communications, 9(1), 1716.

https://doi.org/10.1038/s41467-018-04112-z

Sonneveld, S., Verhagen, B. M. P., & Tanenbaum, M. E. (2020). Heterogeneity in
mRNA Translation. Trends in cell biology, 30(8), 606—618.

https://doi.org/10.1016/1.tcb.2020.04.008

Sterneckert, J., Hoing, S., & Schoéler, H. R. (2012). Concise review: Oct4 and more: the
reprogramming expressway. Stem cells (Dayton, Ohio), 30(1), 15-21.

https://doi.org/10.1002/stem.765

Stroup, E. K., & Ji, Z. (2023). Deep learning of human polyadenylation sites at

nucleotide resolution reveals molecular determinants of site usage and relevance in

disease. Nature communications, 14(1), 7378. https://doi.org/10.1038/s41467-023-

43266-3

Subtelny, A. O., Eichhorn, S. W., Chen, G. R., Sive, H., & Bartel, D. P. (2014). Poly(A)-
tail profiling reveals an embryonic switch in translational control. Nature, 508(7494),

66—71. https://doi.org/10.1038/nature13007

Sukparangsi, W., Morganti, E., Lowndes, M., Mayeur, H., Weisser, M., Hammachi, F.,
Peradziryi, H., Roske, F., Holzenspies, J., Livigni, A., Godard, B. G., Sugahara, F.,

Kuratani, S., Montoya, G., Frankenberg, S. R., Mazan, S., & Brickman, J. M. (2022).

97



Evolutionary origin of vertebrate OCT4/POUS functions in supporting pluripotency.

Nature communications, 13(1), 5537. https://doi.org/10.1038/s41467-022-32481-z

Sun, J., Kim, J. Y., Jun, S., Park, M., de Jong, E., Chang, J. W., Cheng, S., Fan, D.,
Chen, Y., Griffin, T. J., Lee, J. H., You, H. J., Zhang, W., & Yong, J. (2024).
Dichotomous intronic polyadenylation profiles reveal multifaceted gene functions in the
pan-cancer transcriptome. Experimental & molecular medicine, 56(10), 2145-2161.

https://doi.org/10.1038/s12276-024-01289-w

Suzuki H. I. (2023). Roles of MicroRNAs in Disease Biology. JMA journal, 6(2), 104—
113. https://doi.org/10.31662/jmaj.2023-0009
Svoboda P. (2018). Mammalian zygotic genome activation. Seminars in cell &

developmental biology, 84, 118—126. https://doi.org/10.1016/j.semcdb.2017.12.006

Tan, S., Zhang, M., Shi, X., Ding, K., Zhao, Q., Guo, Q., Wang, H., Wu, Z., Kang, Y.,
Zhu, T., Sun, J., & Zhao, X. (2021). CPSF6 links alternative polyadenylation to
metabolism adaption in hepatocellular carcinoma progression. Journal of experimental

& clinical cancer research : CR, 40(1), 85. https://doi.org/10.1186/s13046-021-01884-z

Tanguay, R. L., & Gallie, D. R. (1996). Translational efficiency is regulated by the
length of the 3' untranslated region. Molecular and cellular biology, 16(1), 146—156.

https://doi.org/10.1128/MCB.16.1.146

98



Takada, Y., Fierro, L., Sato, K., Sanada, T., Ishii, A., Yamamoto, T., & Kotani, T. (2023).
Mature mRNA processing that deletes 3' end sequences directs translational activation

and embryonic development. Science advances, 9(47), eadg6532.

https://doi.org/10.1126/sciadv.adg6532

Takahashi, K., & Yamanaka, S. (2016). A decade of transcription factor-mediated
reprogramming to pluripotency. Nature reviews. Molecular cell biology, 17(3), 183—

193. https://doi.org/10.1038/nrm.2016.8

Thomas, C. P., Andrews, J. 1., & Liu, K. Z. (2007). Intronic polyadenylation signal
sequences and alternate splicing generate human soluble Flt1 variants and regulate the
abundance of soluble Flt1 in the placenta. FASEB journal : official publication of the
Federation of American Societies for Experimental Biology, 21(14), 3885—-3895.

https://doi.org/10.1096/11.07-8809com

Thomsen, S., Azzam, G., Kaschula, R., Williams, L. S., & Alonso, C. R. (2010).
Developmental RNA processing of 3'UTRs in Hox mRNAs as a context-dependent
mechanism modulating visibility to microRNAs. Development (Cambridge, England),

137(17), 2951-2960. https://doi.org/10.1242/dev.047324

Tian, B., & Manley, J. L. (2017). Alternative polyadenylation of mRNA precursors.
Nature reviews. Molecular cell biology, 18(1), 18-30.

https://doi.org/10.1038/nrm.2016.116

99



Tian, B., & Graber, J. H. (2012). Signals for pre-mRNA cleavage and polyadenylation.

Wiley interdisciplinary reviews. RNA, 3(3), 385-396. https://doi.org/10.1002/wrna.116

Tsai, N. P, Ho, P. C., & Wei, L. N. (2008). Regulation of stress granule dynamics by
Grb7 and FAK signalling pathway. The EMBO journal, 27(5), 715-726.

https://doi.org/10.1038/emboj.2008.19

Ulitsky, I., Shkumatava, A., Jan, C. H., Subtelny, A. O., Koppstein, D., Bell, G. W.,
Sive, H., & Bartel, D. P. (2012). Extensive alternative polyadenylation during zebrafish
development. Genome research, 22(10), 2054-2066.

https://doi.org/10.1101/1r.139733.112

Valinezhad Orang, A., Safaralizadeh, R., & Kazemzadeh-Bavili, M. (2014).
Mechanisms of miRNA-Mediated Gene Regulation from Common Downregulation to
mRNA-Specific Upregulation. International journal of genomics, 2014, 970607.

https://doi.org/10.1155/2014/970607

Valencia-Sanchez, M. A., Liu, J., Hannon, G. J., & Parker, R. (2006). Control of
translation and mRNA degradation by miRNAs and siRNAs. Genes & development,

20(5), 515-524. https://doi.org/10.1101/gad.1399806

Vastenhouw, N. L., Cao, W. X., & Lipshitz, H. D. (2019). The maternal-to-zygotic
transition revisited. Development (Cambridge, England), 146(11), dev161471.

https://doi.org/10.1242/dev.161471

100



Vasudevan S. (2012). Posttranscriptional upregulation by microRNAs. Wiley

interdisciplinary reviews. RNA, 3(3), 311-330. https://doi.org/10.1002/wrna.121

Veil, M., Yampolsky, L. Y., Griining, B., & Onichtchouk, D. (2019). Pou5f3, SoxBI,
and Nanog remodel chromatin on high nucleosome affinity regions at zygotic genome

activation. Genome Research, 29(3), 383-395.

Vejnar, C. E., Abdel Messih, M., Takacs, C. M., Yartseva, V., Oikonomou, P.,
Christiano, R., Stoeckius, M., Lau, S., Lee, M. T., Beaudoin, J. D., Musaev, D.,
Darwich-Codore, H., Walther, T. C., Tavazoie, S., Cifuentes, D., & Giraldez, A. J.
(2019). Genome wide analysis of 3' UTR sequence elements and proteins regulating

mRNA stability during maternal-to-zygotic transition in zebrafish. Genome research,

29(7), 1100—-1114. https://doi.org/10.1101/gr.245159.118

Venkat, S., Tisdale, A. A., Schwarz, J. R., Alahmari, A. A., Maurer, H. C., Olive, K. P,,
Eng, K. H., & Feigin, M. E. (2020). Alternative polyadenylation drives oncogenic gene
expression in pancreatic ductal adenocarcinoma. Genome research, 30(3), 347-360.

https://doi.org/10.1101/gr.257550.119

Vermeulen, A., Behlen, L., Reynolds, A., Wolfson, A., Marshall, W. S., Karpilow, J., &
Khvorova, A. (2005). The contributions of dsRNA structure to Dicer specificity and

efficiency. RNA (New York, N.Y.), 11(5), 674—682. https://doi.org/10.1261/rna.7272305

101



Wagner, D. E., Weinreb, C., Collins, Z. M., Briggs, J. A., Megason, S. G., & Klein, A.
M. (2018). Single-cell mapping of gene expression landscapes and lineage in the
zebrafish embryo. Science (New York, N.Y.), 360(6392), 981-987.

https://doi.org/10.1126/science.aar4362

Wahid, F., Shehzad, A., Khan, T., & Kim, Y. Y. (2010). MicroRNAs: synthesis,
mechanism, function, and recent clinical trials. Biochimica et biophysica acta, 1803(11),

1231-1243. https://doi.org/10.1016/j.bbamer.2010.06.013

Walser, C. B., & Lipshitz, H. D. (2011). Transcript clearance during the maternal-to-
zygotic transition. Current opinion in genetics & development, 21(4), 431-443.

https://doi.org/10.1016/1.2ede.2011.03.003

Wang, W., Wei, Z., & Li, H. (2014). A change-point model for identifying 3'UTR
switching by next-generation RNA sequencing. Bioinformatics (Oxford, England),

30(15), 2162—-2170. https://doi.org/10.1093/bioinformatics/btul 89

Wang, R., & Tian, B. (2020). APAlyzer: a bioinformatics package for analysis of
alternative polyadenylation isoforms. Bioinformatics (Oxford, England), 36(12), 3907—

3909. https://doi.org/10.1093/bioinformatics/btaa266

Wang, T., Fu, J., Huang, Y., & Fu, C. (2024). Mechanism of APC truncation involved in
colorectal cancer tumorigenesis (Review). Oncology letters, 29(1), 2.

https://doi.org/10.3892/01.2024.14748

102



Wellington, C. L., Greenberg, M. E., & Belasco, J. G. (1993). The destabilizing
elements in the coding region of c-fos mRNA are recognized as RNA. Molecular and

cellular biology, 13(8), 5034-5042. https://doi.org/10.1128/mcb.13.8.5034-5042.1993

Weirather, J. L., de Cesare, M., Wang, Y., Piazza, P., Sebastiano, V., Wang, X. J., Buck,
D., & Au, K. F. (2017). Comprehensive comparison of Pacific Biosciences and Oxford
Nanopore Technologies and their applications to transcriptome analysis.

F1000Research, 6, 100. https://doi.org/10.12688/f1000research.10571.2

White, R. J., Collins, J. E., Sealy, I. M., Wali, N., Dooley, C. M., Digby, Z., Stemple, D.
L., Murphy, D. N, Billis, K., Hourlier, T., Fiillgrabe, A., Davis, M. P., Enright, A. J., &
Busch-Nentwich, E. M. (2017). A high-resolution mRNA expression time course of
embryonic development in zebrafish. eLife, 6, e30860.

https://doi.org/10.7554/eLife.30860

Wigington, C. P., Williams, K. R., Meers, M. P., Bassell, G. J., & Corbett, A. H. (2014).
Poly(A) RNA-binding proteins and polyadenosine RNA: new members and novel
functions. Wiley interdisciplinary reviews. RNA, 5(5), 601-622.

https://doi.org/10.1002/wrna.1233

Wilkie, G. S., Dickson, K. S., & Gray, N. K. (2003). Regulation of mRNA translation by
5'- and 3'-UTR-binding factors. Trends in biochemical sciences, 28(4), 182—188.

https://doi.org/10.1016/S0968-0004(03)00051-3

103



Wilusz, J. E., & Spector, D. L. (2010). An unexpected ending: noncanonical 3' end
processing mechanisms. RNA (New York, N.Y.), 16(2), 259-266.

https://doi.org/10.1261/rna.1907510

Winata, C. L., & Korzh, V. (2014). The translational regulation of maternal mRNAs in

time and space. Neural Development, 9, 13. https://doi.org/10.1186/s13064-014-0013-1

Winata, C. L., Lapinski, M., Pryszcz, L., Vaz, C., Bin Ismail, M. H., Nama, S., Hajan,
H. S, Lee, S. G. P, Korzh, V., Sampath, P., Tanavde, V., & Mathavan, S. (2018).
Cytoplasmic polyadenylation-mediated translational control of maternal mRNAs directs
maternal-to-zygotic transition. Development (Cambridge, England), 145(1), dev159566.

https://doi.org/10.1242/dev.159566

Xing, J., Gumerov, V. M., & Zhulin, 1. B. (2023). Origin and functional diversification
of PAS domain, a ubiquitous intracellular sensor. Science advances, 9(35), eadi4517.

https://doi.org/10.1126/sciadv.adi4517

Xiong, Z., Xu, K., Lin, Z., Kong, F., Wang, Q., Quan, Y., Sha, Q. Q., Li, F., Zou, Z., Liu,
L., Ji, S., Chen, Y., Zhang, H., Fang, J., Yu, G., Liu, B., Wang, L., Wang, H., Deng, H.,
Yang, X., ... Xie, W. (2022). Ultrasensitive Ribo-seq reveals translational landscapes
during mammalian oocyte-to-embryo transition and pre-implantation development.

Nature cell biology, 24(6), 968—980. https://doi.org/10.1038/s41556-022-00928-6

104



Xu, K., Lin, J., Zandi, R., Roth, J. A., & Ji, L. (2016). MicroRNA-mediated target
mRNA cleavage and 3'-uridylation in human cells. Scientific reports, 6, 30242.

https://doi.org/10.1038/srep30242

Yamanaka, S. (2008). Pluripotency and nuclear reprogramming. Philosophical
Transactions of the Royal Society B: Biological Sciences, 363(1500), 2173-2185.

https://doi.org/10.1098/rstb.2008.2261

Zarudnaya, M. 1., Kolomiets, I. M., Potyahaylo, A. L., & Hovorun, D. M. (2003).
Downstream elements of mammalian pre-mRNA polyadenylation signals: primary,

secondary and higher-order structures. Nucleic acids research, 31(5), 1375-1386.

https://doi.org/10.1093/nar/gkg241

Zhang, C., Wang, M., Li, Y., & Zhang, Y. (2022). Profiling and functional
characterization of maternal mRNA translation during mouse maternal-to-zygotic

transition. Science advances, 8(5), eabj3967. https://doi.org/10.1126/sciadv.abj3967

Zhao, L. W., Zhu, Y. Z., Chen, H., Wu, Y. W, Pi, S. B., Chen, L., Shen, L., & Fan, H. Y.
(2020). PABPN1L mediates cytoplasmic mRNA decay as a placeholder during the
maternal-to-zygotic transition. EMBO reports, 21(8), €49956.

https://doi.org/10.15252/embr.201949956

105



Zhou, C. Y., & Heald, R. (2023). Principles of genome activation in the early embryo.
Current opinion in genetics & development, 81, 102062.

https://doi.org/10.1016/1.2de.2023.102062

Zhu, S., Li, W., Zhou, H., Wei, W., Ambasudhan, R., Lin, T., Kim, J., Zhang, K., &
Ding, S. (2010). Reprogramming of human primary somatic cells by OCT4 and
chemical compounds. Cell stem cell, 7(6), 651-655.

https://doi.org/10.1016/1.stem.2010.11.015

106



Figures



Figure 1

Shortening of pou’5f3 and wnt8a from 0 to 4 hpf. (A) 3'UTR
sequence encountered for the longest transcript of pou5f3. In
green, the PAS that was likely used can be observed. The
deleted sequence can be seen in blue (B) Examples of PAT
assay found pou5f3 different types of transcripts after
sequencing. The longest mRNA had 72 nucleotides more than
the shortest one. Other forms were sequenced with a 3'UTR
going from +1 to +71 nucleotides compared with the shortest
form. (C) PAT assay repartition of pou3f3 3'UTR types during
each development stage. At first, the dominating type is
“long” 3'UTR but the “short 3'UTR slowly gains presence
even before the ZGA. At 4 hpf, almost 90% of the transcripts
are short. (D) Poly(A) tail length of pou3f3 during each
development stage. When pou5f3 shortens, its polyA tail
lengthen concomitantly. (mean + SD). **p <0.01, Tukey’s
multiple comparison test. (E) 3’UTR sequence encountered
for the longest transcript of wnt8a (F) PAT assay repartition of
wnt8a 3'UTR types during each development stage. When
oocytes are immature, only long transcripts are found. This
changes from when occytes gain maturity and at 4 hpf, all
transcripts are short. Analogously to pou5f3’s way, the
transcripts are shortened within the first stages of
development. (G) Poly(A) tail length of wnt8a during each
development stage. The tail seemingly shortens to
significantly lengthen at 4 hpf. (mean + SD). **p <0.01,
Tukey’s multiple comparison test.
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Figure 2

3'UTR transgenic zebrafish. (A) Different types of constructs
used. A heat shock promoter and GFP sequence can be found
upstream of the 3'UTR of interest (long/short pou5f3 or SV40)
(B) Transgenic zebrafish under fluorescent miscroscope after
being heat shocked for one hour. Green fluorescent can be
observed all over the body and notably in the oocyte as a
result of GFP expression making it an intuitive model for
poulf3 expression study. (C) Transgenic zebrafish embryo (4-
cell stage) under fluorescent light after heat shock at 37°C for
one hour. Transgenic eggs can easily be differentiated from
non-transgenic eggs. (D) Whole mount in situ hybridisation
on the ovary of a fish (TSA system) using GFP probes.
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Figure 3

GFP expression in short transgenic lines versus long
transgenic lines observed under fluorescent microscope. (A)
Picture of a selection of eggs at 3,5 hpf vs 9 hpf. Short
transgenics appeared to exhibit green fluorescence more often
than long ones. (B) Picture of a representative egg at 3,5 hpf
vs 9 hpf. The egg from the short transgenic line appeared to be
translated more efficiently in the early stages.






Figure 4

GFP translation efficiency in transgenic lines. (A) GFP
translation sites at 2 hpf observed under confocal microscope
after puro-PLA. Translation sites can be seen in red, DAPI
coloration was used for the nucleus. (B) Translation sites were
counted using Image J for 5 to 11 different locations of the
samples used. Mann Whitney U test was used for statistics.
(C) GFP translation sites at 0,75 hpf observed under confocal
microscope after puro-PLA. Short translation site number is
significantly higher than long.
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Figure 5

mRNA expression of the reporter (GFP) throughout different
development stages. (A) in situ hybridisation of GFP of eggs
fixed at 2 hpf. Alkaline phosphatase system was used. The
same level of coloration could be observed for all embryos, in
the animal pole. (B) qPCR for GFP on SV40, short and long
transgenic lines. Taking into account the standard deviation,
the number of Ct is the same for short and long lines
indicating a similar amount of GFP mRNA measured. A
similar gPCR was performed for pou5f3 to show that GFP
mRNA quantity correlated (not shown). (C) Whole mount in
situ hybridisation for GFP of eggs of transgenic or wild-type
mother, fixed at 27 hpf. The colouration is brighter for pure-
blooded transgenic lines, highlighting the maternal
contribution for pou’fs.
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Figure 6

Reporter assay for pou5f3 long 3'UTR. (A) Schematisation of
the constructs made for the experiment. GFP is located
upstream of pou5f3 long 3'UTR or SV40 3'UTR to compare
their impact on translational activity. (B) pou5f3 long 3'UTR
mRNA reporter assay. GFP expression is much stronger all
throughout the stages of early development of SV40 UTR
injected fish. (C) miRNA binding predicting tool found one
miRNA binding site for pou5f3 that disappears in the shorter
UTR form highlighting the potential impact of shaving off 72
nucleotides.
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Figure 7

3'UTR-end mRNA sequencing of zebrafish early
development. (A) Schema of used RNA-seq technique
libraries were made from 0 and 4 hpf samples, using dTTT
primers and random primers. Reads with an illumina tag (line
in blue, bold) were subsequently sequenced. (B) Schema of
read mapping visualised using IGV. A shortening of certain
genes could be seen from 4 hpf (right). Here a representative
example (goltlbb) is exhibited. Exons are represented by a
black box, lines represent an intron. (C) 3 classes of
shortening were identified. Class I were genes shortened of
less than 150 bases between two stages. Class II were genes
shortened of over 150 bases, but still within the annotated
3'UTR. Class III, albeit less common, were shortening to an
intron or within the CDS.



|

AAAAA:-A
AAAAA:+A
AAAAA:-A

STTTTTT

/

B 0hpf

4 hpf

|

e TTTTT

AAAAA:-A
AAAAA:-A
AAAAA:A

goltibb

4 hpf

B T

-

goltibh

-

Classl| Classll Classlll
0 hpf 0 hpf 0 hpf
4 hpf 4 hpf 4 hpf

- ——

200 nt
—

ctsz 100 nt chd1
—
0-226 0-275
.
0-98 0-199
m
L c

epci1b 2000 nt
—

0-67
i

0-110




Figure 8

Mapping results of RNA-seq. (A) Representation of the issue
of using a visualiser coded for regular RNA-sequencing: the
track 1s not accurately depicting the shortening for some
genes. Since reads of short transcripts and reads of long
transcripts overlap, it shows-up as a non-existent, continuous
long read 1in the track. (B) Heatmap of randomised fpm for
each sample. (C) Number of reads, Q30 and mapped reads
for each sample. Herein this manuscript, similar sets were
chosen for comparison (e.g. 0-1 vs 4-1 or 0-3 vs 4-3). (D) 2
hpf libraries were generated to get a more detailed view in to
when the isoform changes started.
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Figure 9

Shortening detected from 0 hpf until 4 hpf. (A) Change point
detected shortening for over 10000 genes. Samples analysed
were, in order, one single sample of 0 hpf vs one single
sample of 4 hpf, a merge of all 3 0 hpf samples vs a merge of
all 4 hpf samples, a merge of all 0 hpf samples vs a single 2
hpf sample and a merge of all 4 hpf samples vs a single 2 hpf
sample. CSOv2: Combined 0 hpf vs simple 2 hpf. CS2v4:
Combined 4 hpf vs simple 2 hpf file. (B) Examples of class II
shortening. In some cases, only the shorter transcript remain
at the later stage. For other genes, both co-exist at the
beginning, and one type disappears later on. (C) Venn diagram
of shortened genes from 0 hpf to 2 hpf compared with
shortened genes from 2 hpf to 4 hpf. The overlap in olive-
green are genes (1269) that both shortened from 0 hpfto 2 hpf
and from 2 hpfto 4 hpf.
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Figure 10

RNA processing with a focus on APA at 0 hpf vs 2 hpf. (A)
Volcano plot of lengthened (in red) and shortened (in blue)
genes. RED = Relative Expression Difference. (B) Box plot of
APA change. Numbers represent the number of genes with a
significant RED between the two stages. DN = Shortened; NC
= Unchanged; UP = Lengthened. (C) (D) Volcano plot and
box plot of genes switching from a 3’UTR PAS to an intronic
PAS (UP) or the opposite (DN). NC = Unchanged. (E) Violin
plot of APA expression. RNA processing is not widespread
but exists. (F) Cumulative distribution function of both 3'UTR
only processing vs IPA use. IPA use tends to follow 3'UTR
processing (G) Examples of lengthening from 0 hpf to 2 hpf
(jupa) and shortening (hmgala) as well as PAS (red
arrowheads) used for each i1soform.
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Figure 11

RNA processing with a focus on APA at 2 hpf vs 4 hpf. (A)
Volcano plot of lengthened (in red) and shortened (in blue)
genes. RED = Relative Expression Difference. (B) Box plot of
APA change. Numbers represent the number of genes with a
significant RED between the two stages. DN = Shortened; NC
= Unchanged; UP = Lengthened. (C) (D) Volcano plot and
box plot of genes switching from a 3’UTR PAS to an intronic
PAS (UP) or the opposite (DN). NC = Unchanged. (E) Violin
plot of APA expression. The landscape 1s more varied from 2
hpf vs 4 hpf compared to 0 vs 4 hpf. (F) Cumulative
distribution function of both 3’UTR only processing vs IPA
use. The trend is similar at in both sets. (G) Examples of
lengthening from 2 hpf to 4 hpf (cdc20) and shortening (ell2)
as well as PAS (red arrowhead) used for each isoform.



APAreg ¢ DN ©° NC ¢ UP APAreg B8 DN EZ NC BB UP
- el T . 133 218 229
100 . . .
10 .
100 :
o
o [—
,,,,,,,,,,,,,,,,,,,,,,
00
-10
TV e P xRN 7 Lo OO SO o, [ T T e O OO .
-20
20 10 0 10 20 DN NG up
RED 3'UTR APA
B APAreg * DN = NC = UP APAreg B8 DN B3 nc B UP
300 . P
5
1 200 ° . ‘
i ew D
¥ . s Y SRR,
L : 4
I - ®
100{ = . - E . 2
-~ ° e 5 2 - Bl .
3 SO Came e ® i w0
o U O O TR R PP T SUL Nt U Y S
5 0 5 DN NC uP
E RED F IPAreg
i 1.004
20 |
101 0.75
g ‘E APA
e NG ] A 2 0504 i 3UTR
- — IPA
=
-104
0.254
!
!
!
201
0.001
FUTR IPA
APA -20 -10 0 10 20
cdc20 RED
50 nt
| |

ell2




Figure 12

GO of APAlyzer genes. (A) Molecular binding of mRNA
which underwent shortening (left) and lenghtening (right) by
APA shift from 0 hpfto 2 hpf. (B) Cellular processes in which
mRNA that were shortened (up) or lenghtened (down) by APA
shift from 2 hpf to 4 hpf are involved. In red (A and B): genes
involved in mRNA regulation
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Figure 13

Peaks2utr analysis of the genome. (A) Number of peaks
detected by peaks2utr. The numbers were similar between all
stages hinting the gene expression to not be dissimilar. (B)
New UTRs discovered by peaks2utr. Lawson and colleagues'
data was also used as a reference for more accurate
annotation. In order, the data ran was: Illumina against
Ensembl, with a maximum distance of 3000 bases; Illumina
against Lawson and colleagues' data with a maximum distance
of 3000 bases. Il vs Ensembl2 = This thesis’ RNA-seq data vs
the at-the-time most up to date Ensembl reference file. Ill vs
v4.3.2 = This thesis’ RNA-seq data vs the at-the-time most up
to date Lawson and colleagues newly annotated reference file
and Ensembl reference file. (C) Peak number per gene for 55
genes. For more than half of the genes, over 2 different peaks
were detected, consistent with results in (A). (D) Example of a
newly annotated UTR. This alternative UTR is only annotated
as an exon in Ensembl. (Similar type to wtn8a, annotated in
Ensembl).
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Figure 14

Gene ontology of class I vs class II genes. (A) 3'UTR length
of class I genes (B) 3'UTR length of class I genes. The
transcripts are on average longer than the average of zebrafish
transcript. (C) Class I gene ontology for 100 genes. The genes
strongly enriched are involved in, notably, transcription
regulation. (D) KEGG of genes involved in transcription
regulation. (E) Class II gene ontology for 100 genes. Many
genes seem maternally inherited with some involved oocyte
maturation. (F) Number of isoforms for class II genes
compared to the average in zebrafish. The distribution
confirms peaks2utr data.
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Figure 15

miRNA expression in 1 hpf eggs. (A) Potential seed deleted in
short pou3f3 1s expressed in zebrafish ovary. (B) Seed
potentially impacted by mRNA remodelling after shortening.
It 1s strongly expressed in the ovary.
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Figure 16

miRNA expression in 1 hpf eggs. (A) (Up) Most expressed
small RNAs picked up by miRNA-sequencing. Rlf show
different isoforms hitting toward an unreferenced cluster.
(down) 3D simulation of the “3-UTR-annotated” small RNA.
Pin-like structure and instability are reminiscent of that of pre-
miRNA. (B) GO of mRNA predicted to bind to dre-miR-21
using Targetscanfish (version 6.2) and selecting ovary found
mRNAs.
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Figure 17

miRNA expression in 1 hpf eggs. (A) GO of mRNA predicted
to bind to dre-miR-22 using Targetscanfish (version 6.2) and
selecting ovary found mRNAs. (B) GO of mRNA predicted to
bind to miR-181using Targetscanfish (version 6.2) and
selecting ovary found mRNAs.
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Figure 18

Novel miRNAs at 1 hpf. Hairpin structure of the four novel
miRNAs with the best confidence score.
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Figure 19

Novel miRNAs at 1 hpf. (A-D) GO of the four novel
miRNAs with the best confidence score’s target. All tend to

have targets that are long, coding, with multiple isoforms and
and a long 3'UTR.
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Figure 20

Novel miRNAs at 1 hpf. (A) and (B) Blast of novel miRNA
binding to the 72 last bases of the 3’end of poulf3. In red: site
1; in yellow: site 2
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Figure 21

Dicer is expressed from the earliest stages in zebrafish. (A)
Western blotting of Dicerl using antibodies generated using
zebrafish Dicerl. (B) Immunoprecipitation of Dicerl. pou5f3
could not be found to be bound at 0 hpf nor 4 hpf. (C)
Localisation of Dicerl at 0, 2, 3, 4 and 6 hpf. Dicer appears to
create clusters from 4 hpf onwards. It also localises in some
nuclei (arrow). (D) Confocal microscope pictures of Dicerl.
Dicerl expression increases until 4 hpf to decrease at 6 hpf.
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Figure 22

CPSF6 expression location changes with isoform change. (A)
Overall expression expression of CPSF6 under fluorescent
light with a stereo microscope and confocal microscope.
CPSF6 seem to be overall most present at 4 hpf. (B) Western
blotting of CPSF6. No significant changes could be observed
from 0 to 6 hpf. (C) Nuclear views of CPSF6 at 2 hpf vs 4
hpf. Although CPSF6 already localised in the nucleus at 2 hpf,
its relative amount 1s drastically different compared to that
observable at 4 hpf. (D) Z-stack views of CPSF6 expression
from O hpf to 6 hpf. CPSF6 creates big conglomerates at 4 hpf
in the cytoplasm but also fully fills the nucleus at certain
mitotic stages but not others.
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Figure 23

HuR expression is on the rise in the early stages of zebrafish
development. (A) IGV view of elav/] shortening from 0 hpf to
4 hpf (B) Immunostaining of HuR under both a stereo and
laser confocal microscope. HuR spatial expression pattern is
consistent all throughout the stages with a gradual raise from
0 to 4 hpf. (C) Western blotting of HuR. Expression is
significantly higher at 4 hpf compared to 0 hpf.
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Figure 24

Graphical summary of the thesis.
Red arrows: PAS

mRNA processing events from top to bottom: unchanged (in
brown), shortening (in blue) and lengthening (in red)
activating or not mRNA translation.
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