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1 ABSTRACT

The 5> UTR is a region located upstream of the coding sequence of mMRNA. It is
known for exerting translational control via interactions of the structures present in the 5°
region, and it has a significant impact on the resulting gene expression. The official
annotation of 5> UTRs mostly represents the 5> UTRs of mMRNASs in somatic tissues. In order
to identify oocyte- and embryo-specific 5° UTRs longer than annotated 5° UTRs, we
processed the RNA-seq data from various mouse developmental stages including oocytes,
preimplantation embryos, and somatic tissues. We performed de novo transcriptome
assembly and generated new annotations for all genes. Following a series of filtering and
analyses, we identified a list of genes with upstream 5° UTRs that had the potential to be
oocyte- and embryo-specific. We observed that the oocyte-specific 5° UTRSs were on average
683.8 bp longer than the officially annotated 5° UTRS, the embryo-specific 5 UTRs were on
average 746.5 bp longer than the officially annotated 5° UTRs, and both oocyte- and embryo-
specific 5” UTRs were more GC-rich than the officially annotated 5 UTRs. We also
identified that they contain multiple recognition sites of miRNAs but no obvious binding sites
for RNA-binding proteins based on sequence analysis. Finally, we discovered the uUORF
content to be lower for oocyte- and embryo-specific 5> UTRs than that of the official
annotated 5” UTRs.

2 INTRODUCTION

Messenger RNA (mRNA) is an essential component of any proteo-synthetic process.
Its primary function is to serve as a template for protein synthesis. It consists of a coding
sequence (CDS) containing the information translated into proteins, and 5” and 3’
untranslated regions (UTRS) that are non-coding, and hence do not participate directly in the
protein production. Instead, the UTRs exert indirect control, for example through binding
with specific RNA binding proteins. These interactions have a significant impact on the
resulting gene expression, and the interplay between these structures is strictly controlled.
During development and cell differentiation, each change in these interactions has the
potential to affect crucial biological processes (Jackson et al., 2010; Sonenberg and
Hinnebusch, 2009; Gebauer and Hentze, 2004).



Despite their biological importance, the transcriptomes of mammalian oocytes and
early embryos are not well annotated due to the low amount of available material. Therefore,
the official annotation of 5 UTRs (in genome browsers such as Ensembl, UCSC, or NCBI)

mostly represents 5° UTRs of respective mRNAs in somatic tissues.

Nevertheless, it appears that transcriptomes of oocytes and early embryos differ from
somatic tissues (Veselovska et al., 2015; Zhang et al., 2014a). This also includes substantial
changes in the length and sequence of the 5° UTRs of the mRNAs (Veselovska et al., 2015).
For example, mRNAs that are transcribed during the developmental phases tend to have
longer than average 5° UTRs (Kozak, 1987). Each developmental phase also requires specific
transcription factors and growth factors, and so the appropriate pattern of the 5> UTRs of their
MRNASs is of great importance for their precise regulation. Both 5' and 3' UTRs have been
known to exert control over posttranscriptional regulation by affecting stability, subcellular
localization, and translatability (Jansen, 2001; Lin and Li, 2011).

This project aims to identify oocyte-specific and embryo-specific 5° UTRs that are
longer than somatic 5 UTRs. For this purpose, we used publicly available deep RNA-seq
data from mouse, as it is a classic mammalian model organism. Furthermore, we
characterized the length, GC content, RNA binding proteins, miRNA recognition sites, and

UORFs for the oocyte- and embryo-specific 5> UTRs.

3 BACKGROUND

3.1 5 UTR
The 5° UTR refers to the untranslated region that is upstream of the coding sequence
on the 5” end of the mature mMRNA. Due to its location, it is the ideal candidate region for
exerting translational control via interactions of the structures present in the 5’ region. These
structures include 7-methyl-guanosine cap (7-meG cap), hairpin-like secondary structures,
upstream open reading frames, terminal oligopyrimidine tracts, G-quadruplexes, and internal

ribosome entry sites (Dvir et al., 2013).

Over the span of evolution, 5' UTRs have undergone a series of elongations, leading
to an effective increase in the number of regulatory elements (Chen et al., 2011). This may

have had an effect on the emergence of organismal complexity; however, no correlation has



been found between the organismal complexity and the length of the 5" UTR (Chen et al.,
2011). The genome average of 3' UTR ranges from 100 bp to 800 bp over diverse taxonomic
classes (Pesole et al., 2001; Mignone et al., 2002; Nagalakshmi et al., 2008). Compared to 3'
UTR, the length of the 5> UTR in eukaryotes tends to be less variable over diverse taxonomic
classes, consisting of an average of 100 to 200 nucleotides (Mignone et al., 2002; Pesole et
al., 2001; Lin and Li, 2011). The opposite is true when the focus is on the length of 5' UTR of
individual genes in a genome. Here the variation in length ranges greatly from a few
nucleotides to thousands (Nagalakshmi et al., 2008; Pesole et al., 2001; Lin and Li, 2011).
Strikingly, even as little as a single nucleotide may serve as the 5' UTR for the translation
initiation (Hughes and Andrews, 1997).

Still, some trends may be observed. Specifically, distinct lengths of UTRs can be
associated with genes with different functions (Lin and Li, 2011). For example, the vertebral
transcripts of transcription factors, protooncogenes, growth factors, and receptors tend to all
have a 5° UTR that is longer in length than the average cellular 5' UTR (Davuluri et al., 2000;
Kozak et al., 1987). This can be interpreted as due to the fact that the greater length
corresponds to a greater level of regulation, as was revealed by genome-wide surveys of
transcript boundary with microarrays in Saccharomyces cerevisiae (Hurowitz and Brown,
2003; David et al., 2006).

Moreover, variations in the 5' UTRs of the transcripts of genes are not only common,
but they also act as important switches for gene expression regulation. It has been estimated
that 10-18% of genes utilize multiple promoters to express alternative 5' UTRS, whereas 13%
of genes in mammalian transcriptome are affected by alternative splicing within their UTRs
(Trinklein et al., 2003; Zhang et al., 2003; Carninci et al., 2005).

5'and 3' UTRs also differ in their respective GC content. Overall, the average GC
content of 5" UTR is greater than that of 3' UTR sequences (Pesole et al., 2000). Its
percentage is rather conserved across species, and its increase is known to affect translation
efficiency in an inhibitory way (Pelletier and Sonenberg, 1985; Babendure et al., 2006).
Specifically, it is thought to be the culprit behind inefficient scanning by the 43S pre-
initiation complex that contributes to an overall lower rate of translation initiation (Taliaferro
et al., 2016). Since GC bonds are more difficult to melt than AU hairpins, they confer higher
stability per base (Babendure et al., 2006). Consequently, transcripts coding for regulatory
proteins have 5" UTRs with high GC content, approximately70-90% (Kozak, 1991). This



demonstrates the fact that the 5' UTR composition may serve as a mechanism for gene

regulation (Babendure et al., 2006).

Moreover, observations suggest an inverse relationship between the length of 5> UTR
with respect to its GC content. Accordingly, genes found in heavy isochores (i.e. regions of
denser GC content) tend to have 5 UTRs of shorter length (Pesole et al., 1999). Similarly,
such correlation has also been observed for the coding sequences and introns (Duret et al.,
1995).

Another feature of eukaryotic 5° UTRs is their possession of different types of
repeats, including short and long interspersed elements (SINEs and LINES), simple sequence
repeats (SSRs), minisatellites and macrosatellites (Jurka, 1998; Smit, 1999). The occurrence
of these is greater in human and rodent mRNAs than in mRNA of other mammalian species
(Pesole et al., 2000). For example, 12-15% of the rodent and human 5' UTR consists of
repeats, while the 5" UTR of other mammals consists of only approximately 8% of repeats
(Pesole et al., 2000). However, it is not known whether these elements confer any functions
to the UTR regions (Pesole et al., 2000).

3.2 Role of 5 UTR in Translation

3.2.1 Translation Initiation

The role of 5 UTR in translation regulation is specifically in the step of translation
initiation that requires a number of protein factors, especially the eukaryotic initiation factors
(elFs). These factors participate in the initiation process directly by recognizing the cap
structure and by allowing the binding of the 40S ribosomal subunit (Weaver et al., 2008) and
have the ability to alter the rate of protein synthesis. To properly initiate eukaryotic

translation, at least eleven different elFs are necessary (Hershey and Merrick, 2000).

Classically, the step of translation initiation begins at the 5’ end of the transcript that
carries the 7-meG cap, when the elF4E binds to it (Poulin et al., 2000). This leads to the
assembly of the elF4F protein complex that is composed of subunits elF4E, elF4A, and

elF4G. Alternatively, elF4AF binds to the 7-meG cap as a complex.

elF4A acts as an ATP-dependent binding and unwinding machinery of mRNA. The

factor is crucial for the binding of the 40S complex, and hence changes in its activity can



have a substantial impact. Such changes have been suggested to be caused by sequence
motifs as well as local RNA structures (Wolfe et al., 2014; Rubio et al., 2014; lwasaki et al.,
2016).

elF4B aids elF4A with the binding of the complex to mRNA through elF3 that in turn
interacts with the elF4G subunit of the elF4F complex (Lamphear et al., 1995). Once bonded,
the 40S complex is allowed to start scanning along the mRNA for the AUG start codon that
signals the initiation of protein synthesis.

3.2.2 Upstream AUG Codon

The AUG codon is flanked by a non-random sequence that is conserved and well
defined for individual species. Interestingly, the AUG codons are not restricted to the CDS
and are found also upstream of CDS, in the 5’ UTR. It has been observed that in such cases,
the 40S ribosomal subunit can adapt accordingly by the employment of a mechanism called

leaky scanning.

Leaky scanning occurs when the scanning complexes ignore the most upstream AUG
due to its less than optimal surrounding sequence and continue searching for the sequentially
second AUG with a stronger context (Araujo et al., 2012; Wang et al., 2004). In the case of
vertebrate mMRNAs, the context of an AUG codon is the most optimal if it matches the Kozak
sequence GCCA/GCCAUGG (Kozak, 2002). Roughly 10% of ribosomes participate in leaky
scanning, initiating at a downstream AUG instead (Wang et al., 2004). This mechanism not
only allows single mRNA to produce multiple different proteins through the use of
alternative AUG codons but also may act as a negative regulator of translation for a
proportion of ribosomes (Oyama et al., 2004; Xiong et al, 2001).

An UAUG is defined as an upstream start codon without an in-frame stop codon,
resulting in translation of the alternative protein isoform as described in the previous
paragraph. However, in situations where there is a stop codon following an uAUG before the
main start codon, it forms an upstream ORF (UORF) and can result in a short translated
peptide.

Once such short peptide is translated, the 40S ribosomal subunit may either remain
bound to the mMRNA, resume search for the next AUG start codon, reinitiate translation at a

downstream AUG or it may simply unwind and leave (Mignone et al., 2002). Although



translation reinitiation is possible, it is limited by the length of the uORF as well as the stop
codon context (Cassan and Rousset, 2001). An uORF longer than 30 codons with
intercistronic spacer that is < 50 nt in length prevents the ribosome from reinitiating, in a
process known as down-regulation of translation (Luukkonen et al., 1995; Child et al., 1999;
Lincoln et al., 1998). It is a common notion that the peptides produced by uORF may hamper
the translation initiation process at downstream ORFs due to the ribosome stalling at the end
of the uORF (Oyama et al., 2004). However, this notion was challenged in a 2009 study by
Calvo, where no correlation was found between the impact of the uORF on the expression of
the downstream gene and the distance between the uORF and the coding sequence (CDS)
(Calvo et al., 2009; Barrett et al., 2012).

The creation and deletion of uORFs is also often associated with mutations. Such
mutations may, therefore, affect the number of protein products, resulting in the development
of or predisposition to certain diseases (Wethmar et al., 2010; Chatterjee and Pal, 2009). On
average, UORFs reduce protein expression by 30-80% (Calvo et al., 2009).

3.2.3 Secondary Structures

Secondary structures are a common feature of the 5” UTRs, found especially in
MRNAs encoding transcription factors, protooncogenes, and growth factors (Araujo et al.,
2012). They are characterized by high GC content, as well as highly negative free folding
energy (AG) (Leppek et al., 2018). Formed by intrastrand interactions, they are capable of

effectively blocking protein translation.

Whether a secondary structure causes inhibition or not depends on its position relative
to the 7-meG cap structure as well as its free energy. In general, an increase in the expected
thermal stability of mMRNA leads to a decrease in translation. On average, a stable secondary
structure has a free energy of less than -50 kcal/mol (Araujo et al., 2012), and it was observed
that the greatest decrease in translation occurs when stabilities increase from AG of -25 to AG
of -35 kcal/mol (Babendure et al., 2006).

The impact of the hairpin position on the translation should not be underestimated.
The closer the hairpin is to the 7-meG cap, the more effectively it will block translation
(Kozak, 1989). More specifically, hairpins located at positions +4 or less are inhibitory even

in case of very stable secondary structures, whereas those found in the positions +31 to +46



did not participate in such inhibition, unless they were weaker than -30 kcal/mol (Babendure
et al., 2006; Gray and Hentze, 1994; Pickering and Willis, 2005).

The inhibitory effects of these structures may be counteracted by an increase in the
level of elF4A, the subunit of elF4F complex that is responsible for unwinding the RNA

secondary structures (Svitkin et al., 2001).

3.2.4 microRNA-mediated Gene Regulation

MicroRNAs (miRNAS) are a 20-24 nt long class of highly conserved non-coding
RNA molecules involved in the regulation of gene expression (Bartel, 2009; MacFarlene and
Murphy, 2010). It is predicted that at least 30% of protein-coding genes in humans are
regulated through miRNA (Rajewsky, 2006). These RNA molecules base-pair with
sequences in mMRNA transcripts, resulting in gene silencing through translational repression
and/or degradation of RNA (Bartel, 2009; MacFarlene and Murphy, 2010).

Interestingly, mMRNA-miRNA interaction affects gene expression in the early stages of
translation (Djuranovic et al., 2012). An increase in the number of mRNA secondary
structures allocated near the 5° cap was observed to correlate with miRNA-mediated gene
regulation in animals (Gu et al., 2014). The region proximal to the 5’ cap, specifically the
region 30-50 nt downstream from the 5’ cap, acts as the binding platform during the
formation of the 43S pre-initiation complex (Araujo et al., 2012). Several 2013 studies hinted
that the miRNA represses gene translation through the impairing of the function of the pre-
initiation complex (Meijer et al., 2013; Ricci et al., 2013). This leads to the suggestion that
the mMRNA 5° UTR secondary structures are important for miRNA-mediated gene silencing
and that the mRNAs containing unstructured 5 UTRs are not affected by the miRNA
repression (Meijer et al., 2013).

3.2.5 RNA Binding Proteins

One of the most important functions of RNA binding proteins (RBPS) is their ability
to positively or negatively affect the translational efficiency of a specific mMRNA with
respective RBP binding sites in their 5> UTR (Moore and Lindern, 2018).



An example of such RBP-mediated regulation is offered by the iron regulatory
proteins (IRPs). IRPs respond to intracellular iron concentrations through the regulation of
MRNAs that contain an iron-responsive element (IRE); a highly conserved stem-loop
structure consisting of approximately 30 nucleotides (Wilkie et al., 2003; Araujo et al., 2012).
This regulation is necessary for maintaining balance in concentrations of cellular iron, and

mutations within IRE can lead to certain diseases (Girelli et al., 1997).

The translational inhibition of IRP-IRE complexes is mediated in 2 ways. When IRP
binds to IRE, it inhibits the translation of a downstream ORF (Stripecke et al., 1994). For this
inhibition to be efficient, IRE must be localized in a position proximal to the 7-meG cap, but
its distance from the AUG codon does not appear to play a role (Stripecke et al., 1994;
Paraskeva et al., 1999). The inhibition is caused due to steric inhibition that prevents the 40S
subunit from binding to the mRNA, while the binding of elFs remains unaffected (Wilkie et
al., 2003).

However, in situations when the IRE-IRP complex is in a location more distant from
the cap, inhibition does not have an impact on the binding of the 40S subunit. Instead, the
complex blocks the 40S from scanning the mRNA for the AUG codon and consequently
inhibits translation (Wilkie et al., 2003).

3.2.6 Internal Ribosomal Entry Site

Internal Ribosomal Entry Site (IRES) is found in approximately 10-15% of
mammalian MRNA sequences (Spriggs et al., 2008). While most cellular mMRNAs undergo
cap-based translation initiation, IRES offers an alternative cap-independent mechanism that
may be used in cases when cap-based translation is inhibited (Pelletier et al., 1988). Such
cases include stress, embryonic development, mitosis, or apoptosis (Komar and Hatzoglou,
2011). Consequently, these IRES-containing mRNAs mostly encode regulatory proteins,
especially proto-oncogene products and their receptors (Mignone et al., 2002). These
elements have only recently gained attention in the area of developmental biology, where
they emerged as crucial regulators of gene expression (Xue et al., 2015).

Compared to the viral IRESs, IRESs of cellular origin appear to be less structured and
less stable in terms of Gibbs free energy of the folded mRNA (Komar and Hatzoglou, 2005;
Komar and Hatzoglou, 2011; Xia and Holcik, 2009). Computational modeling in FGF-2,



BiP, and VEGF IRESs revealed the common structure of IRES to be a Y-shaped stem-loop
followed by a small stem-loop upstream of the AUG start codon, located within the 5> UTR
(Stein et al., 1998; Le and Maizel, 1997). Speculations suggest that the specifics behind the
cellular IRES structure aid in binding of the ribosome to the cellular mRNAS, however, this is
yet to be proven (Velden and Thomas, 1999; Martineau et al., 2004; Godet et al., 2019).
Some cellular IRES were also observed to contain pseudoknots (Quesne and Le, 2001;
Jopling et al., 2004).

While the mechanisms of the viral IRES are becoming better understood, not much is
known about the function of cellular IRES (Komar and Hatzoglou, 2011). Even though the
computational modeling revealed above-mentioned complex structures that are common to
contain stem-loops, there has not been a common sequence or structural motif classified that
would allow for cellular IRES prediction from an mRNA sequence, except in the case of
short RNA sequences such as the Gtx 9-nucleotide motif (Le et al., 2003; Xia and Holcik,
2009; Komar and Hatzoglou, 2011; Chappell et al., 2000). Hence in most cases, the existence
of the IRES must be proved experimentally (Andreev et al., 2009; Komar and Hatzoglou,
2005).

According to the type of factors or elements that interact with cellular IRES
structures, we can distinguish between IRES trans-acting factors (ITAFs), UORFs, and RNA
G-quadruplex (RG4) structures (Leppek et al., 2018).

3.2.6.1 IRES Trans-Acting Factors

ITAFs, many of which belong to a group of heterogeneous ribonucleoproteins,
represent a group of RBPs that model the activity of IRESs (Komar and Hatzglou, 2005;
Lewis and Holcik, 2008; Spriggs et al., 2005). Specifically, the IRES-ITAF interactions not
only contribute to the stability of the IRES itself, but they are also capable of inducing a
conformational change of the IRES RNA (Leppek et al., 2018). These structural changes are
necessary for the recruitment of ribosome subunits without the presence of the 7-meG cap
(Leppek et al., 2018). The precise mechanism behind the activation of cellular IRES by
ITAFs is not known (Bradshaw and Stahl, 2016). However, the ITAF binding to cellular
IRESs can be illustrated via PTB. PTB is an ITAF of the APAF1 IRES. Together with its
neuronal variant nPTB, PTB and nPTB have 2 binding sites (Mitchell et al., 2003). The major



one is located in the 3' loop part of the APAF1 IRES, while the other binds to a purine-rich
loop found in an upstream IRES domain (Mitchell et al., 2003).

3.26.2 UuORF
Alternatively, short uUORFs may affect the IRES structures via ribosome stalling
(Somers et al., 2013). This may result in both activation and repression of the IRES activity
(Yaman et al., 2003; Fernandez et al., 2005; Bastide et al., 2008; Fernandez et al., 2002). The
relationship between uORFs and IRESs is exceptionally crucial since it actively participates
in the regulation of translation when it comes to the areas of differentiation and cell growth
(Yaman et al., 2003; Fernandez et al., 2005; Chen et al., 2014; Bastide et al., 2008).

An example can be provided by uORFs found upstream of CAT1 and FGF9 IRESs,
both of which are found in mMRNASs that encode regulators of differentiation and cell growth
(Leppek et al., 2018). In case of CAT1 mRNA (an arginine-lysine transporter), following
amino acid starvation, the uUORF translation causes structural remodeling that results in the
unfolding of the 5> UTR inhibitory structures (Fernandez et al., 2000; Yaman et al., 2003;
Fernandez et al., 2005; Fernandez et al., 2002). Moreover, the remodeling also facilitates a
switch to a translationally active state of the IRESs (Yaman et al., 2003; Fernandez et al.,
2005; Fernandez et al., 2002).

The FGF9 (fibroblast growth factor 9) illustrates the opposite phenomenon. In normal
conditions, the translation of the uORF upstream of the IRES is greater than the translation of
the FGF9 mRNA. However, in the case of hypoxia, the FGF9 protein levels increase due to a

switch to IRES dependent translation (Fernandez et al., 2002).

3.2.6.3 RG4 Structures
In addition to ITAFs and UORFs, the RG4s also aid in the process of cap-independent
translation. The exact importance of these structures is yet to be further examined; however,
it is known that the RG4s are fully functional parts of the IRESs themselves (Morris et al.,
2010; Cammas et al., 2015). According to the in vitro footprinting and structure mapping,
amongst its greatest attributes is its ability to recruit the 40S ribosomal subunit

10



(Bhattacharyya et al., 2015). This makes it possible to proceed with translation in a cap-

independent manner.

3.2.7 Terminal Oligo-Pyrimidine Structures

Terminal oligo-pyrimidine (TOP) genes belong to a special set of eukaryotic cis-
regulatory genes that participate in translational control. The term directly refers to a 4-15 bp
long oligo-pyrimidine tract at the 5' end of RNASs encoding ribosomal proteins or translation
elongation factors (EFs) (Amaldi and Pierandrei-Amaldi, 1997; Meyuhas et al., 1996;
Meyuhas and Hornstein, 2000). There is conflicting evidence whether the TOP motif has to
be directly following the 5’cap, or if it can be also localized more downstream within the 5°
UTR, or contain few purine bases within polypyrimidine tract (Thoreen et al., 2012; Levy et
al., 1991). Despite their role in translational regulation, the number of TOP-containing genes
is not well documented. Furthermore, it appears that other genes not directly associated with
translation also contain TOP or TOP-like motif and their translation might be regulated in the
same way as of TOP-containing ribosomal and EFs mRNAs (Thoreen et al., 2012; Hsieh et
al., 2012).

In normal conditions, most mMRNASs are bound by polysomes, suggesting they are
actively translated (Amaldi and Pierandrei-Amaldi, 1997; Meyuhas et al., 1996; Meyuhas and
Hornstein, 2000; Krichevsky et al., 1999). However, if a cell experiences starvation or
specific chemical treatment, most TOP mRNAs change into the inactive state through the
release of their ribosomes, whereas the state of non-TOP mRNAs remains unchanged
(Yamashita et al., 2008). TOP-containing RNAs are translated through cap-dependent
translation initiated by binding of eIF4E to the 5’ cap. mTOR signaling, for example during
starvation, prevents binding of elF4E to the cap, resulting in the inhibition of translation of
these RNAs at the growth arrest of cells (Thoreen, 2017).

3.2.8 RNA-G Quadruplexes
Certain G-rich RNA sequences are capable of forming stable structures known as G-
quadruplexes (Kumari et al., 2008). These structures are thought to be present in many

MRNAs and participate in the regulation of the level of translation of their host gene, as well

11



as inhibition of translation by small molecules (Bugaut and Balasubramanian, 2012). The
way in which the regulation is exerted is similar to the way seen in stable RNA hairpin
structures in the 5' UTRs (Bugaut and Balasubramanian, 2012). More specifically, it has been
reported that the presence of RNA-G quadruplexes within mRNA 5 UTRS corresponds to a
decrease in translation efficiency as compared to mRNAs with lacking or incomplete G-
quadruplexes (Schaeffer et al., 2001). However, in some cases the existence of these
structures has been proved to act oppositely, i.e. promoting translation, just as it has been
seen in an analysis by Bonnal et al. in 2003 where such structure found within an IRES was
revealed as the determinant of IRES activity (Bugaut and Balasubramanian, 2012; Bonnal et
al., 2003).

It has also been suggested that single nucleotide polymorphisms (SNPs) within 5'
UTR G-quadruplex-forming sequences can lead to differential translational activity between

individuals (Beaudoin and Perreault, 2010).

3.3 5’ UTR and its Effect on Embryonic Development
The prenatal development of the mouse, a classical mammalian model organism,
begins with a single fertilized egg, a zygote. Subsequently, the cell undergoes a series of cell
divisions combined with differentiation until a complex multicellular organism is formed in a
span of approximately 19 days (Brust et al., 2015). This is a tightly controlled process, and
adequate control is crucial for the proper development of the organism. 5" UTR-regulated

translation plays an important role in spatio-temporal regulation of protein expression.

One such example, relevant to mouse, is offered by the retinoic acid receptor 52
(RarB2). This 461 bp long 5' UTR containing five short uUORFs is known for exerting specific
regulatory programs that control tissue specificity (Zimmer et al., 1994; Reynolds et al.,
1996; Sonawane et al., 2017). Generally, the presence of uORFs positively or negatively
regulates translation of the main ORF. In the case of Rarf2, uORFs affect translation both
positively and negatively. For example, a mutation in uUAUG2 results in a reduced reporter
expression, hence it appears this UORF has rather stimulating effects on translation (Velden
and Thomas, 1999). Following termination at the uUAUG2 stop codon, ribosomes may
reinitiate one nucleotide upstream at uUAUG4 (Velden and Thomas, 1999). uORF4 is known
for its important function in tissue specificity. Unlike the UORF2, the uORF4 inhibits the
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expression of Rarf2 in heart and brain in regular conditions; however, if a mutation occurs in
the UORF4, this leads to induced expression in both tissues (Velden and Thomas, 1999).

Further proof of the impact that the 5' UTR uAUGs have on the translation efficiency
can be provided by inspecting the 5' UTR of proto-oncogene C-mos. C-mos is well-known for
its regulatory function during spermatid development. Its transcription produces testicular
and ovarian mRNAs with 5" UTRs that differ both in length and in their structure. While the
ovarian mRNA, consisting of 80 nucleotides, only somewhat inhibits translation, the
testicular mMRNA of 3000 nucleotides and four uAUGS inhibits the translation strongly and
effectively (Steel et al., 1996). Hence, just like in the case of the Rar$2, the uAUGs of C-mos

also exert translational control.

Even though the transcriptomes of oocytes and preimplantation embryos differ from
somatic MRNAs (Veselovska et al., 2015; Zhang et al., 2014a) including different lengths of
5” UTRs (Veselovska et al., 2015), the features and potential biological effect of these UTRs
in early development were not studied yet. Therefore, in this thesis, we aimed to identify
which genes have longer 5 UTRs in oocytes or preimplantation embryos and
bioinformatically characterize these UTR extensions to shed more light on their potential

biological relevance.
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AIMS

To perform a de novo transcriptome assembly

To identify and annotate oocyte- and embryo-specific 5' UTRs starting upstream of
the canonical 5> UTRs from RNA-seq data in mouse oocytes and preimplantation

embryos
To characterize the length and GC content of oocyte- and embryo-specific 5> UTRs
To investigate the presence of UORFs in oocyte- and embryo-specific 5° UTRs

To identify enriched sequence motifs in oocyte- and embryo-specific 5> UTRs and to
investigate whether they match recognition motifs of RNA binding proteins binding
sites and miRNAs
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6 MATERIALS AND METHODS

6.1 Datasets, Trimming and Mapping
We used RNA-seq datasets representative of the model organism mouse (Mus
musculus). The datasets were obtained from the NCBI Gene Expression Omnibus database
with accession codes: GSE70116 (Veselovska et al., 2015), GSE98150 (Wang et al., 2018),
GSE75957 (Andergassen et al., 2017). Respective files were provided in the fastq format

from the European Nucleotide Archive. A summary of datasets used can be seen in Table 1.

In order to produce high quality reads free of low-quality bases and adapters, the Trim
Galore program (www.bioinformatics.babraham.ac.uk/projects/trim/galore/) v0.4.1 was used

with default parameters. We used the command “trim_galore --paired *fastq.gz”.

The trimmed reads were mapped to the indexed mouse genome of GRCm38 via the
Hisat2 (Kim et al., 2015; Pertea et al., 2016) v2.0.5 with parameters specifying the maximum
and minimum penalties for soft-clipping per base (--sp) and modifying the output to be
compatible with the de novo transcriptome assembly using Cufflinks (--dta-cufflinks).

The output file from Hisat2 with mapped reads (Sequence Alignment Map (sam) file)
was converted to Binary Alignment Map (bam) file using SAMtools view function of
SAMtools v1.3.1 (Li, 2011; Li et al., 2009). Datasets download, trimming, and mapping was
performed previously in the laboratory.

The mapped reads provided in the form of a bam file were sorted by leftmost
coordinates. SAMtools sort function was used from SAMtools v1.3.1. The command used for

sorting was: “samtools sort -o output_sorted.bam input.bam”.

6.2 De Novo Transcriptome Assembly
To perform de novo transcriptome assembly from the selected datasets (Table 1), the
Cufflinks program (Roberts et al. 2011a; Roberts et al. 2011b; Trapnell et al., 2010; Trapnell
etal., 2013) v2.2.1 was used in the reference annotation-based transcript (RABT) mode
(specified by the parameter -g). The transcriptome annotation that was used as a baseline for
the assembly was Mus_musculus.GRCm38.94.chr.gtf downloaded from the Ensembl genome
browser. The RABT transcriptome assembly was performed using default parameters (the

command used was “cufflinks -g Mus_musculus.GCRm38.94.chr.gtf -u --library-type xxx -0
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output_folder reads_sorted.bam”). The specification of library types (option --library-type)
used for the definition of the strand specificity was as follows: fr-secondstrand for d10 and
d15 oocyte datasets from Veselovska et al. (2015); fr-firststrand for d5 and GV oocyte
datasets from Veselovska et al. (2015) and all datasets from Andergassen et al. (2017); fr-

unstranded for all datasets from Wang et al. (2018).

The next step was the merging of all annotations from individual oocyte growth
stages, and individual replicates for each embryonic stage and for each somatic tissue into
conclusive final annotations. For this purpose, the Cuffmerge function from Cufflinks v2.2.1
was used. Merging was also performed collectively to obtain single conclusive annotation for
all embryonic stages together and all somatic tissues together. The command used was

“cuffmerge xxx.txt”, where the respective txt file contained a list of gtf files to be merged.

6.3 Generating Annotations of All Genes

First, we quantified annotations in merged gtf files with one sorted bam file using the
Cufflinks function from Cufflinks v2.2.1 (the command “cufflinks -G xxx_merged.gtf -u --
library-type -o output_folder xxx_sorted.bam”). Each of the newly generated output_folders
contained among other files also files genes.fpkm_tracking and isoforms.fpkm_tracking,
containing information about genomic coordinates (chromosome, start and end positions) and
expression levels of genes and their transcript isoforms, respectively (each gene consists of
one or more transcript isoforms). From the genes.fpkm_tracking files, we extracted the
information about the name (gene_id) and genomic coordinates of each gene for all merged

gtf files and saved it in a .txt format with a tab delimiter preference.

In order to obtain strand information for genes (whether they are encoded on + or -

DNA strand), a series of steps was performed using SeqMonk v1.45.4 and Microsoft Excel
2016 (MSO: 16.0.12624.20422). In Segmonk, we imported individual merged gtf files as
annotations and random gtf or bam file as reads (we needed something imported as reads to
be able to perform analysis within Segmonk even if the imported read datasets were not used
for the quantification). For each imported annotation, probes were defined as mMRNAs of
respective annotation using feature probe generator. We unchecked the option for removing
exact duplicates and created probes with the rest of the options as default (probes over feature

from -0 to +0 bp). We selected fixed value quantitation, as we did not need the actual
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quantitation values. The output .txt file was generated as an annotated probe report including
information about transcript (MRNA) name and strand. This data was combined with the data
from the isoforms.fpkm_tracking file described in the previous paragraph containing
information about transcript name and respective gene name. Using Microsoft Excel, we
alphabetically ordered the data (SORT function) and matched strand information from the
Segmonk output file with the gene name from isoforms.fpkm_tracking file through common
transcript names (MATCH and LOOKUP functions). Using this approach, we generated
complete annotation of genes for each merged gtf file (gene name, chromosome, start, end,

strand). These gene annotations were saved as .txt files.

6.4 ldentification of Annotated Genes with Novel Upstream 5° UTRsS
To identify novel 5° UTRs with transcriptional start site (TSS) upstream of the
canonical TSS in oocyte and embryo datasets, we first generated an annotation of all
annotated genes except genes for short non-coding RNAs. This was performed in Seqgqmonk
v1.45.4 by generating probes using the RNA-Seq quantitation pipeline option with the
selected option “merge transcript isoforms”. These probes were imported as annotation
named “annotated genes”. These genes served as a baseline for finding novel 5° UTRs with

upstream TSS.

We imported annotated_genes and gene annotations from our merged assemblies as
reads. To find out which annotated_genes appear to start from an upstream TSS, we defined
probes upstream of the annotated genes from -1000 to -100 bp, and performed the read count
quantitation with modified default settings as follows: Count reads on the same strand as the
probe; uncheck “Correct for total read count”; uncheck “Log transform count”. The
quantification of annotated genes as reads gave us the information if the upstream region
overlapped another annotated gene on the same strand. The guantification of our assembled
annotations imported as reads counted whether the upstream region overlaps a gene in our
assembly on the same strand, potentially the same gene as from which the upstream region

was determined, but starting from an upstream TSS.

To remove all upstream regions overlapping annotated_genes on the same strand, we
performed the filtering of values within Seqmonk. We retained only upstream regions with

value 0O (filter was for a value between 0 and 0) for a dataset consisting of annotated genes
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imported as reads. This was performed to remove false positives as such upstream regions
would appear as potentially being a novel UTR starting from upstream TSS in the following

analysis.

The read count quantifications with our assembled annotations as reads and with the
upstream regions after filtering step as annotation were exported from Segmonk. For each
assembly, if the count was >0 it suggested that in that particular dataset there was the same
strand gene overlapping the upstream region of the annotated gene. To obtain the list of genes
with their upstream region overlapped by same strand gene in at least one of our assemblies,
we applied the Microsoft Excel SUM function per line (each line contained quantitation
values from all assemblies for the upstream region of one gene), followed by sorting of the
summed values from smallest to largest using Microsoft Excel SORT function, and selecting
upstream regions with a summed value greater than 0. Names of genes with these upstream
regions were copied and pasted into the Seqmonk search option (“find named features™) in

annotated_genes and saved as an annotation track named “annotated genes with upstream”.

6.5 Removal of False Positives

Next, we wanted to remove annotated genes with previously identified upstream 5’
UTR based on the read count described in chapter 6.4. in which the reads in our assembled
annotations corresponded to the novel 3’ elongation of an upstream same strand annotated
gene or an independent novel same strand gene, instead of novel upstream 5° UTR of the
same gene. To achieve this, we reimported the data containing our assembled genes (option
import data from visible data stores) but with a filter to import only reads overlapping the
annotation of annotated_genes_with_upstream. Next, probes were defined upstream of
annotated_genes_with_upstream from -1000 to -100 bp without the option of the removal of
exact duplicates. Read count quantitation was performed with reimported reads, counting
reads on the same strand as the probe. Then, we performed filtering on values to retain
upstream regions with value 1 or greater in at least one of the data stores, as they should be
upstream regions of annotated genes with novel upstream 5° UTR. Genes with such upstream

regions were named as filtered_annotated _genes_with_upstream.
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6.6 Association of De Novo Assembled Genes with Officially Annotated Genes
In the next step, we aimed to associate the de novo assembled genes with the
officially annotated genes for cases where our analysis indicated that elongation in the 5'
UTR could have occurred. To achieve this, we wanted to identify which de novo assembled
gene overlaps each annotated gene with potentially prolonged 5 UTR on the same strand,

and which overlaps -1000 bp to -100 bp upstream regions of these genes.

De novo assembled genes for each dataset were split into two files (xxx_plus.txt and
XXX_minus.txt) according to the strand (plus or minus) of the assembled genes. We then
imported each of the xxx_minus.txt and xxx_plus.txt files as annotations into Seqgmonk.
Probes were defined as filtered_annotated_genes_with_upstream described in the previous
chapter without the removal of exact duplicates. Following fixed value quantitation, we
generated an annotated probe report, where we annotated probes first with overlapping
xxX_minus.txt and xxx_plus.txt files. This generated overlapping_minus_xxx.txt and

overlapping_plus_xxx.txt files, respectively.

Next, we repeated the process but with probes being generated upstream of
annotated _genes_with_upstream_filtered from -1000 to -100 bp. After annotation of probes
with overlapping xxx_minus.txt and xxx_plus.txt, we obtained result files
upstream_minus_xxx.txt and upstream_plus_xxx.txt, respectively. Each of the resulting files
was exported and modified in Excel to only contain filtered_annotated_genes_with_upstream
or their upstream regions of the relevant strand, i.e. minus for files with overlap with the de
novo assembled genes on the minus strand, and plus for files with overlap with the de novo

assembled genes on the plus strand.

We first combined the information from Overlapping (overlapping_xxx.txt) and
Upstream files (upstream_xxx.txt) for respective strands. The first 6 columns from each file
were retained and saved in a separate file. These columns included information regarding
Probes (the gene), Chromosome, Start, End, Strand, and Feature. We renamed the column
Feature to “Body” for overlapping files as it corresponded to the overlap with the gene body
of the annotated gene, and to “Upstream” for upstream files, as the overlap corresponded to

the region upstream of the annotated gene.

Subsequently, we sorted both sets of data, and following the deletion of the

~upstream” from the upstream Probes, we combined the data into one dataset, removing

redundant data in the process. As a result, we obtained a table that consisted of columns titled
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Probe (the name of the annotated gene from filtered_annotated genes_with_upstream),
Chromosome, Start, End, Strand, Body (showing the overlap of gene body of the annotated
gene with same strand de novo assembled gene), Upstream (showing the overlap of the
upstream region of the annotated gene with same strand de novo assembled gene).

We utilized the Microsoft Excel function IF in order to uncover where there was a
match in the name of the de novo assembled gene in Body and Upstream columns. We
filtered the data to only have the cases where there was a match found for Body and
Upstream names of the de novo assembled gene. This gave us a list of annotated genes that
are prolonged on 5’ ends (by more than 100 bp) in our assemblies with names of associated

de novo assembled genes.

6.7 Identification of Oocyte- and 2C Embryo-specific 5’ UTRs

We then focused on oocyte and 2C embryo prolonged 5"UTRs. We took the genes
that had a 5' prolongation either in the oocyte or 2C dataset, or both, and we searched whether
they have an upstream TSSs in the somatic datasets. We created 2 tables - one for plus genes
and one for minus genes. Each contained information about the officially annotated gene
name, coordinates, whether there was an upstream TSS or not in the oocytes, 2C embryos,
and any of the somatic datasets. We removed all genes with upstream TSS in at least one
somatic dataset to only have oocyte-, 2C- or oocyte, and 2C-specific upstream TSSs.

From files with the annotations of the de novo assembled genes for each dataset, we
extracted the start coordinates of these prolonged genes in the oocytes and 2C embryos,
creating a table with the name of the annotated gene, its coordinates, names of de novo
assembled gene associated with this annotated gene in oocytes and 2C if there were any, and
start coordinates of these de novo assembled genes. Using this information, we quantified the
length of the prolongations in oocytes and 2C compared to the official annotation. For cases
when the gene was prolonged in both oocyte and 2C embryos, we also quantified the
difference in these prolongations. The mean and median values of the differences in the
prolongations were quantified in Microsoft Excel 2016. For further analysis, we selected only
genes with prolongation up to 500 bp, up to 1000 bp, and up to 3000 bp, as these most likely
correspond to unspliced prolonged 5° UTRs.
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6.8 Length and GC Content Analysis.
Mean and median values of 5° UTR prolongations up to 500 bp, 1000 bp, and 3000 bp
in the oocytes or 2C embryos were quantified in Microsoft Excel 2016. Histograms of 5’
UTR prolongations (see Appendix 3 and 5) and a horizontal notched boxplot were generated

in R language (see Appendix 4).

Then, using the table we prepared in the previous chapter, we generated annotations
of the 5> UTR prolongations in the oocytes and 2C embryos up to 500 bp, 1000 bp, and 3000
bp, i.e. the regions between the upstream oocyte or 2C TSS and TSS in the official
annotation. In addition, we downloaded annotated 5 UTR annotation from the UCSC

genome browser to serve as a control.

These seven annotations were used as an input for a python script that computes the
GC content (generated previously in the laboratory, see Appendix 1). The input for the script
was provided in a .txt format with annotation of genomic coordinates and fasta files with
mouse genomic sequence split into individual chromosomes. Due to the size of the control
file, we processed only 5> UTRs of mMRNAs encoded on chromosome 1. Violin plot depicting

GC content of respective annotations was generated in R language (see Appendix 6).

6.9 UORFs
In order to analyze the uORF abundance of oocyte and 2C embryo 5° UTRs, we first
generated sequences of the 5° UTR prolongations in the oocytes and 2C embryos up to 500
bp, 1000 bp and 3000 bp using a python script (previously generated in the laboratory, see
Appendix 2). The input for the script was provided as a raw mouse genome sequence split
into individual chromosomes, an annotation of genome coordinates of regions of interest, and
the list of names of regions from the annotation for which we would like to obtain the

sequence. The output of the script comprises sequences of regions of interest in fasta format.

We used the output sequences to search for ORFs — these would correspond to
UORFs. For this purpose, we utilized GenScript’s ORF Finder tool (Stothard, 2000) with the
settings as follows: ORFs can begin with ATG; Search for ORFs in reading frame 1,2, and 3
on the direct strand; Only return ORFs that are at least 5 codons long; Use the standard (1)
genetic code. As an input, we provided a random selection of 46 sequences from the official

5’ UTR annotation to serve as a control, 39 sequences from oocytes with upstream 5° UTR

22



shorter or equal to 3000 bp, and 39 sequences from 2C embryos with upstream 5> UTR
shorter or equal to 3000 bp. For oocyte and 2C embryo sequences, we picked 13 random
sequences up to 200 bp in length, 13 random sequences from 200 to 1000 bp in length, and
13 sequences from 1000 to 3000 bp in length. A notched boxplot with jitter plot and outliers
was generated, plotting ORFs per 100 bp in 3 categories (see Appendix 7). Furthermore, we
generated a scatterplot for mean and median per 100 bp in 12 categories (for oocyte, 2C
embryo and official annotation sequences up to 200 bp in length, from 200 to 500 bp in
length, from 500 to 1000 bp in length, and from 1000 to 3000 bp in length) (see Appendix 8).

6.10 Sequence Motifs
To identify enriched sequence motifs in the oocyte- and 2C embryo-specific 5° UTRs,
we used the MEME tool v 5.1.0 (Bailey and Gribskov, 1998). We aimed to discover whether
the oocyte- and 2C-specific 5° UTRs contain any significantly enriched recognition sites for

RNA binding proteins or miRNAs compared to the annotated 5° UTRs.

We performed the analysis on 6 datasets categorized according to the length and type
(oocyte-specific 5° UTRs shorter or equal to 500 bp, oocyte-specific 5> UTRs shorter or equal
to 1000 bp, oocyte-specific 5° UTRs shorter or equal to 3000 bp, 2C-specific 5° UTRSs shorter
or equal to 500 bp, 2C-specific 5> UTRs shorter or equal to 1000 bp, 2C-specific 5 UTRs
shorter or equal to 3000 bp). A fasta file with sequences of each of the selected datasets
generated in the previous chapter was used as a primary sequence input, and the annotated 5’

UTR sequences were used as control sequences input.

We modified the settings as follows: Differential Enrichment mode as the motif
discovery mode; Any Number of Repetitions (anr) as the site distribution; 5 as the number of

motifs; check search given strand only.

The result motifs that showed significant p-value (below 0.1) then served as input for
the Tomtom tool v5.1.1 (Gupta et al., 2007) to find if our motifs were significantly similar to
known motifs acting as binding sites of RNA binding proteins or as recognition motifs of
miRNAs. We modified the default Tomtom settings by checking the ,,Do not score the
reverse complements of target motifs*. To search for motifs within RNA binding protein
binding sites, we specified the motif database to be RNA (DNA-encoded) and Ray2013 Mus

Musculus (DNA-encoded), and for motifs within miRNA recognition sites, we specified the

23



motif database to be miRBase Single Species microRNA (DNA-encoded) and

Mus_musculus_mmu (DNA-encoded).

7 RESULTS

7.1 De Novo Transcriptome Assembly
In order to produce full annotation of all transcripts, including novel isoforms of

known genes, and to compare differences in the 5' UTRs across development in mouse, 51
publicly available RNA-seq datasets were used, corresponding to oocytes (Veselovska et al.
2015), six developmental stages of cell lineages in preimplantation embryonic development
(Wang et al. 2018) and seven adult somatic tissues (Andergassen et al. 2017) (listed in Table
1). The datasets of oocytes consisted of growing and fully grown oocytes, specifically
growing oocytes of postnatal day 5 (d5), 10 (d10), and 15 (d15), and fully grown germinal
vesicle (GV) oocytes. Stages of preimplantation development were represented by two-cell
(2C) embryos, four-cell (4C) embryos, eight-cell (8C) embryos, morula, the inner cell mass
(ICM), and trophectoderm (TE). The adult somatic tissues were represented by the brain,
liver, lung, leg muscle, heart, spleen, and thymus tissues. These specific datasets were
selected because of the depth of their sequencing, and for oocyte and somatic datasets also
strand specificity (we did not find strand-specific preimplantation embryo datasets) as we
aimed to obtain the datasets of the best possible quality.

Once the datasets were downloaded, appropriate trimming was applied, quality check
took place, followed by mapping to the GRCm38 mouse genome. This was performed

previously in the laboratory. Next, mapped reads were sorted using SAMtools.

Subsequently, we performed the de novo transcriptome assembly using the Cufflinks
program on the respective datasets. The resulting annotations were merged via the Cuffmerge
function from Cufflinks into a complete transcriptome annotation for each developmental

stage or tissue, and together for all preimplantation embryo datasets and all somatic tissues.

Merged gtf files (listed in Table 2) contain annotations of mMRNA transcripts.
However, for our purposes, we needed the annotation of genes to compare them to the
official gene annotation. We, therefore, quantified the annotations with one sorted bam file
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using Cufflinks, which gave us the genomic coordinates of genes in the annotation

(chromosome, start, end).

To discover whether the genes were encoded on a + or - DNA strand, we utilized
Segmonk — we exported mRNA information from our merged assemblies, which contained
strand information for each mMRNA. Cufflinks quantification output contained also
information about which mRNA corresponds to which gene, therefore, using mRNA names
we could match strand information from Segmonk with gene names. This allowed us to

generate a complete annotation of genes for each merged gtf file.

Table 1: Summary of the datasets used for the analysis.

Publication Cell type Number | Accession
of code
replicates

Veselovska et d5 oocytes GSE70116

al. 2015 d10 oocytes

d15 oocytes

e

GV oocytes

Wang et al. 2C embryo GSE98150

2018 4C embryo
8C embryo
morula embryo
E3.5-ICM

E35-TE

A AN WO B B>

Andergassen adult_brain GSET75957

etal. 2017 adult_liver
adult_heart
adult_lung

adult_leg_muscle

adult_spleen

N BB BB B D

adult_thymus
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Table 2: mRNA count for each of the respective datasets.

Dataset File name MRNA count
Wang et al., 2018 2C_merged.gtf 111245
4C_merged.gtf 108101
8C_merged.gtf 89623
morula_merged.gtf 84518
ICM_merged.gtf 118718
TE_merged.gtf 90610
embryo_merged.gtf* 167987
Veselovska et al., 2015 oocytes merged.gtf* 69203
Andergassen et al., 2017 brain_merged.gtf 85339
heart_merged.gtf 54882
leg_merged.gtf 60366
liver_merged.gtf 59175
lung_merged.gtf 73351
spleen_merged.gtf 89283
thymus_merged.gtf 68666
adult_merged.gtf* 82624

(*) final merged gtf file
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7.2 ldentification of genes with Novel Upstream 5 UTRs

We aimed to identify novel upstream 5’ UTRs in oocytes, preimplantation embryos,
and as a control in somatic tissues. In order to identify novel upstream 5' UTRs, we began by
generating an annotation of all known annotated genes with the exception of genes for short
non-coding RNAs (“annotated genes”). The number of these genes was 35579. Since one of
our aims was to discover the annotated_genes that have a TSS upstream of the canonical TSS
(which we would then further filter to have only genes with prolonged 5’ UTRSs), we defined
probes in Seqmonk upstream of the annotated genes from -1000 to -100 bp, followed by a
read count quantitation using annotated genes, as well as our assembled genes as reads. The
quantification was performed, because we were interested whether the upstream region is
overlapped by the same strand assembled gene, suggesting it might be the same gene but with
an upstream TSS and, therefore, potentially longer 5> UTR. The quantification of reads being
annotated genes was performed to exclude genes with upstream regions overlapped by the

same strand annotated genes located upstream of the analyzed gene (Figure 1).

After quantification, we first filtered genes to have a value of 0 in the quantification of
annotated genes as reads, in order to remove false positives i.e. all upstream regions
overlapping annotated_genes on the same strand. There were 31257 genes after the filtering
step. Had these not been removed, these regions would have appeared as having an upstream
novel 5> UTR starting from an upstream TSS in the following analysis, even though that

would not be the case (Figure 2).

We then filtered the genes with upstream regions with read count of each assembly
imported as reads that exhibited a value >0. This indicated that the upstream region of the
annotated gene might be overlapped by an elongated novel 5 UTR of the same gene. This
was done for the oocyte dataset, together for all preimplantation embryo datasets (if at least
one of the datasets had value 1 or higher), and together for all somatic tissue datasets (if at
least one of the datasets had value 1 or higher). However, there was still a chance that there
were false-positive findings, specifically in situations when the upstream region of the
annotated gene was overlapped by 3’ non-annotated extension of same strand annotated gene
(Figure 3) or another same strand novel gene separate from the gene in our assembly

corresponding to the annotated gene (Figure 4).

To remove such genes, we created an annotation containing all genes retained after
the previous two filtering steps. The names of the genes remaining after the previous two

filtering steps were copied and pasted into the Seqmonk search option in annotated_genes
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and saved as an annotation track “annotated genes with upstream”. We then re-imported
reads (being our assembled genes) selecting only reads overlapping
annotated_genes_with_upstream on the same strand. Using this approach, we should remove
reads corresponding to the assembled genes not directly overlapping annotated genes with
potentially prolonged 5> UTR generated after the first two filtering steps. Then, we defined
probes again -1000 to -100 bp upstream of the “annotated genes with upstream” and
performed read count quantitation counting re-imported filtered reads in the same strand as
the probe. We continued by performing filtering on values. This was done in order to retain
upstream regions with value 1 and more as they should correspond to the upstream regions of
annotated genes with novel upstream 5' UTR. Regions that exhibited values of 0 were
discarded from the analysis, as they likely referred to false-positive findings described above
(Figures 3 and 4).

The names of adequate genes were copied and pasted into the Seqmonk search option
in annotated_genes_with_upstream, and saved as an annotation track
“filtered_annotated genes with upstream”. More information regarding the numbers of

genes after each filtering is in Table 3.

1000 to 100 bp upstream
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Figure 1: Read count quantitation would reveal count of 1 for a novel upstream 5" UTR.
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Figure 2: Read count quantitation would reveal count of 1 for a different gene on the same
strand if it was found in the region -1000 bp to -100 bp upstream of studied genes.
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Figure 3: Read count quantitation would yield count of 1 for a novel 3’ UTR.
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Figure 4: Read count quantitation would yield count of 1 if there was a separate gene found
in the upstream region.
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Table 3: The number of identified genes with an upstream region in every step of filtration.
Pre-filtering refers to the number of identified regions prior to filtering. First filtering refers
to regions retained following the removal of false positives, where read count value was
greater than 0. Second filtering refers to “annotated genes with_upstream . Third filtering
refers to “filtered annotated genes with upstream*. These likely correspond to the
elongated novel 5" UTRs.

Oocyte Embryo Somatic
Pre-filtering 35579 35579 35579
First filtering 31257 31257 31257
Second filtering 3551 6435 4470
Third filtering 3080 6126 4101

7.3 Association of De Novo Assembled Genes with the Officially Annotated
Genes
In the next step of our analysis, we wanted to associate
filtered_annotated genes_with_upstream defined in the previous chapter with the
overlapping de novo assembled genes. This was done in order to find out which de novo

assembled genes correspond to the prolonged annotated genes at their 5° UTR.

In order to do this, we split the annotations for de novo assembled genes depending on
the DNA strand on which they are encoded (plus or minus genes). In Seqmonk, we first made
probes over all filtered_annotated_genes_with_upstream and identified overlaps with plus
and minus genes from the de novo assembled genes from all datasets. Then, we repeated it
but with probes over upstream regions -1000 bp to -100 bp of the
filtered_annotated_genes_with_upstream. From the resulting files, we removed annotated
genes on the other strand, i.e. plus-strand annotated genes in files with overlaps with the

minus de novo assembled genes and vice versa.

We needed to divide the genes into plus and minus groups because otherwise, we
would not be able to associate genes properly in the next steps of the analysis. It is because
during the generation of annotated probe report with the overlapping de novo assembled
genes, we cannot specify that the de novo assembled gene must have the same strand as the

annotated gene. In case that there is an overlap of annotated genes with one de novo
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assembled gene on the same strand and one on the opposite strand, we could obtain the

wrong gene name as the name of the overlapping de novo assembled gene.

We then looked for genes with matching names of the associated de novo assembled
genes for Body and Upstream. This group represented those annotated genes with properly
associated de novo assembled gene which is the same gene as the annotated gene but with
upstream TSS. If the names were not matching, it corresponded to the more complicated
situations with overlapping or closely located same strand genes where the precise annotation
of prolonged 5° UTR would be more complicated. In some cases, there was a value “null”
instead of the de novo assembled gene name. It was in situations where there was no overlap
of the annotated gene itself or its upstream region with the same strand de novo assembled
gene in that particular dataset. It occurred in cases when multiple genes had the same name
and only one had prolonged 5° UTR, while the remaining had instead ,,null* value. This was
the case in the oocyte de novo assembled genes. For embryonic and somatic genes, we
worked with all annotated genes that were prolonged in at least one of the datasets.
Therefore, in cases when the gene did not have a prolonged 5’ UTR in that particular dataset
or was not assembled at all, there was a ,,null* value. We quantified the number of genes in
each category (Table 4). The highest number of annotated genes with prolonged 5' UTR was
found in oocytes and early embryos (2C, 4C). From the somatic datasets, the highest number

of prolongations was found in the brain, followed by lung and spleen (Table 4).
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Table 4: Association of de novo gene with the official gene. Number of easily associated
genes corresponding to a match in de novo assembled names and no “null* value, the
number of genes corresponding to a mismatch in de novo assembled names and no “null
value; the number of genes without upstream 5° UTR with “null* value in one or both names.

No. of aenes No. of genes
\0. o gent with No. of genes
with matching . . .
Total no. of mismatching without

Dataset de novo ,

genes assembled de novo upstream 5
assembled UTR

names
names
Oocyte 3080 3012 61 7

2C 6126 2951 123 3052
4C 6126 2384 174 3568
8C 6126 1322 101 4703
Morula 6126 1135 78 4913
ICM 6126 1391 131 4604
TE 6126 1275 99 4752
Embryo 6126 5041 229 856
Brain 4101 1500 131 2470
Heart 4101 467 56 3578
Leg 4101 823 72 3206
Liver 4101 856 88 3157
Lung 4101 1431 124 2546
Spleen 4101 1300 141 2660
Thymus 4101 588 77 3436
Full Somatic 4101 3299 160 642
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7.4 ldentification of Oocyte- and 2C Embryo-specific 5> UTRs
We then focused on the genes that had an upstream 5' UTR either in the oocyte or in
2C dataset, or both, and we tried to discover whether they had an upstream 5° UTR also in the
somatic datasets. Those genes that were found in 2C embryo, oocyte and somatic upstream 5’

UTR could not be considered oocyte- or 2C embryo-specific 5 UTRS.

The total number of annotated genes with an upstream 5* UTR in oocyte and/or 2C
dataset was 4974. After removing genes with upstream 5” UTR also detected in somatic
tissues, the number of genes was 3803. Although it is possible that an upstream 5> UTR
identified in the somatic genes would be different from that found in oocytes and embryos,
we decided to remove these cases to avoid false-positive findings. The number of annotated
genes exclusively in oocyte upstream 5’ UTRs (1513), or exclusively 2C embryonic upstream
5’ UTRs (1622), was much higher than the number of genes with both upstream 5> UTRs

(668). The results are summarized in Table 5.

Table 5: Comparison of oocyte and 2C embryonic 5° UTRs for plus and minus strands.
Only those genes that were present in the upstream 5’ UTRs of both oocytes and 2C embryos
and had no upstream in somatic tissues were selected for further analysis.

Plus strand Minus strand
Including Does not Including Does not
those with have an those with have an
upstream 5’ | upstream 5’ | upstream 5 | upstream 5’
UTRin UTRin UTR in UTR in
somatic somatic somatic somatic
tissues tissues tissues tissues
Has upstream 5 UTR in
oocyte, does not have an 1065 791 958 799
upstream 5> UTR in in 2C
embryo
Has upstream 5 UTR in
2C embryo, does not hgve 1026 853 935 769
an upstream 5> UTR In
oocyte
Has upstream 5 UTR in
both 2C embryo and 508 341 482 327
oocyte
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7.5 Length of Oocyte- and 2C Embryo-specific 5> UTRs
Only genes that had an upstream 5" UTR in oocytes or 2C embryos and lacked an
upstream in all somatic tissues were selected for further analysis, with the plus and minus
strands pooled together. We were first interested in how much longer these 5> UTRs are

compared to the annotated 5° UTRs.

The observed elongations in the upstream 5' UTR region in oocytes and 2C embryos
proved to be very long in certain genes compared to the official 5' UTR. This occurs due to
splicing (either alternative splicing within the coding sequence with upstream first exon, or
splicing within the 5> UTR region), and, therefore, the length of elongation accounts also for
introns. Since we aimed to focus exclusively on elongations without splicing events, we
discarded all elongations greater than 3000 bp in length and split results into 3 categories for
both oocytes and 2C embryos - less than or equal to 500 bp, less than or equal to 1000 bp,
and less than or equal to 3000 bp (Figure 5).

Compared to the official annotations, the oocyte upstream 5 UTRs were longer by
227.6 bp on average for elongations smaller or equal to 500bp. Similarly, the 2C embryo
elongations were longer by 252.8 bp on average for elongations smaller or equal to 500 bp.
As the sample set increased to include elongations smaller or equal to 3000 bp, the
differences between oocyte and 2C embryo upstream 5 UTR became more distinct. We
observed the mean elongation for oocytes to be 683.8 bp, while it was 746.5 bp for 2C
embryos. Generally, the elongations of 5' UTRs were rather short, with a median of 340.5 bp

for oocytes and 475 bp for 2C embryos for UTR elongations up to 3000 bp (Figures 6 and 7).

We then focused on genes that had elongated 5> UTRs in both oocytes and 2C
embryos. According to our analysis, even though fewer genes are elongated in 2C embryos
than in oocytes, the elongations of 5' UTR are greater by 1 545 206 bp in 2C embryos as
opposed to oocytes. It is important to note that in 269 of all 5' UTR elongations (oocyte and
2C embryo), this extension was likely caused by mRNA retention from the oocyte, as these
elongations spanned less than 200 bp. The average elongation of 2C embryos was found to be
6544.05 bp longer than the average elongation in oocytes. A detailed overview of oocyte- and

embryo-specific 5> UTRs is shown in Table 6 and Figure 8.
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Figure 5: Total number of elongated genes observed in oocyte- and 2C embryo- 5" UTRS
compared to the official upstream 5" UTRs.

Table 6: Comparison of 5' UTR elongations of oocytes and 2C embryos.

Oocyte 2C Embryo
Total elongation 2 364 928 bp 3910134 bp
Number of elongated genes 362 299
Smallest elongation in size 1bp 1bp
Greatest elongation in size 181 713 bp 227 642 bp
Mean 6 532.95 bp 13077 bp
Median 258.5 bp 605 bp
Number of genes where 170 9
elongations < 200bp
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Figure 6: Histograms of oocytes and 2C embryos in categories according to length of 5
UTR elongation compared to the official annotated 5° UTR. Plotted are frequencies of
respective lengths. A: Oocyte frequencies for elongations smaller or equal than 500 bp. B:
Oocyte frequencies for elongations smaller or equal to 1000 bp. C: Oocyte frequencies for
elongations smaller or equal to 3000 bp. D: 2C Embryo frequencies for elongations smaller
or equal to 500 bp. E: 2C Embryo frequencies for elongations smaller or equal to 1000 bp.
F: 2C Embryo frequencies for elongations smaller or equal to 3000 bp.
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Figure 7: Comparison of 5' UTR elongations of oocytes and 2C embryos via boxplots.
From top to bottom: Oocyte with 5* UTR elongation smaller or equal to 500 bp; 2C embryo
with 5" UTR elongation smaller or equal to 500 bp; oocyte with 5* UTR elongation smaller or
equal to 1000 bp; 2C embryo with 5' UTR elongation smaller or equal to 1000 bp; oocyte
with 5" UTR elongation smaller or equal to 3000 bp; 2C embryo with 5" UTR elongation
smaller or equal to 3000 bp. Each of the “boxes” in the boxplots shows the interquartile
range. The vertical line splitting the “boxes “ corresponds to median, and the notch depicts
the confidence interval around the median. Mean is depicted as a diamond symbol.
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Figure 8: Comparison of 5' UTR elongations of oocytes and 2C embryos via a histogram.
Negative values (red) correspond to 2C embryo elongations of 5" UTR. Positive values (blue)
correspond to oocyte-specific elongations of 5' UTR. Plotted frequency (count) versus length
(bp). From top to bottom: Elongations less than 500 bp in size. Elongations less than 2500 bp

in size. Elongations less than 5000 bp in size.
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7.6 GC Content of Oocyte- and 2C Embryo-specific 5° UTRs

We wanted to compare GC content of oocyte- and 2C embryo-specific 5° UTR
extensions, as higher GC content is generally associated with tighter translational regulation.
For this and following analysis, we selected all 5> UTR elongations in the oocytes (not
elongated in somatic tissues), including those genes that are also elongated in 2C embryos,
and 5° UTR extension specific for 2C embryos (as those also elongated in the oocytes are to
some extent mRNAs originating in the oocytes stored after fertilization and might not be
transcribed in 2C embryos themselves). To calculate GC content, we used custom made GC
script generated previously in the laboratory (Appendix 1), using the genomic coordinates of
5’ UTR extensions and raw genomic sequence. As a control, we used annotated 5> UTRs

from chromosome 1.

As expected, 2C embryo-specific, and particularly oocyte-specific 5' UTR extensions
were more GC rich than the official 5' UTR. Interestingly, the 2C embryo 5' UTR GC content
(an average of 51.09%, a median of 49.66%) was more similar to the GC content of the
official 5" UTRs (an average of 50.63%, a median of 48.81%) than to the oocyte 5' UTR GC
content (an average of 55.59%, a median of 53.56%) (Figure 9).

In order to find out whether our results were statistically significant, we performed the
Mann-Whitney U nonparametric test for both oocytes and 2C embryos in categories of less
than or equal to 500 bp of elongations, less than or equal to 1000 bp of elongations, and less
than or equal to 3000 bp of elongations (Table 7). At a .05 significance level, we can
conclude that the oocytes and the official annotated 5' UTRs are nonidentical populations, as

well as the 2C embryos and the official annotated 5' UTRs are nonidentical populations.
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Table 7: Results of the statistical Mann-Whitney U test.

Tissue w p-value

Oocyte with an upstream | 732248 | <2.2e-16
5" UTR less than or equal
to 500 bp

Oocyte with an upstream 1028 177 | < 2.2e-16
5'UTR less than or equal
to 1000 bp

Oocyte with an upstream 1605439 | <2.2e-16
5'UTR less than or equal
to 3000 bp

2C Embryo with an 737 123 | 4.041e-14
upstream 5' UTR less than
or equal to 500 bp

2C Embryo with an 1115969 | 2.524e-09
upstream 5' UTR less than
or equal to 1000 bp

2C Embryo with an 1537 453 | 0.0003847
upstream 5' UTR less than
or equal to 3000 bp
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Figure 9: Comparison of GC content of oocytes and 2C embryos expressed as a violin plot.
From left to right: Annotated UTR, 2C embryo with 5’ UTR smaller or equal to 500 bp. 2C
embryo with 5' UTR smaller or equal to 1000 bp. 2C embryo with 5* UTR smaller or equal to
3000 bp. Oocyte with 5* UTR smaller or equal to 500 bp. Oocyte with 5' UTR smaller or
equal to 1000 bp. Oocyte with 5° UTR smaller or equal to 3000 bp. The horizontal line
corresponds to median, displayed within the quartile range (“box ) of each respective
dataset.

7.7 UORFs

We wanted to compare uORFs occurrence in 5° UTR extensions in oocytes and 2C
embryos compared to the annotated 5 UTRs as they represent one of the means of
translational regulation within 5> UTRs. We first generated sequences of the 5° UTR
extensions (for the same regions as in the previous chapter) including control annotated 5’
UTRs, using a custom-made script generated previously in the laboratory (Appendix 2).
Then, we analyzed uORF content using program ORF Finder, aiming to identify all ORFs
with length 5 codons or more. Because the program can analyze only with one sequence, we
randomly selected 46 sequences from the official 5 UTR annotation to serve as a control, 39
sequences from oocytes with upstream 5” UTR shorter or equal to 3000 bp, and 39 sequences
from embryos with upstream 5” UTR shorter or equal to 3000 bp. For oocyte and 2C
embryos, we selected 13 random sequences up to 200 bp in length, 13 random sequences
from 200 to 1000 bp in length, and 13 sequences from 1000 to 3000 bp in length. The
numbers of found ORFs were transformed into the number of ORFs per 100 bp of the UTR
sequence. On average, fewer uORFs were found in oocyte and 2C embryo 5’ UTR extensions

compared to the annotated 5° UTRs annotation (Figures 10 and 11). The difference was
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especially pronounced for oocytes that were observed to have on average 0.29059 fewer
UORFs per 100 bp compared to the official 5> UTRs. In contrast, 2C embryos had on average
only 0.028483 fewer uORFs per 100 bp compared to the official 5> UTRs.

Median per 100 bp reflected the same trend that uUORFs between 2C embryos and the
official 5> UTR annotations were more similar than uUORFs between oocytes and annotated 5’
UTRs (Figures 10 and 11). While the control annotated 5> UTRs had a median of 0.9009334
UORFs per 100 bp, oocytes had a median of 0.623053 uORFs per 100 bp, and 2C embryos
a median of 0.846262 uORFs per 100 bp.
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Figure 10: A boxplot with jitter plot and outliers. From left to right: ORFs per 100 bp in the
official annotated 5" UTRs. ORFs per 100 bp in oocytes. ORFs per 100 bp in 2C embryos.
Outliers denoted as red stars. Each of the “boxes” in the boxplots depicts the interquartile

range. The horizontal line corresponds to median, and the notch depicts the confidence
interval around the median.
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Figure 11: Scatterplot with ORF average and median per 100 bp for 12 categories. Mean is
denoted as a red circle; median is denoted as a blue triangle. A: Control official annotated 5’
UTR for ORFs shorter than 200 bp. B: Control official annotated 5’ UTR for ORFs between
200-500 bp. C: Control official annotated 5’ UTR for ORFs between 500-1000 bp. D:
Control official annotated 5" UTR for ORFs between 1000-3000 bp. E: Oocyte 5’ UTR for
ORFs shorter than 200 bp. F: Oocyte 5° UTR for ORFs between 200-500 bp. G: Oocyte 5’
UTR for ORFs between 500-7000 bp. H: Oocyte 5’ UTR for ORFs between 1000-3000 bp. I:
2C embryo 5" UTR for ORF's shorter than 200 bp. J: 2C embryo 5° UTR for ORFs between
200-500 bp. K: 2C embryo 5’ UTR for ORFs between 500-1000 bp. L: 2C embryo 5° UTR for
ORFs between 1000-3000 bp.

7.8 Sequence Motifs
In this section, we wanted to identify enriched sequence motifs in oocyte and 2C 5’
UTR elongations and check whether they are significantly similar to binding sites of RBPs or
recognition motifs of miRNAs. To achieve this, we used sequences of 5> UTR elongations
and control annotated 5 UTRs in fasta format generated in the same way as in the previous
chapter. We generated sequences for 5 UTR elongations up to 500 bp, up to 1000 bp, and up
to 3000 bp. These sequences were submitted into the MEME sequence analysis tool, with

sequences of annotated 5° UTRS as a control, to find enriched sequence motifs. Motifs with

43



significant p-values (below 0.1) were further submitted to the Tomtom program that searched
for the significant similarity of our identified motifs with known binding motifs of RBPs and

mIiRNA recognition sites.

The oocyte- and embryo-specific 5> UTRs with elongations shorter or equal to 3000
bp contain 136 miRNA binding sites. In contrast, no RBP binding sites were identified for
oocyte and embryo-specific 5> UTRs with elongations shorter or equal to 3000 bp.
Interestingly, we observed 3 RBP binding sites in oocyte- and embryo-specific 5° UTRs with
elongations shorter or equal to 500 bp. The same trend was observed for oocyte- and embryo-
specific 5> UTRs with elongations shorter or equal to 1000 bp. All of the identified RBP
binding sites serve as binding sites for 2 proteins - KHDRBS1 and RBM38.

Overall, more miRNA binding sites were observed in oocytes than in 2C embryos.
While oocytes carry 105 miRNA binding sites situated on 2 motifs, 2C embryos were found
to have 33 miRNA binding sites situated on 1 motif. The motif with the most binding sites for
miRNA is Motif2 of the oocyte 5 UTRs with elongations shorter or equal to 3000 bp, with
64 identified miRNA binding sites in total. For the embryo dataset, most miRNA binding
sites were discovered in Motifl of embryo 5> UTRs with elongations shorter or equal to 1000
bp, with 36 observed binding sites for miRNA. The motif with the smallest number of
binding sites for miRNA in oocyte- and embryo-specific 5> UTRs is Motifl of the embryo 5’
UTRs with elongations shorter or equal to 500 bp, carrying 7 miRNA binding sites.

The greatest number of identified motifs is in 2C embryo 5’ UTR elongations shorter
or equal to 1000 bp (5 motifs). The number of identified motifs in oocytes is 2 for every 5’

UTR elongation.

Overall, the results of this section suggest that 5° UTR elongations might serve as
recognition motifs for miRNAs, resulting in translational downregulation, and potentially as
binding sites for RBPs. Motif counts, sequences, logos, and binding sites for RBPs and
MIRNAs are below in Table 8 (mMiRNA) and Table 9 (RBPs).
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Table 8: A list of motif counts, sequences, logos, and miRNA binding sites found in oocyte-
and embryo-specific 5” UTRs.

Dataset | Motif | Sequence Logo MiRNA binding sites
Oocyte< | Motifl | CBSNSSCHG 1 MIMATO0019336, MIMAT0020637,
500 bp CBCCKSCS L e .eC.C. MIMAT0027790, MIMAT0016990,

MIMAT0028070, MIMAT0028413,
MIMATO0020615, MIMAT0020644,
MIMAT0025092, MIMAT0020641,
MIMATO0027770, MIMAT0017030,
MIMATO0017039, MIMATO0013803,
MIMATO0022357, MIMAT0027910,
MIMATO0014934, MIMATO0027860,
MIMATO0025583, MIMAT0027994,
MIMATO0014939, MIMATO0003499,
MIMATO0011213, MIMATO0027942,
MIMATO0031405, MIMAT0020630,
MIMATO0014841

Motif2 | TTTTCTCAA | MIMAT0022359, MIMAT0027751,
TTAGTGAT IHTCTCAAHAMTCAA AAA MIMAT0017084, MIMATO0000648,

CAAGGGGG MIMAT0004854, MIMAT0025136,
AAA MIMATO0003173, MIMATO0017261,
MIMATO0000655

Oocyte< | Motifl | CHSSSCSBS = MIMAT0019336, MIMATO0020637,
1000 bp CGC Jt - cCC MIMATO0007879, MIMATO0020641,
R = MIMAT0020644, MIMAT0025583,
MIMAT0003892, MIMAT0027860,
MIMAT0029815, MIMAT0017039,
MIMATO0031405, MIMATO0027773,
MIMAT0029838, MIMAT0029849,
MIMAT0016990, MIMAT0027788,
MIMAT0020630, MIMATO0028068,
MIMAT0027838, MIMAT0005860,
MIMAT0027862

MIMATO0014951, MIMATO0003120,
MIMATO0027747, MIMAT0027855,
MIMATO0027995, MIMAT0028039,
MIMATO0003127, MIMATO0004781,
MIMATO0027719, MIMAT0027805,
MIMATO0027983, MIMAT0028023,
MIMATO0028053, MIMAT0004862,

Motif2 | GGGAGG* 1 A MIMAT0027875, MIMAT0017342,
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MIMAT0019136, MIMAT0000240,
MIMATO0027977, MIMATO0028037

Oocyte <
3000 bp

Motifl

WDDVWGA
RARARAGR
ARAADRRA
NHDDRRRA
RDGARWV
MADVWNW
K

MIMATO0027815, MIMATO0027793,
MIMAT0027871, MIMAT0028130,
MIMAT0027989, MIMAT0029871,
MIMATO0028021, MIMATO0027693,
MIMATO0029801, MIMATO0027799,
MIMAT0027923, MIMAT0027921,
MIMATO0027931, MIMATO0007868,
MIMATO0027987, MIMAT0028390,
MIMATO0004862, MIMAT0025087,
MIMATO0027829, MIMAT0022985,
MIMATO0028132, MIMATO0027751,
MIMATO0027853, MIMAT0014956,
MIMATO0027893, MIMAT0022690,
MIMATO0028091, MIMATO0027837,
MIMATO0027927, MIMAT0028001,
MIMATO0017208, MIMAT0028063,
MIMATO0027947, MIMATO0003488,
MIMATO0029805, MIMAT0028027,

MIMATO0004704, MIMAT0028093,
MIMAT0027823, MIMAT0028033,
MIMATO0000668

Motif2

SNNVVNDG

SVDSNSMR

VVVNSHBB

NNBBHBCT

SNNBHBCY

NBNBCYBB
SV

MIMATO0020637, MIMAT0017030,
MIMAT0020615, MIMATO0007878,
MIMATO0000569, MIMAT0028076,
MIMATO0020641, MIMATO0027832,
MIMAT0031405, MIMAT0019336,
MIMAT0028133, MIMAT0028004,
MIMATO0028046, MIMAT0004861,
MIMAT0003499, MIMAT0003731,
MIMAT0027900, MIMAT0027918,
MIMATO0007876, MIMAT0011213,
MIMATO0027910, MIMAT0029836,
MIMAT0017039, MIMAT0025112,
MIMATO0014852, MIMATO0027864,
MIMATO0017059, MIMAT0029890,
MIMATO0027788, MIMAT0005460,
MIMATO0027870, MIMAT0016990,
MIMATO0027940, MIMATO0027838,
MIMAT0025110, MIMAT0031419,
MIMATO0031403, MIMAT0027994,
MIMATO0027816, MIMAT0004782,
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MIMAT0029843, MIMAT0035714,
MIMAT0029902, MIMAT0014862,
MIMATO0028438, MIMAT0028413,
MIMAT0027896, MIMAT0028000,
MIMAT0027936, MIMAT0028048,
MIMATO0027806, MIMAT0031427,
MIMATO0007879, MIMAT0028070,
MIMATO0027718, MIMAT0027846,
MIMATO0028050, MIMAT0000549,
MIMAT0009446, MIMAT0027830,
MIMATO0014941, MIMAT0022986,
MIMATO0020644, MIMATO0007867

2C embryo
<500 bp

Motifl | CACCTTTA MIMAT0020605, MIMAT0004572,
wrcrsacc | MMV s | samanrossocss. naonesio,
TACRCCTT MIMAT0031408, MIMAT0027343,

YYRYYK MIMAT0022364

Motif2 | SCHSVSSHB | MIMATO0019336, MIMATO0029799,
BSNCYBYH L ....... ¢ wee e | MIMAT0020637, MIMAT0031405,
NNSYBBNB MIMAT0029902, MIMAT0020641,
SNCWSVVS MIMATO0020615, MIMATO0028438,
NBCC MIMATO0027816, MIMATO0004821,

MIMAT0035714, MIMAT0031425,
MIMAT0003499, MIMAT0014862,
MIMAT0029878, MIMAT0028133,
MIMAT0004853, MIMAT0027712,
MIMAT0014934, MIMAT0004187,
MIMAT0028068, MIMATO0011213,
MIMAT0016990, MIMAT0017245,
MIMAT0003892

Motif3 | CWAYATDA MIMATO0025151, MIMATO0009407,
SGAHATTG hi\AgAIAéC AGAH AAA MIMAT0029896, MIMATO0017018,
GAAG | YA TeaacEl TR 1 MIMAT0003181, MIMAT0029871,

MIMATO0004533, MIMATO0000667,
MIMATO0004634, MIMAT0025099

Motif4 | ATTAAAGG MIMAT0029876, MIMAT0027833,

TGTGGTG | MIMAT0022371, MIMAT0025108,
A I MIMATO0017328, MIMATO0019356,
TR R RLAL MIMATO0004869, MIMAT0029853,

MIMAT0019136

Motifs | TGRAGATC | MIMAT0027991, MIMAT0027963,
TTGAGCCA T AA ATCIIT A CQAIA T CT MIMAT0031398, MIMATO0027807,
nerager | AFRTRESLAY
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MIMAT0000159, MIMAT0000669,
MIMATO0004704, MIMAT0029826

2C embryo
<1000 bp

Motifl

CHRGVRND
GVVVRGSM
NDNVVVDS
HVNSDBYY
YYNNVNSY
BBNSNS

MIMATO0020630, MIMAT0025178,
MIMATO0031405, MIMAT0014939,
MIMAT0029890, MIMAT0025583,
MIMATO0031409, MIMATO0027755,
MIMATO0027754, MIMAT0014858,
MIMATO0005460, MIMAT0029856,
MIMATO0027730, MIMAT0003499,
MIMATO0015646, MIMAT0014900,
MIMATO0016997, MIMATO0027758,
MIMATO0007876, MIMAT0019336,
MIMATO0028046, MIMAT0020621,
MIMATO0020637, MIMAT0007867,
MIMATO0029868, MIMAT0025166,
MIMATO0014901, MIMATO0017030,
MIMATO0028413, MIMAT0014917,
MIMATO0029802, MIMAT0014899,
MIMATO0025110, MIMAT0009459,
MIMATO0016982, MIMATO0025144

Motif2

THATCTKG
RCTATRBY
T

Tl

MIMATO0001091, MIMATO0020605,
MIMAT0003499, MIMAT0000235,
MIMATO0000745, MIMAT0004665,
MIMATO0003511, MIMATO0004643,
MIMAT0022378, MIMAT0029856

Motif3

TGGCTATG
GATTCCAG
AAGATTGA
ATCTCCGA
GTT

MIMAT0000131, MIMATO0000655,
MIMATO0004843, MIMATO0027847,
MIMATO0027753, MIMAT0004891,
MIMATO0004623, MIMAT0029829

Motif4

CACACCTT

MIMATO0025132, MIMATO0025091,
MIMAT0027104, MIMAT0027904,
MIMATO0029856, MIMAT0003461,
MIMATO0028080, MIMAT0031401,
MIMATO0027343, MIMAT0014898

Motif5

TGCTGGAG
AC

MIMAT0029801, MIMAT0028425,
MIMATO0000659, MIMAT0000656,
MIMAT0024857, MIMAT0028415,
MIMAT0027699, MIMAT0028449,
MIMATO0000144, MIMAT0020614,
MIMATO0025108, MIMAT0029855,
MIMAT0028419, MIMAT0025083,
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MIMAT0027970, MIMAT0028393,
MIMATO0004839, MIMAT0027979,
MIMATO0014877

2Cembryo | Motifl | SCWGBVVB | ° MIMAT0017179, MIMAT0024862,
<3000 bp NSMDGSHB | ¢, . . | MIMAT0011213, MIMAT0028054,
BBWSNVNS MIMAT0022362, MIMAT0000240,
VRVVBNSN MIMAT0027970, MIMAT0027819,
KGSSNNGSS MIMAT0027881, MIMAT0000649,

MIMATO0029902, MIMAT0003898,
MIMATO0014960, MIMATO0027846,
MIMATO0025089, MIMATO0027983,
MIMATO0000540, MIMATO0027790,
MIMATO0014862, MIMATO0017039,
MIMATO0014939, MIMATO0028135,
MIMATO0004643, MIMATO0017009,
MIMATO0003458, MIMATO0028392,
MIMATO0017246, MIMATO0000556,
MIMATO0009391, MIMATO0027988,
MIMATO0000597, MIMATO0009405,
MIMATO0000385

*Evaluated as very similar to other earlier specified motifs and may be biasing the results

Table 9: A list of motif counts, sequences, logos, and RBP binding sites found in oocyte- and
embryo-specific 5" UTRs.

Dataset | Motifs Sequence Logo RBP binding site
Oocyte < Motif2 | TTTTCTCAATTA -[ KHDRBS1
500bp GTGATCAAGGG ] H]'CICM”“ATCM AAA

GGAAA
Oocyte < Motif2 GGGAGG* l RBM38
1000 bp MW A '
2C embryo Motif3 | CWAYATDASGA K; KHDRBS1
<500 bp HATTGGAAG ‘ ,%A%AI?A?%ACAHT»AA%
Motif4 ATTAAAGGTGTG KHDRBS1, RBM38
T

*Evaluated as very similar to other earlier specified motifs and may be biasing the results.
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8 DISCUSSION

The official annotation of 5> UTRs in genome browsers mostly represents the 5°
UTRs of respective mRNAs in somatic tissues. However, recent publications (Veselovska et
al., 2015; Zhang et al., 2014a) revealed that transcriptomes of oocytes and early embryos

appear to differ from somatic tissues.

In order to explore the oocyte- and embryo-specific 5 UTRS, we processed publicly
available RNA-seq datasets from various developmental stages of mouse, including oocytes,
preimplantation embryos, and adult somatic tissues. We inspected appropriate literature and

databases to produce an extensive knowledge base for our research.

Through our work, we identified novel upstream 5° UTRs of annotated genes in
oocytes, embryos, and adult somatic tissues. The highest number of novel upstream 5 UTRs
was identified in oocytes and early embryos (2C, 4C), followed by brain, lung, and spleen
from the somatic datasets. We speculate that at least some of the novel upstream 5> UTRs
that we discovered in early embryos (especially 2C) could represent retained oocyte mRNA
after fertilization. Alternatively, it could have been newly transcribed mRNA from the same

upstream promoter as in the oocytes.

It is important to note that some 5 UTRs might have been misannotated during the
de novo transcriptome assembly, for example, 5> UTRs might not be fully annotated in cases
when transcripts with longer 5> UTR has low expression, and therefore the prolonged 5 UTR
is either missing or is divided into an array of same strand monoexonic genes in the proximity
of 5’ end of the gene. In addition, there might be problems with the annotation in the case of
bidirectional promoters in datasets without strand specificity, where the gene transcribed in
the opposite direction could be misannotated as prolongation of 5> UTR of the first gene
because of the lack of strand information of the RNA-seq reads. The preimplantation
embryonic datasets are not strand-specific. Consequently, the assemblies from embryonic

data may not be as accurate.

Afterwards, we compared the novel upstream 5’ UTRs found in 2C embryos and
oocytes. The number of embryo-specific upstream 5’ UTRs found was higher than the
number of oocyte-specific 5° UTRs, although the difference was quite small (109 genes).
Interestingly, the number of genes found in both 2C embryos and oocytes was much lower,
with only 668 genes in total.
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We characterized those genes with an upstream 5” UTRs in oocytes and 2C embryos
that lacked an upstream in all somatic tissues. A number of these elongations was very long
compared to the official annotated 5 UTRs. We discarded such elongations that were longer

than 3000 bp, as they probably represented alternative splicing isoforms.

The fact that we identified oocyte- and embryo-specific 5° UTRs that were longer in
length than the annotated 5° UTRs is not surprising, not only because exclusively 5> UTRs
displaying elongations were analyzed, but also since it was previously observed that the
greater length of 5° UTR corresponds to a greater level of regulation (Hurowitz and Brown,
2003; David et al., 2006). Following fertilization, the cell divides and differentiates, and
appropriate control is crucial for proper development of the organism, hence adequate
regulation is necessary. Interestingly, the elongations of 5 UTRs of 2C embryos were
observed to be greater in length than those in oocytes. However, majority of the elongations
was rather short, with medians of 340.5 bp for oocytes and 475 bp for 2C embryos, compared
to the annotated 5° UTRs.

We further inspected those genes that were elongated in 5> UTRs in both 2C embryos
and oocytes. We discovered that the total length of elongations in 5> UTRs of 2C embryos
was 39.518% greater compared to the total elongations of 5> UTRs in oocytes. This is
interesting when combined with the fact that the upstream 5° UTR elongations in 2C embryo
were 50.042% longer on average compared to the oocyte elongations. We discovered that
269 of these 5° UTR elongations in 2C embryos were most likely retentions of oocyte mRNA
as the difference between the oocyte and 2C elongation was shorter than 200 bp and might,

therefore, represent the same misannotated 5 UTR.

Through our analysis, we discovered that oocyte- and embryo-specific 5> UTRs were
more GC rich than the official annotated 5” UTRs. As the GC content is greater, it is likely
that the upstream regions contained secondary structures. The GC content of embryo-specific
5> UTRs was only 0.46% greater than the GC content of the official 5° UTRs, while the GC
content of oocyte-specific 5 UTRs was 4.9% greater than the GC content of the official 5
UTRs. The GC content of both oocyte- and embryo-specific 5 UTRSs proved to belong to
statistically different populations than the GC content of the official annotated 5 UTRs. The
greater GC content for oocyte- and embryo-specific 5° UTRs matched our expectations,
since, generally, GC bond confers greater stability per base than an AU hairpin and therefore

the translation can be more precisely regulated (Babendure et al., 2006). The early

51



developmental stages require strictly controlled translation as translation timing could be

crucial in pattern formation and differentiation.

We also discovered that on average, fewer uUORFs were found in oocyte- and 2C
embryo-specific upstream 5° UTRs compared to the annotated 5° UTRs. The difference was
greater for oocyte-specific 5° UTRs than for embryo-specific 5> UTRs. However, these were
just the elongations of the annotated 5° UTRs, therefore, the translation of respective mMRNAS
is affected by uORFs from both the elongation and the annotated 5 UTRs. As Calvo
previously stated that uUORFs reduce the protein expression on average by 30-80% (Calvo et
al., 2009), extra UORFs present in the 5> UTRs elongations might cause translational
downregulation on top of the effect of UORFs in the annotated 5> UTRs. On the other hand,
the effect of UORFs being distant from the main AUG codon is not clear. In addition, uUORFs
can result in the translation of short peptides (Ji et al., 2015), which might affect oogenesis or

early development.

We identified 136 new recognition sites for miRNA in oocyte- and embryo-specific 5°
UTRs for elongations shorter or equal to 3000 bp. This possibly infers tighter regulation of
genes via mMRNA-miRNA interaction, likely though translational repression and/or
degradation of RNA (Bartel, 2009; MacFarlene and Murphy, 2010). Probably the most likely
scenario, due to their position in 5> UTR, is that the miRNA could block translational
initiation. It is not surprising that such a large number of sites was identified since it is
predicted that a great portion of protein-coding genes (30% in humans) is regulated through
miRNAs (Rajewsky, 2006). Nevertheless, the probability of identified miRNA to regulate
MRNAs should be further explored by analyzing the expression profile of individual miRNAs
to find out whether they are expressed in relevant developmental stages and to analyze their
stoichiometry with the respective mRNAs (i.e. if they are capable of imposing regulation).

In contrast to miRNA recognition sites, not many RBP binding sites were discovered.
We identified the binding sites for two RBPs — RBM38 and KHDRBS1. RBM38 is an RBP
that serves as a target of the p53 family and regulates the expression of p53 through mRNA
translation (Zhang et al., 2014b). Mice that are RBM38-deficient are susceptible to
spontaneous tumor development, express hematopoietic defects, and are vulnerable to

accelerated aging (Zhang et al., 2014b).

KHDRBS1 (KH domain containing, RNA binding, signal transduction associated

protein 1) functions as an adapter protein in signal transduction cascades and has a role in
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G2-M progression in the cell cycle (Kim et al., 2016). When homozygously mutated, the
gene prevents mice from experiencing age-related bone loss and formation of fatty bone
marrow, leaving males infertile (Demontiero et al., 2011). These two RBPs were therefore
not associated with oogenesis or preimplantation development yet, therefore, we would first
have to check whether they are expressed in the relevant developmental stages, before

exploring them further.

An alternative approach to identifying RBP binding sites would be to use RBPmap
(Paz et al., 2014). While this tool provides all of the motifs of all RBPs and outputs their
location within a given sequence, it offers a lot of redundant information (e.g. proteins
binding to 3 UTRs). RBPmap also does not evaluate the results statistically. Another way
would be to use the DREME tool (Bailey, 2011) to search for discriminative regular
expression motif elicitation. Still, it is not guaranteed that any relevant RBP binding sites
would be discovered, since RBPs in 5° UTRs often have binding sites with unknown

sequence binding motifs.

This project will serve as a basis for future bioinformatic analyses of 5 UTRs as well
as experimental functional analyses of 5° UTRs of selected genes. The analysis could be
extended to other selected mammalian species to offer an overview of the oocyte- and
embryo-specific 5> UTRs across species. Alternatively, the data could be analyzed to obtain
information about the transposable elements, intra-UTR splicing, or novel 5> UTRs resulting
from alternative splicing of the coding sequence, or insights into the secondary structures
found within the 5> UTRs elongations. In addition, the analysis will be continued by pairwise
comparison of annotated and novel 5> UTRs of the same genes to obtain more insights into
the effect of the 5° UTRs elongations. Experimentally, we could analyze the effect of
prolonged 5’ UTRs on transcription, localization, stability, and rate of translation of mMRNAs

of selected candidate genes and its potential implications for early mammalian development.
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9 CONCLUSION

The 5> UTRs of oocytes and early embryos appear to be different from the 5 UTRsS
found in somatic tissues, that represent the official annotation of 5> UTR. In order to identify
oocyte- and embryo-specific upstream 5° UTRs, we processed RNA-Seq datasets from mouse
oocytes, preimplantation embryos, and somatic tissues. We identified novel upstream 5’

UTRs for oocytes, preimplantation embryos, and adult somatic tissues.

We focused on 5* UTRs specific for oocytes and 2C embryos. We obtained the means
and medians for the total length of elongations of oocyte- and 2C embryo-specific 5> UTRS
as compared to the official annotated 5° UTR. We further characterized the differences in
length for genes that were found in both oocyte and 2C embryo 5° UTRs. Our findings
matched our assumption that we would find oocyte and embryo-specific 5 UTRs that were
longer, as greater length tends to indicate a mechanism of tighter control that is crucial for the

proper development of an organism.

The characterization was further extended to the analysis of GC content and uORFs of
oocyte- and embryo-specific 5> UTRs. We observed that the GC content was higher for
oocyte- and embryo-specific 5> UTRs than for the official annotated 5° UTRs. Interestingly, a
lower number of uORFs was identified for oocyte- and embryo-specific 5> UTRs, and we

speculate that it is due to an increase in protein expression.

Moreover, we identified 136 recognition sites for miRNAs and no binding sites for
RBP in oocyte- and embryo-specific 5° UTRs with elongations smaller or equal to 3000 bp.
68.5714% more miRNA recognition sites were observed in oocytes than in 2C embryos.

Further analysis of RBP binding sites is necessary in order to draw a conclusion.

Our data, python scripts, and results could further be used to increase the depth of
characterization for oocyte- and embryo-specific 5> UTRs. It could also serve as a guideline
for such characterization to be extended to other mammalian species, and analyses of other
features, such as transposable element content, presence of secondary structures, etc. One
could also develop upon the elements of this research project that were not addressed — e.g.
the characterization of genes that has a 5> UTR that was longer than 3000 bp. Moreover,
these results confirmed the claim laid by recent publication (Veselovska et al., 2015; Zhang et
al., 2014), as the oocyte- and embryo-specific 5> UTRs were found to differ from the official
annotated 5” UTRs.
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11 APPENDICES

e Appendix 1: Python script used for GC/CpG content evaluation (developed by
Nikolas Tolar)

e Appendix 2: Python Script for data extraction (developed by Nikolas Tolar)

e Appendix 3: R script to produce a histogram with a specified y-axis limit

e Appendix 4: R script to produce horizontal notched boxplots with means

e Appendix 5: R script to produce a histogram with specified x-axis boundaries

e Appendix 6: R script to produce a violin plot with median and quartile

e Appendix 7: R script to produce a notched boxplot with jitter plot, outliers displayed
in red

e Appendix 8: R script to produce a scatterplot of means and medians for a selection of
12 datasets

64



Appendix 1. Python script used for GC/CpG content evaluation (developed by Nikolas

Tolar).
Files name: GC_CpG_content_calculator.py

Language: Python

Description: A python script that serves for the evaluation of the GC and CpG content.

Input file: A .txt file with annotation of genomic coordinates and fasta files with mouse

genomic sequences split into individual chromosomes.

Output file: A new .txt file with quantified GC and CpG values.

# GC/CpG content evaluation tool @Nikolas Tolar JCU 2019

=

the program takes annotation file and raw
new file with previous annotation with GC
# individual regions

=

#H4 --— Editable part ---
annotation name = "utr.txt"
raw_data name = "mus.fa"

output name = "utr GC.txt"

GC switch =1
CpG switch = 0

### --- Do not touch me part ---
output = open(output name,'a’')
anot_data = open(annotation name,'r')

anot line = anot data.readline()

data file as input and creates
and CpG values calculated for

output.write(anot line[:-1] + "\tGC content' + '"\tCpG content \n')
printlanot_line[:-1] + '"\tGC content' + '\tCpG content')

anot line = anot data.readline()
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#main cycle goes thru the lines of annot and computes target values
while anot line I= '':

anot line s = anot line.split('\t')

char count = 0

gc_count = 0

cpg_count = 0

data file name = anot line s[0] + raw_data name
data file = open(data file name,'r')

data file.readline()

data = data file.read()

data = data.replace('\n','")

data = data[intlanot line s[1])-l:int(anot line s[2])]
data file.closel)

#controling the output line format
if anot line[len(anot line)-1] == '"\n':
output line = anot line[:-1]

else:
output line = anot line

#GC switch part
if GC_switch ==

for char in data:
if char in ['G','C',"g","c","A","T","a’, £, U, u’, N, n ]
char count += 1
if char in ['G','C',"g","c']:
gc_count += 1

gc_cont = round(gc_count/len(data)*100,2)
output line = output line + '\t' + str(gc_cont) + "%

#CpG switch part
if CpG_switch ==

for n in range(len(data)-1):
if dataln] in ['C","c'] and data[n+1] in ['G","g"]:
cpg_count = cpg count + 1

cpg_density = round(cpg_count/(len(data)/2)*100,2)
output line = output line + '"\t' + str(cpg density) + "%"

output line = output line + '\n'’
#common part
printlfoutput_line,end="")

output.write(output line)
anot_line = anot data.readline()

anot data.close()
output.close()
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Appendix 2. Python Script for data extraction (developed by Nikolas Tolar).
Files name: non_gtf search_tool_fixed index.py
Language: Python

Description: A python script that serves for extraction of sequences that correspond to the

extra upstream regions.

Input file: Raw mouse genome sequence split into individual chromosomes, an annotation of
genome coordinates of regions of interest, and a list of names of regions of interest from the
annotation for which we would like to obtain the sequence.

Output file: Sequences of regions of interest in fasta format.

### NON GTF

##4# Nikolas Tolar data extraction tool, at JCU 2019

# ----- Editable part -----

genes name = 'mus.fa'

annotation name = 'utr forseq.txt'
output = open('utr sequences','a')

query = open('utr list.txt')
merge = 0

# - Do-not-touch-me part —-----

def caller(value,neg,k=0):
ret = "'

if neg == 0:
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ret = ret + ' positive strand oc ' + str(k) + '"\n’
else:
ret = ret + ' negative strand oc ' + str(k) + '"\n’

return ret

def translate read back(string):

string new stringllen(string)-1:0:-1] + string[0]
string new = string new.replace('A','R")
string new = string new.replace('T','A")
string new = string new.replace('R','T")

string new = string new.replace('C','F")
string new = string new.replace('G','C")
string new = string new.replace('F','G")

return string new

def data extraction(text, gene pool):

start = int(text[2])
stop = int(text[3])

segment = gene pool[start-listop]
return segment

def insert newlines(string, every=60):
lines = []

for i in range(0, len(string), every):
lines.append(string[i:i+everyl])

ret = '\n'.join(lines)
return ret

def get_exons(genes_name, annotation name, query, merge):

transcript name = query.readline().strip('\n")
while transcript name I= '':

annotation = open(annotation name)
neg = 0
res_exons =

T

res_list =[]

while True:

text = annotation.readline()

if text == '":
break

if transcript name in text:
text = text.split()

# accesing correct chromosome file

genes = open(text[l]+genes name)
genes.readline()
gene pool = genes.read()
gene pool = ''.join(gene pool.split())
genes.close|)
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if text[4] == '-":
neg = 1

if merge == 1:
res_exons = res_exons + data extraction(text,gene pool)

elif merge == 0:
res_ list.append(data extraction(text,gene pool))
if merge ==

if neg == 1:
res exons = translate read back(res_ exons)

res_exons = insert newlines(res_exons)
message = caller(merge,neq)

print('> ' + transcript name + message + res exons + '\n')
output.write('> ' + transcript name + message + res_exons + '\n\n')

else:

for n in range(len(res list)):
message = caller(merge,neg,n)

if neg ==
res = '> ' + transcript name + message +
insert newlines(translate read back(res list[n]))

else:
res = '> ' + transcript_name + message +

insert newlines(res_list[n])
print(res + '\n'")

output.write(res + "\n\n')

annotation.close()
transcript name = query.readline().strip('\n")

get exons(genes name, annotation name, query, merge)

output.close()
query.close()
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Appendix 3. R script to produce a histogram with a specified y-axis limit.

Files name: basic_histogram.R

Language: R

Description: R script to produce a histogram with a specified y-axis limit. Script output can
be found in Figure 6.

Input file: Selected data copied from a periodic table spreadsheet.

Output file: Basic histogram.

#basic histograms

combined<-read.delim('clipboard')# load data into the variable

# create a histogram, specifying the Dataset, adjusting the y-axis
dimensions that display frequency, the x-axis dimensions that display the
length in bp, and ‘breaks’ (2882 for oocyte datasets, 2794 for embryo
datasets)

y<-hist(combined$Length[combined$Type=='00c500"], ylim=c(0,11), breaks= ,
x1im=c( , )
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Appendix 4. R script to produce horizontal notched boxplots with means.

Files name: horizontal _notched_boxplot.R

Language: R

Description: R script to produce horizontal notched boxplots with means. Script output can
be found in Figure 7.

Input file: Selected data copied from a periodic table spreadsheet.

Output file: A horizontal notched boxplot.

#Horizontal notched boxplot of oocyte- and 2C embryo elongations in
contrast to the official annotated UTRs presented with respective means

library(ggplot2) # import library
elongVSofficial<-read.delim('clipboard')# load data into the variable

# create a notched boxplot with means depicted as diamonds
pp<-ggplot(elongVSofficial, aes(x=Dataset,y=bp))+geom boxplot(notch=TRUE)
+stat summary(fun.y=mean, geom='point', shape=23, size=4)

pptcoord flip()# flip coordinates
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Appendix 5. R script to produce a histogram with specified x-axis boundaries.
Files name: hist_elongation.R
Language: R

Description: R script to produce a histogram with specified x-axis boundaries. Script output
is found in Figure 8.

Input file: Selected data copied from a periodic table spreadsheet.

Output file: A histogram of oocyte- and 2C embryo elongations.

# Histogram of respective oocyte- and 2C embryo-specific 5’ UTR genes’
elongations in 3 dimensions

library(ggplot2) # import library
elong<-read.delim('clipboard')# load data into the variable

# create a histogram of elongations, specify dataset of origin through
color

g<-ggplot(elong, aes(x=bp, color=Dataset))+geom histogram(binwidth = 1)
# adjust the displayed x-axis, through adjustments we create 3 histograms

for 3 respective dimensions
g+x1im(- , )
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Appendix 6. R script to produce a violin plot with quartile and median.

Files name: violin_plot.R

Language: R

Description: R script to produce a violin plot with median and quartile to display GC
content. Script output found in Figure 9.

Input file: Selected data copied from a periodic table spreadsheet.

Output file: A violin plot with quartile and median.

# Violin plot with median and quartile to display GC content for respective
datasets

library(ggplot2) # import library
GCcontent<-read.delim('clipboard')# load data to plot into the variable
# create the violin plot of GC content for respective Dataset without

trimming the tails
p<-ggplot(GCcontent, aes(x=Dataset, y=GC))+geom violin(trim=FALSE)

# add median and quartile to each plot
m<-p+geom_boxplot(width= )
m # draw the plot
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Appendix 7. R script to produce a notched boxplot with jitter plot.

Files name: notched boxplot_jitter.R

Language: R

Description: R script to produce a notched boxplot with jitter plot, outliers displayed in red.
Script output found in Figure 10.

Input file: Selected data copied from a periodic table spreadsheet.

Output file: A notched boxplot with jitter plot and outliers.

# Notched boxplot with jitter plot and outliers for plotting ORFs per 100
bp for 3 categories.

library(ggplot2) # import library
ORFno<-read.delim('clipboard') # load data into the variable
head(ORFno)

#create a notched boxplot with outliers depicted as red stars
v<-ggplot(ORFno, aes(x=Dataset, y=No per 100bp))+

geom_boxplot(notch=TRUE,outlier.colour="red", outlier.shape=8,outlier.size=1)

#add jitter plot and adjust position

v+geom jitter(shape=16, position=position jitter( ))
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Appendix 8. Scatterplot of mean and median.

Files name: scatter.R

Language: R

Description: R script to produce a scatterplot of mean and median for a selection of 12
datasets. Script output found in Figure 11.

Input file: Selected data copied from a periodic table spreadsheet.

Output file: A scatterplot for mean and median

# Scatterplot for mean and median per 100 bp for ORFs in 12 datasets
library(ggplot2) #import library
ORFs<-read.delim('clipboard') #load data into the variable ORFs

head(ORFs)

fcreate the graph, each point represents the mean for a given dataset,
triangle represents the median of the respective dataset, grouping
according to the type of statistical evaluation

ggplot(ORFs, aes(x=DATASET, y=VALUE, shape=STATISTIC, color=STATISTIC,
fi11=STATISTIC))+geom point(size=5)

+geom_rug() #adds a rug
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