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ABSTRACT 

The maternal determination of a developmental plan has been described in many animal 

species. The most well-known examples are found in the embryogenesis of C. elegans and 

D. melanogaster. In vertebrates, these studies are often limited by the size of oocytes to just a 

small subset of model organisms. The most comprehensive research can be found dealing with 

the early development in the frog, Xenopus laevis. Its oocytes, displaying differently pigmented 

animal and vegetal hemispheres, are patterned by an asymmetric distribution of maternal 

factors. These proteins and RNAs of maternal origin are stored in the oocyte and provide the 

only source of cell differentiation until the zygotic genome activation. Here, we address the role 

of RNA localization in this process. We assessed the localization patterns of both, maternal 

mRNAs and lncRNAs and found that, in addition to protein coding transcripts, lncRNAs also 

form concentration gradients along the animal-vegetal axis. Furthermore, using RT-qPCR 

tomography, we have now been able to demonstrate a difference between actively localized 

extremely animal group and spontaneously localized animal group of transcripts, a distinction 

emerging from the transcriptome characterization performed in our laboratory. Additionally, we 

found that the extremely animal transcripts and the novel vegetally enriched lncRNA play an 

important role in the specification of the ectodermal and primordial germ cell lineages, 

respectively. 

 

 

Key words: RNA localization, Xenopus laevis, early development, maternal mRNAs, maternal 

lncRNAs, ectoderm 
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ABSTRAKT 

 

Maternálny vplyv na skorý vývoj je známy u mnohých živočíchov, predovšetkým 

z embryogenézy C. elegans a D. melanogaster. Výskumy tohto typu u stavovcov sú limitované 

najmӓ rozmerom vajíčok, obmedzujúc výber vhodných modelových organizmov. Výhodným 

modelom pre výskum vplyvu maternálnych determinantov na skorý embryonálny vývoj sú 

veľkorozmerné vajíčka Pazúrnatky vodnej (Xenopus laevis) s ľahko rozlíšiteľnou tmavou 

(animálnou) a svetlou (vegetatívnou) hemisférou. Animálne – vegetatívna (A-V) os tvorí základ 

pre tvorbu gradientov kľúčových biomolekúl. Proteíny a RNA maternálneho pôvodu, 

uskladnené vo vajíčku z obdobia oogenézy, sú jediným prostriedkom pre bunkovú diferenciáciu 

až do aktivácie genomu zygoty. Táto práca sa zameriava na úlohu RNA lokalizácie v danom 

procese. Stanovením lokalizačných profilov vybraných maternálnych transkriptov sme zistili, že 

okrem mRNA pozdĺž A-V osi aktívne lokalizujú aj dlhé nekódujúce lncRNA. Pomocou 

RT-qPCR tomografie sme taktiež boli schopní detegovať rozdiel medzi extrémne animálnou 

skupinou transkriptov, ktorá je lokalizovaná aktívne, a animálnou skupinou transkriptov. Tento 

výsledok bol predikovaný nedávnou trankriptomovou analýzou vykonanou našou skupinou. 

V závere ukazujeme úlohu extrémne animálne lokalizovaných transkriptov v špecifikácii 

ektodermálnej línie a úlohu novo identifikovanej lncRNA v primordiálnych zárodočných 

bunkách. 

 

 

Kľúčové slová: RNA lokalizácia, Xenopus laevis, skorý vývoj, maternálne mRNA, maternálne 

lncRNA, ektoderm 
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1 INTRODUCTION 

The ability of a differentiated female germ cell (oocyte) and the male germ cell (sperm) to form 

a totipotent zygote upon fertilization is one of the fascinating mysteries of life. This fusion 

provides a starting point for the embryonic development, giving rise to every cell type in the 

body of an adult organism. Along the way, different mechanisms (cytoplasmic determination 

and inductive cell-cell signaling) are used to do so, causing the main dichotomy in the modes of 

development. The mosaic development, where every cell is specified by its cytoplasmic content, 

as derived from the ooplasm, is traditionally perceived as a hallmark of invertebrates. While the 

regulative development, where cells acquire their identities by interaction with neighbouring 

cells and environmental cues, is thought to be a vertebrate mode. However, we begin to 

understand that neither animals use one or the other mechanism unilaterally and these processes 

can also be interconnected (Lawrence and Levine, 2006). A discovery of localized determinants 

in Xenopus oocytes (Rebagliati et al., 1985) brought “mosaicism” into play of cell fate 

specification in regulative vertebrate embryos, confirming a maternal impact. Yet, the 

pre-patterned development, with asymmetrically distributed fate determinants in the zygote, 

does not seem to be universal for every vertebrate species (Hiiragi et al., 2006; Solter, 2016) or 

at least does not appear as prominently, given the current experimental techniques available 

(Skamagki et al., 2013; Zernicka-Goetz, 2005). To what degree is then maternal determination 

used in early development of vertebrates? And what molecular machinery is behind it? 

The overview of RNA localization 

RNA localization is a widespread mechanism conserved in eukaryotic cells to achieve polarity 

(Blower, 2013). Creating different domains in the cell cytoplasm by targeting mRNAs to the 

desired location serves to fine-tune gene expression in a given microscopic environment  (Shav-

Tal and Singer 2005; Medioni, Mowry, and Besse 2012). This allows for spatially and 

temporally restricted or regulated protein synthesis and could facilitate the formation of 

multiprotein supercomplexes in otherwise unfavorable conditions. RNA localization as such can 

be seen as an additional level of post-transcriptional regulation (Martin and Ephrussi, 2009). 

Localized translation of transported mRNAs is essential for key physiological events in many 

highly polarized cell types (Shav-Tal and Singer 2005; Zappulo et al. 2017). A classic example 

being β-actin mRNA transport to cell protrusions in the leading edge of a migrating fibroblast. 

The main focus has been given to RNA localization in development of the neuronal system, 

including axon guidance and synaptic morphogenesis and plasticity (Zappulo et al., 2017), 
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where its dysfunction can have a detrimental effect and is connected to multiple neuromuscular 

disorders (Chin and Lécuyer, 2017).  

RNA molecules can be targeted to a subcellular location by several different mechanisms 

(Medioni et al. 2012; Cody, Iampietro, and Lécuyer 2013). Transcripts that are initially freely 

diffused can become asymmetrically accumulated by being locally protected from decay 

(Fig. 1A) or by anchoring to a cellular structure (Fig. 1B). As opposed to these two, the third 

mechanism involves active transport of RNAs along the cytoskeleton (Fig. 1C). In the process, 

cis-acting localization element or zipcode encoded in the transcript sequence is recognized by 

trans-acting factors, generally RNA-binding proteins (RBP), forming ribonucleoprotein 

particles (RNP) (Lewis et al. 2004; Martin and Ephrussi 2009).  

 

Fig. 1. Mechanisms of RNA localization. The transcripts can become asymmetrically localized by being 

globally degraded except for within a subcellular domain where they are protected (A), or by being 

entrapped by a cellular structure (B). The third mechanism (C) involves formation and remodeling of 

ribonucleoprotein particle (RNP), a complex where mRNA is bound by RNA binding protein (RBP) and 

its translation is inhibited. RNP is subsequently transported by molecular motors along the cytoskeleton 

and anchored in the final destination, where it can be translated (Adapted from Medioni et al. 2012). 

Cytoskelon 
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Zipcodes usually reside within the 3`UTR of mRNA transcript, but they have also been found 

within the 5`UTR and the coding region. However, in some cases, RBP and target recognition is 

not sequence-based, rather it relies on the conformation and secondary structure motifs of the 

transcript to determine specificity of the binding (Chin and Lécuyer, 2017).  

 After binding to the RNA, the RNPs then recruit a molecular motor, such as kinesin, dynein or 

myosin, which facilitates their transport to one end of the polarized microtubule networks or 

actin filaments (Medioni et al., 2012). Durin this localization, the translation of the transcript is 

often repressed. It has been shown that non-coding RNAs, together with RBPs, can be a part of 

the RNPs (Batista and Chang, 2013a) and may regulate translational silencing of the 

translocating mRNAs, as was previously shown in the axon growth of primary sensory neurons 

(Wang et al., 2015). Several things can affect the typical localization of mRNA. The assembly 

of RNPs can be initiated co-transcriptionally in the nucleus, which can later alter downstream 

cytoplasmic targeting in various ways (Blower, 2013). Alternative splicing can also lead to two 

differently localized mRNA isoforms or produce an isoform that is preferentially targeted by the 

RNA localization machinery (Chin and Lécuyer, 2017; Martin and Ephrussi, 2009). 

RNA localization and cell fate 

RNA localization of cell fate determinants leads to asymmetric cell division (ACD), a 

phenomenon primarily associated with stem cell maintenance (Inaba and Yamashita, 2012) that 

is also widely utilized during the developmental process (Bilinski et al., 2017; Nakama et al., 

2017). In this organized process, the newly created daughter cells inherit different features, 

which predetermine them to different cell fates. However, in some cases, the daughter cells 

differentiate only after complete cytokinesis, due to external signals from their environment 

(Gönczy, 2008; Inaba and Yamashita, 2012). In order to give rise to distinct progeny, mother 

cell has to undergo a series of events including breaking initial symmetry, becoming polarized, 

segregating fate determinants and adjusting mitotic spindle position, which often leads to the 

unequal size of daughter cells (Gonczy 2008). These steps are also repeated by oogonial 

divisions in many species to form future oocytes and pre-create what will become the basis of 

the embryonic body axes (Bilinski et al., 2017; Escobar-Aguirre et al., 2017). Similar strategy is 

utilized in subsequent divisions of a fertilized egg (Flachsova et al., 2013; Nakama et al., 2017). 

Most of our knowledge about stem cell asymmetric division in development comes from 

research done on invertebrate model organisms Caenorhabditis elegans and Drosophila 

melanogaster. In Caenorhabditis, asymmetry can be observed in the very first zygotic division 

resulting in a bigger AB cell which is located anteriorly and a smaller P1 cell, the progenitor of 

germline located at the posterior end of the embryo. Drosophila larval neuroblasts and sensory 
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organ precursors are other model systems traditionally used for ACD studies (Gönczy 2008; 

Neumüller et al. 2009; Inaba and Yamashita 2012). Both of these organisms share common 

mechanisms for achieving ACD. Crucial players are proteins of Par family, that polarize the cell 

cortex and distinct proteins and mRNAs that localize asymmetrically, serving as fate 

determinants (Gönczy, 2008; Neumüller et al., 2009). 

 A similar role of the unequal segregation of determinative molecules can be found in early 

development mostly in the mosaic mode, typical for invertebrates, where it serves to specify cell 

lineages. Nevertheless, it contributes to the formation of more complex vertebrate body plans as 

well (Houston 2013; Bilinski et al. 2017; Escobar-Aguirre et al. 2017). 

Oocytes and asymmetry 

Upon fertilization and after formation of a nucleus, there is a period of time with no 

transcription from the nascent genome (Jukam et al., 2017). During this time, initial stages of 

development are governed by the biomolecules provided by the mother and stored in the oocyte 

throughout oogenesis. Maternally contributed factors break the oocyte symmetry, polarize the 

cytoplasm of the egg and pattern the embryo. In the fast developing embryos of Xenopus, the 

cleavage period is under the control of maternal factors, serving as cytoplasmic determinants for 

differentiation in cells that inherit them (Houston 2013; Escobar-Aguirre et al. 2017). The 

timing of a zygotic genome activation (ZGA), the final stage of maternal-zygotic transition 

marked by the onset of transcription, varies greatly among vertebrate species  (Jukam et al., 

2017). While the major ZGA in Xenopus takes place at midblastula stage (called midblastula 

transition, MBT) with few exceptions (Skirkanich et al., 2011), the mouse embryo seems to 

initiate expression of zygotic genes much earlier, during the first cell division. 

The general role of  maternal factors in the polarization of oocyte cytoplasm for future 

patterning is underlined by its conservation in evolutionary distant animal species (Kumano, 

2012) from cnidarians (Amiel and Houliston, 2009), nematodes (Updike and Strome, 2010), 

annelids (Nakama et al., 2017), insect (Wilson and Dearden 2013; Wilk et al. 2016), all the way 

to vertebrate model organisms from the anamniote group (Houston, 2013) such as the Xenopus 

laevis (King et al., 2005) or Danio rerio (Elkouby et al., 2016). 

Controversial mammals 

Despite the hints and insights gained from the studies of the above-mentioned species, the 

asymmetry of mammalian oocytes remains controversial and under long lasting debate. The 

presence of the Balbiany body (Bb), an aggregate of mitochondria, endoplasmic reticulum, 

Golgi cisternae, electron-dense material, germ plasm and many RNAs is probably conserved in 
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all animal oocytes (Kloc et al., 2004). Its pericentriolar location in the mouse oogonia and early 

oocytes argues in favor of early-set cellular asymmetry (Kloc et al., 2012). Equally supportive 

seems to be the non-uniform organization of the cortical cytoskeleton and heterogeneous nature 

of the plasma membrane during oocyte maturation. The acentriolar meiotic spindle, whose poles 

serve as asymmetric localization hubs for many proteins, eg. mouse PAR polarity proteins, 

takes asymmetric position itself executing ACD during meiotic maturation and producing polar 

bodies. Even though there seems to be initial cellular asymmetry in the overall mouse oocyte, its 

connection to the fertilization and developmental plan regulation is still not clear. 

Furthermore, there are contradictory mechanisms proposed for the first cleavage plane 

determination (Fig. 2; Hiiragi and Solter, 2004; Piotrowska and Zernicka-Goetz, 2001) and its 

relation to the axis specification in mouse embryo (Motosugi et al., 2005; Plusa et al., 2005).  

 

Fig. 2. Two hypotheses explaining the first division plane determination in mouse. A assumes that 

polar body (green) position, marking the animal pole, and sperm entry point determine the plane of the 

first cleavage division. B claims that polar body moves freely in the perivitelline space and its position is 

altered by the cleavage furrow, thus cannot be taken as reference for the animal pole (compare the cell 

orientation of A and B at the 2-cell stages with respect to the original axis). Maternal (magenta) and 

paternal (blue) pronuclei migrate from the egg periphery to the centre, where they align. Rather, it is this 

plane, separating aligned parental pronuclei, that was proposed to determine the first cleavage plane. The 

first cleavage plane is marked by the red dashed line. Grey ovals represent the cells. A double-headed axis 

represents the A-V axis, taking the position of the first polar body at the 1-cell stage as a hallmark of 

animal pole. Adapted from Hiiragi and Solter, 2004; and Piotrowska and Zernicka-Goetz, 2001. 

The reproducible bias in the cleavage plane orientation along the A-V axis, determined by polar 

body and sperm entry point (SEP) (Fig. 2A; Piotrowska and Zernicka-Goetz, 2001), would 

allow maternal impact and asymmetric inheritance to pattern the embryo (Piotrowska et al., 

2001). This would then lead to the early establishment of the embryonic-abembryonic axis of 

the blastocyst (Plusa et al., 2005), perpendicularly to the A-V axis. In contrary, if the 
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preferential SEP (Piotrowska and Zernicka-Goetz, 2001) is a pure consequence of excessive 

space between the zona pellucida (protective glycoprotein layer of mammalian oocytes) and 

cytoplasmic membrane created by polar body (Motosugi et al., 2006), any molecular asymmetry 

of the egg would not be transmitted into the embryo reproducibly. This would exclude the 

concept of pre-patterned development at this stage. Accordingly, it has been observed that 

second polar body changes its position in the perivitelline space over time (Hiiragi and Solter, 

2004), often moving into the cleavage furrow post fertilization, discrediting the meridional 

nature of the first cleavage aligned with A-V axis, as previously presumed (Piotrowska and 

Zernicka-Goetz, 2001), and implying later formation of the first mouse embryonic axis 

(Motosugi et al., 2005). Rather, as an alternative, Hiiragi and Solter (2004) proposed the plane 

separating parental pronuclei aligned in the center of the egg to be determinative in or correlated 

with cleavage plane specification (Fig. 2B). 

Results from mouse unfertilized oocytes obtained by the group of Vermilyea et al. using 

microarray comparison of spindle region and remnant oocyte show initial differences in 

transcript enrichment (Vermilyea et al., 2011). After fertilization, this spatial partitioning was 

retained, as demonstrated by comparing second polar body with the zygote. However, 

expression profiling at 2- and 3-cell stage did not reveal any significant differences between 

clonal sister blastomeres, arguing against the role of mRNA targeting in pre-patterning of the 

mouse embryo and early cell lineage specification. Similar studies trying to resolve the question 

of whether the twin sister blastomeres are identical (Biase et al., 2014; Casser et al., 2017; 

Roberts et al., 2011) are complicated by the asynchronous nature of blastomere cell division and 

heterogeneity in the developmental speed of mouse embryos, leading to inconsistent results. 

Selective inheritance of transcripts is either too subtle to be detected using current methods or is 

destroyed by the noise of activated zygotic genome and initiated degradation of maternal 

mRNAs (Biase et al., 2014; Roberts et al., 2011). Any inherent asymmetry of fate determinants 

present at this stage of development is ruled out by the competence of manually separated 

animal and vegetal egg poles (Zernicka-Goetz, 1998) and sister blastomeres from 2-cell stage 

(Casser et al., 2017) to form complete embryos. However, in 73 % of cases only one embryo of 

a monozygotic twin pair, generated by bisection at the 2-cell stage, develops into blastocyst 

stage (Casser et al., 2017). This indicates a qualitative difference in totipotency established as 

early as the first mitotic division, which would be in agreement with previous lineage-tracing 

studies (Piotrowska et al., 2001), demonstrating a bias of sister blastomeres in contribution to 

embryonic vs. abembryonic parts. Heterogeneity in blastomere transcriptomes becomes more 

prominent at the 4-cell stage, with a differential intra-embryonic expression of Sox21, 

pluripotency master genes Oct4, Sox2 and their multiple targets (Goolam et al., 2016). This 



7 

 

affects the contribution of a given blastomere to the particular cell lineage, trophectoderm vs. 

epiblast, and its topological allocation within the embryo.  

Moreover, recent experiments, using ovine (Hosseini et al., 2016) and bovine (Hosseini et al., 

2017) oocytes  suggest existing preference for sperm entry point (SEP) into the meiotic half of 

the MII oocyte with the spindle, although it does not determine the cleavage plane and this 

observation could be affected by the presence of zona pellucida (Hosseini et al., 2016). As its 

removal before the IVF hinders the bias for sperm penetration in the animal hemisphere, 

reminiscent of a situation in the mouse egg (Motosugi et al., 2006). Similarly, asymmetric 

distribution of maternal transcripts and proteins, detected in the cytoplasm of unfertilized MII 

oocytes of both species (Hosseini et al., 2016, 2017), is only of transient nature and is not 

transmitted into resulting blastomeres.  

Thus, largely due to technical difficulties imposed by intra-uterine, asynchronous development 

and gentle nature of murine oocytes our understanding of what drives the pre-implantation 

period of mammal development is incomplete. The question of molecular polarity, mechanisms, 

and timing of cell fate acquisition in mammalian embryos remains unanswered. 

Frog oocytes, on the other hand, have a long tradition in the field of developmental biology. 

They are well known for their innate asymmetries (Rebagliati et al. 1985; King et al. 2005; 

Sindelka et al. 2017), and have served as a remarkable source for studies on the molecular 

determination of the developmental plan seeded within the egg. Their large size, easy 

accessibility owing to external development and low cost compared to other vertebrate model 

organisms, make them an ideal model for research focused on spatial transcriptomics during 

development (Sindelka et al. 2008, 2010; Flachsova et al. 2013; Grant et al. 2014; De 

Domenico et al. 2015; Sidova et al. 2015; Forouzmand et al. 2016). 
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1.1 Early development and axes determination of X. laevis 

1.1.1 Animal-vegetal (A-V) axis 

One of the main advantages of fully grown Xenopus oocytes and eggs in contrast to those from 

mammals is the presence of clearly distinguishable hemispheres (Fig. 4; Danilchik and Gerhart, 

1987). Darkly colored hemisphere, called animal hemisphere, contains cortically concentrated 

pigment granules and nucleus positioned in the vicinity of the polar body. Lightly stained 

oocyte hemisphere, called vegetal hemisphere, is comprised of numerous yolk platelets that are 

produced in the vitellogenic stage by endocytosis and provide energy during early development 

(till swimming tadpole stage). The oocyte nucleus, germinal vesicle (GV), is positioned slightly 

off-center towards the animal pole. In the vegetal perinuclear space, the aggregate of 

mitochondria, ER, Golgi complexes and germ plasm (containing germ cell fate determinants 

with the electron-dense material of germ granules) forms (Fig. 3). 

 

Fig. 3. Oogenesis in Xenopus laevis comprises of six subsequent stages I-VI. The asymmetry arises early 

in the germline cyst with mitochondria (M) accumulating around the germinal vesicle (g.v., blue) 

perinuclear space facing the future vegetal pole. At stage I, the mitochondrial cloud (Balbiani body, Bb) 

(red) is formed by aggregation of mitochondria, early RNAs, germinal granules, and germ plasm. The Bb 

moves to the vegetal pole at the end of stage I or stage II and starts to disperse. At this time, the late 

pathway RNAs (grey) are still diffused in the ooplasm. After dispersion of Bb at stage III, germinal 

granules and early RNAs are anchored in the extreme vegetal cortex. Simultaneously, the late pathway 

RNAs are translocated along microtubules to the vegetal pole where they form a sickle-like structure in 

the vegetal cortex. M – mitochondrial aggregate; C – centrosome (green); Bb – Balbiani body (adapted 

from Houston 2013). 

This aggregate, called the Balbiani body (Bb) or mitochondrial cloud (MC), serves as a first 

hallmark of the vegetal pole from stage I onwards (Fig. 3), even before the pigmentation 
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difference is visible and oocytes are transparent (Kloc et al., 2004). As the Bb transitions 

towards the vegetal region with each consecutive stages of oogenesis, it functions as a vehicle 

for primordial germ cell (PGC) specific RNAs. 

All of the above-mentioned differences arise during oogenesis (Fig. 3), divided into VI stages, 

and establish the basis for the first developmental axis – animal-vegetal (A-V) axis – which, in 

Xenopus eggs reflects presumptive ectoderm (outer part) – endoderm (inner part) axis of the 

future embryo, and directs the planes of the first two cleavage divisions (Fig. 4). The A-V axis, 

responsible for creating various concentration profiles of maternal biomolecules (King et al., 

2005), patterns and polarizes the oocyte long before the fertilization and formation of the 

zygote. Interestingly, these differently enriched maternal determinants are not segregated into 

different cells until the third cleavage division (8-cell stage) which is perpendicular to the 

A-V axis (Fig. 4). 

 

Fig. 4. Early development of X. laevis depiceted by schemes and real images. The oocyte, 2-cell stage, 

4-cell stage and 8-cell stage are shown from animal and dorsal views. Developmental axes are indicated. 

(Sindelka et al., 2017). 

 

1.1.2 Sperm entry point (SEP) 

During external fertilization, the point of sperm entry is defined by the A-V axis of the oocyte, 

with sperm penetrating always through the animal hemisphere. This topological preference for 
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the sperm entry site is conserved in other animal species, including the zebrafish (Hart et al., 

1992), mouse (Motosugi et al., 2006), bovine (Hosseini et al., 2017) and sheep (Hosseini et al., 

2016). After fusion of the gametes in amphibians, the fertilized egg (zygote) goes through a 

cortical reaction that employs exocytosis of cortical granules, stored beneath the plasma 

membrane during oocyte maturation, and rotation of the egg cortex with respect to its 

cytoplasm, exposing the characteristic grey crescent opposite to the SEP (Grey et al., 1974). 

This leads to the formation of fertilization envelope, preventing further contact of the newly 

fertilized egg with additional sperms and the risk of polyspermy, and rotation of the egg in a 

way that brings the “heavier”, dense, yolky hemisphere down with pigmented animal half facing 

upward. 

1.1.3 Dorsal-ventral (D-V) axis  

The patterning of dorsal-ventral (D-V) axis is dependent on oocyte molecular polarity, created 

during oogenesis, and is closely related to SEP (Houston, 2012). While the SEP marks the 

future ventral side of the embryo, the grey crescent  (located 180˚ from it) represents the future 

dorsal side. The essential role in the establishment of D-V axis is played by dorsalizing factors. 

These factors of maternal origin, placed in the vegetal hemisphere by one of the localization 

mechanisms in early stages of oocyte growth, are important for cytoskeleton organization in 

cortical rotation (Cuykendall and Houston, 2009) and overall Wnt/β-catenin pathway activity 

implicated in dorsal structure determination (Houston, 2012; De Robertis et al., 2000).  

Growth differentiation factor 1 (gdf1; vg1 in older literature) and vegt maternal transcripts, that 

form continuously increasing gradient along A-V axis towards a vegetal pole during mid- to late 

oogenesis, are crucial for specifying mesodermal germ layer (see below) by inducing expression 

of the transforming growth factor (TGF)-β superfamily member Nodal (Xnr - Xenopus nodal-

related), creating a Nieuwkoop center (De Robertis et al., 2000). Also initially vegetally located 

wnt11 translocates to the dorsal site by the action of cortical rotation. Polarized microtubules in 

the sub-cortical region (Cuykendall and Houston, 2009) provide tracks for dorsal transport of 

other proteins involved in β-catenin stabilization (Houston, 2012), leading to the activation of 

Wnt-responsive expression. Thanks to this, cells integrating stimuli from Nodal and Wnt 

signalization can differentiate into the dorsalizing center, Spemann-Mangold organizer (SMO), 

and express organizer specific genes (Reid et al., 2012; De Robertis et al., 2000; Watabe et al., 

1995). 
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1.1.4 Germ layer determination 

Maternal determinants localization, polarizing the oocyte cytoplasm along the A-V axis from 

early oogenesis, is preserved after fertilization (Rebagliati et al., 1985) at least until blastula 

stage (Flachsova et al., 2013).Thus, we can predict a cell fate of individual blastomeres and 

their contribution to one of the three germ layers, according to its position in the early embryo. 

In other words, the fate of a particular cell during the first few divisions in the cleavage phase of 

development, when there is still no transcription from the zygotic genome, is determined by the 

inheritance of a unique set of factors (proteins and RNA) originating from the mother.  

Consequently, a fate map can be generated, with ectoderm forming from the cells in the animal 

pole, endoderm residing in the vegetal half and mesoderm in the equatorial region of a 

sphere-shaped frog embryo (De Robertis et al., 2000). 

While considerable time has been spent studying the role of vegetally localized transcripts in 

endoderm and mesoderm specification, the area of ectoderm specification and possible impact 

of maternal factors localized in its presumptive domain is generally unexplored. 

1.2 Localization pathways 

Most of the maternal mRNAs, stored in the oocyte and egg are unequally distributed, forming 

distinct concentration gradients along the A-V axis. Grouping the transcripts with similar 

distribution profiles together, we can distinguish several categories (Sindelka et al., 2008, 

2010). As has been demonstrated, different transcripts use different ways to reach their 

respective destinations (Kloc and Etkin, 1995). While the majority of what we know about RNA 

localization in Xenopus oocyte comes from the studies of vegetal transcripts, the data for the 

animally located group are underrepresented and missing. So far, two main pathways have been 

described for vegetally localized RNAs (King et al., 2005), with the newly emerging concept of 

the third, the intermediate one, showing several differences (Houston, 2013). 

1.2.1 Early (METRO) pathway 

First experiments with manually trisected frozen frog oocytes revealed significant enrichment of 

transcripts in the vegetal hemisphere (Rebagliati et al., 1985). In addition, the observed 

phenomenon persisted after fertilization (Flachsova et al., 2013), suggesting that these 

transcripts can influence the differentiation of cells that inherit them. The following “hunt” for 

maternally localized transcripts in vegetal cortices began to indicate that these RNAs acquire 

their final position at various stages of oogenesis, reflecting a temporal regulation. For this 

reason, several transcripts, such as nanos homolog 1 (nanos1) and non-coding X. laevis short 



12 

 

interspersed repeat transcripts (Xlsirts), that can be detected in vegetal part of oocyte as early as 

stage I form a group named early pathway RNAs (King et al., 2005; Kloc and Etkin, 1995; Kloc 

et al., 1993). This pathway is also referred to as the METRO pathway, since the transcripts that 

utilize it accumulate within a specific region of the Bb called the Message Transcript Organizer 

(METRO). 

After being released from the GV, early pathway RNAs are entrapped by the adjacent structure 

of Bb and are restricted to its METRO region at stage I of oogenesis. For nanoos1, an active 

selection of mRNA by RBP Hermes, Xenopus homolog of human Rbpms, has been 

demonstrated (Aguero et al., 2016), providing evidence for the formation of RNP particles in 

this pathway. Later on, as Bb migrates vegetally and dissociates, these RNAs are anchored to 

the vegetal cortex. Consequently, while the first steps of METRO pathway do not employ the 

cytoskeleton network and therefore cannot be perturbed by the effects of cytoskeletal drugs, the 

final step of stabilizing the proper position is dependent on actin filaments (Kloc and Etkin, 

1995). 

RNAs localized early are implicated in germ cell lineage specification and differentiation of the 

primordial germ cells (PGCs), with the germ plasm part of the Bb acting as the center for their 

accumulation (Kloc et al., 1998), resulting in the formation of aggregates called germinal 

granules (Kloc et al., 2001). 

1.2.2 Late pathway 

Conversely, transcripts that segregate in the subsequent period of oogenesis are said to utilize 

the late pathway (Kloc and Etkin, 1995). In contrast to early pathway RNAs, these are excluded 

from the Bb region and uniformly diffused in the ooplasm at stage I. Gdf1 (Rebagliati et al., 

1985) and vegt (Zhang and King, 1996) are prominent examples of maternal late pathway 

RNAs, residing in the vegetal hemisphere from stage III. The initial mark of asymmetry, 

a wedge-shaped distribution, is slowly progressed into a sickle-like shape in the vegetal cortex. 

Simultaneously, they direct the differentiation of cells positioned in the presumptive endoderm 

and mesoderm domain of early blastula (Escobar-Aguirre et al., 2017). 

Gdf1, being the first discovered vegetally localized transcript in Xenopus oocytes (Rebagliati et 

al., 1985), has a well-characterized  3`UTR localization element, composed of multiple VM1 

and E2 motifs underscoring the role of motif clustering for RNP assembly (Lewis et al., 2004). 

Importantly, these motifs can also be found in the 3`UTR of vegt, leading to the recognition of 

late localizing transcripts by the same or overlapping set of RBPs (Bubunenko et al., 2002).  
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Thanks to the motor-driven nature of active RNP transport, the late pathway is strictly 

dependent on polarized microtubule network (Kloc and Etkin, 1995) in the first step of the 

process. After reaching the vegetal pole, RNAs are loaded into the cytoskeletal structures of the 

vegetal cortex, with Xlsirts stabilizing the interaction (Kloc and Etkin, 1994).  

1.2.3 Intermediate pathway 

Remaining maternal RNAs are known to localize asymmetrically but do not fall into previous 

categories sensu stricto. They exhibit mixed characteristics or, as demonstrated by 

microinjection experiments, can utilize both pathways. Hence, they are said to follow the 

intermediate or dual pathway. 

As illustrated by the cases of wnt11 (Kloc and Etkin, 1995; Ku and Melton, 1993), plin2 (Chan 

et al., 1999, 2001), and trim36 (Cuykendall and Houston, 2009), some of these maternal RNAs 

begin to localize early in oogenesis. They can be detected in the Bb at some point 

(stage I - wnt11 and  trim36 or stage II – plin2) and, after its vegetal migration, are even specific 

for the germ plasm region. However, as oogenesis advances, they occupy a much broader area 

of the vegetal hemisphere than METRO RNAs, often showing a wedge-shaped pattern typical 

for late RNAs, or co-localize with them specifically (Chan et al., 1999). In contrast to early 

RNAs, such as nanos1 that stays restricted to a small region (Kloc and Etkin, 1995).  

Interestingly enough, all of these RNAs are important for D -V axis establishment. Whereas 

Wnt11 directly activates the Wnt/β-catenin pathway (Tao et al., 2005), Plin2 and Trim36 have a 

secondary effect on the formation of dorsal structures by regulating the cortical rotation through 

cytoskeleton organization (Cuykendall and Houston, 2009; Chan et al., 2007). 

Additional “dual” pathway RNAs have been reported. Hermes (Zearfoss et al., 2004), codes for 

the RBP responsible for nanos1 binding in the nucleus (Aguero et al., 2016). This transcript 

exhibits an initial diffused pattern that changes at late stage I – stage II, when it can be detected 

in Bb. Afterward, its vegetal accumulation continues throughout the vitellogenic stage, as seen 

in late pathway RNAs, finally populating the whole vegetal hemisphere from the equator to the 

cortex, again mimicking “gdf1 expression pattern”. At the same time, this profile is copied by 

the protein product, suggesting the role of Hermes RBP in the transport of both, early and late 

pathway RNAs. Moreover, a downregulation of Hermes protein levels has indicated its 

implication in the cleavage divisions of vegetal blastomeres (Zearfoss et al., 2004). 
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1.3 New categories of localized transcripts 

The vast majority of so far identified localized maternal RNAs come from studies focused on 

gene products, often involved in germline specification, that are associated with the germ plasm 

in the vegetal cortex of mature Xenopus oocytes and eggs. Historically, a prevalent technique 

used for their discovery comprised of screening the oocyte cDNA library with reversely 

transcribed RNA isolated from manually cut vegetal cortices or comparing transcripts enriched 

in both, animal and vegetal poles (Cuykendall and Houston, 2009; Rebagliati et al., 1985; 

Zhang and King, 1996). Nowadays, a development of multiple high-throughput methods offers 

a more comprehensive look at unevenly distributed RNAs, revealing that they represent a much 

larger set of maternally contributed transcripts than originally anticipated (Claussen et al., 2015; 

De Domenico et al., 2015; Grant et al., 2014; Owens et al., 2017; Sindelka et al., 2010). By 

combining these state-of-the-art techniques of higher sensitivity with dissecting the oocyte into 

multiple segments along its A-V axis, a method developed by Sindelka et al. (2008), several 

classes of spatial localization profiles have been observed.  

Fig. 5. qPCR-tomography and distribution profiles of maternal mRNAs. The egg is sectioned along 

the A-V axis into slices that are subsequently pooled in groups (A-E). A differential expression analysis 

by RT-qPCR between groups is performed. Four distinct categories of distribution profiles are shown 

with examples of maternal mRNAs which follow them. The animal-vegetal axis is denoted by a double-

headed arrow. Nucleus is represented by the blue oval. A – animal, V- vegetal, XA – extremely animal, 

XV – extremely vegetal. 

The qPCR-tomography (Fig. 5) allows detection of subtle differences in RNA distribution 

between egg domains, further dividing the initial bifurcation of animal vs. vegetal transcripts 

into various sub-categories according to their concentration gradients (Sindelka et al., 2010). 
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RNAs associated with germ cell determination form an extreme vegetal gradient (Fig. 5, XV 

profile), clearly distinguishable from RNAs associated with somatic differentiation (Sindelka et 

al., 2010) that exhibit a continuous vegetal gradient (Fig. 5, V profile). 

Therefore, extremely vegetal RNAs (ddx25, nanos1, dazl, etc.) are proposed to be localized by 

early METRO pathway, while vegetal RNAs (vg1, vegt, wnt11, etc.) are thought to utilize late 

pathway, conceptualizing the mechanistic differences between the two localization mechanisms. 

Similarly, transcripts enriched at the animal pole seem to form two sub-populations (Sindelka et 

al., in press), one localized to the extreme animal pole (Fig. 5, XA profile) and the other being 

concentrated around the area of nucleus (Fig. 5, A profile).  

In addition to mRNAs, asymmetry in maternal miRNAs has been reported (Sidova et al., 2015), 

displaying animal and vegetal polarization. One example of extremely vegetal mRNA (ddx25) 

showing specific complementarity to animal miRNA (miR-20b), suggests a possible 

miRNA-dependent regulation of final target distribution. 

1.3.1 Extremely animal (XA) transcripts 

Particular interest has been given to maternal vegetal transcripts and their role in mesoderm and 

endoderm specification (Charney et al., 2017). On the other hand, very little is known about 

how ectoderm is specified and if there are any maternal RNAs involved in the process. One 

such mRNA, foxi2, with animally restricted localization (Cha et al., 2012) has been proposed as 

a maternal activator of zygotically expressed pan-ectodermal gene regulator Foxi1. Foxi1 is a 

transcription factor of forkhead family, expressed in the animal hemisphere after the MBT, 

driving ectodermal fate acquisition in animal blastomeres (Mir et al., 2007). Here, it induces the 

expression of ectoderm-specific genes and represses mesoderm-inducing signals coming from 

the vegetal pole. Its dynamic and mosaic expression in both, epidermal and neural ectoderm, is 

executed by maternally expressed Foxi2, and by inhibitory effects of VegT-dependent Nodal 

signaling, and Notch signaling pathways (Mir et al., 2008).  

Therefore, newly discovered RNAs with extreme animal enrichment in the oocyte and egg 

could represent an unexplored area of maternally used RNA localization with potential ties to 

ectoderm differentiation. Furthermore, using microarray analysis, Grant et al. (2014) 

demonstrated that most of the animally enriched transcripts continue to be expressed in tissues 

of ectodermal origin such as neural ectoderm, neural crest, and cranial placodes.  
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1.3.1.1 Lima1 

Maternal lima1 was previously identified as animally enriched in Xenopus stage VI oocytes in 

RNA-Seq analysis of Claussen et al. (2015). LIM domain and actin-binding 1 protein (Lima1), 

also known as epithelial protein lost in neoplasm (EPLIN), is a protein enriched in the epithelial 

cells (Maul and Chang, 2000). The central LIM domain is proposed to be essential for 

self-dimerization or protein-protein interactions. It associates with actin filaments, delays their 

depolymerization in vitro, aids in actin bundle formation by cross-linking and increases the 

number of stress fibers (Maul et al., 2003). By negative regulation of Arp2/3-dependent 

nucleation and branched network assembly with subsequent membrane ruffling, it is presumed 

to suppress migratory phenotype. In line with this, Lima1 was detected in the proteome of focal 

adhesions (Kuo et al., 2011) and in cadherin-catenin complex of adherens junctions (Abe and 

Takeichi, 2008), supporting its role in cell-extracellular matrix and cell-cell contact and 

promoting adhesion and epithelial character. Additionally, lima1 downregulation or complete 

loss of expression, as seen in many transformed cell lines (Maul and Chang, 2000), is linked to 

metastatic potential and considered as one of the steps on the path to epithelial-mesenchymal 

transition.  

1.3.1.2 Dand5 (Coco) 

DAN domain family member 5 (dand5), also known as coco, mRNA animal localization can be 

observed early in the egg and is preserved until gastrula stage (Bell et al., 2003; Owens et al., 

2017). Its protein product is secreted by animal blastomeres and acts early in the 

pre-gastrulation development to suppress mesodermal cell fate program in the prospective 

ectoderm. Dand5 was identified as a maternal inhibitor of BMP, TGFβ, and Wnt signaling 

pathways (Bell et al., 2003). Nodal (Xnr5/6) and Activin signals coming from the vegetal pole 

are inhibited (Bates et al., 2013), probably by direct binding (Bell et al., 2003), restricting the 

field of mesoderm-specifying morphogens to the region beyond the marginal zone. Due to the 

high concentration of bone morphogenetic protein (BMP) ligands, animally located cells are set 

by default to become epidermis. After gastrulation, the main source of secreted BMP 

antagonists is the organizer tissue, inducing the overlying ectoderm to escape epidermal fate and 

become the neural ectoderm (De Robertis et al., 2000). However, before the MBT, animally 

enriched Dand5 inhibits the expression of Wnt- and BMP- responsive genes (Bell et al., 2003), 

keeping the future ectoderm undifferentiated. Upon microinjection of dand5 in ventral region, 

normally destined to become mesoderm or endoderm, it induces the formation of anterior 

structures that express neural markers of forebrain and midbrain. Conversely, if maternally 
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depleted, generated embryos are of dose-dependent ventralized phenotype and lack anterior 

structures (Bates et al., 2013), suggesting a role in the head formation. Other defects 

accompanying Dand5 knock-down arise in the specification of germ layers along the A-V axis, 

as demonstrated by ectopic or reduced expression of endodermal and mesodermal markers in 

Dand5 morphants. In light of this evidence, detection of a mammalian Dand5 homolog in the 

screen for genes enhancing TGFβ1 signaling (Deglincerti et al., 2015) argues for a dual 

regulation exerted by this protein on the members of TGFβ superfamily. As authors further 

showed, this effect is not caused by species-related differences, but the nature of interaction 

with the positive or negative outcome on signaling is determined by the type of the TGFβ 

superfamily ligand (Deglincerti et al., 2015). 

Apart from controlling the specification of germ layers along the A-V axis, D-V axis, and 

anterior-posterior (A-P) patterning, Dand5 is also involved in the establishment of left-right 

(L-R) body axis (Blum et al., 2014). Here, it functions by binding the Nodal ligands on the right 

side from the left-right organizer, while on the left side of it, its concentration is reduced by 

cilia-generated flow. Hence, in the left lateral plate mesoderm (LPM), Nodal is free to induce 

the signaling cascade responsible for the correct organ positioning. This regulation of 

asymmetric Nodal signaling cascade activity by Dand5 is evolutionarily conserved in fish and 

some mammals (Blum et al., 2014). 

1.3.1.3 Ifrd2 

Interferon-related developmental regulator 2 (ifrd2) transcript is animally enriched in Xenopus 

eggs (Owens et al., 2017) and shows similar localization bias in zebrafish at 50 % epiboly stage 

(Thisse et al., 2001). The IFRD2 protein` s carboxy domain displays a high similarity with the 

human interferon γ (Buanne et al., 1998). This hallmark is common to a second member of the 

gene family, IFRD1, that has a.significant sequence identity with rat and mouse homologs 

(Thisse et al., 2001). Despite their recognition in the regulation of the early mouse development, 

as suggested by their dynamic expression in pre- and mid-gestation murine embryos two 

decades ago (Buanne et al., 1998), their molecular function is still not clear. According to in 

silico analysis (Lerman et al., 2000), IFRD2 is soluble protein and contains a predicted bipartite 

nuclear localization signal (NLS), indicating its potential nuclear sub-cellular localization. 

1.3.2  Long non-coding RNAs 

This class of RNAs, like the rest of the non-coding species, does not contain the open reading 

frame (ORF), but is otherwise very similar to the mRNAs. Indeed, in terms of the length (longer 

than 200 nt), RNA polymerase used during the transcription (RNA polymerase II), 
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and posttranscriptional changes (capping and splicing) these RNAs are highly reminiscent of the 

protein coding transcripts (Kung et al., 2013). The lncRNAs have been shown to display various 

biological functions (Wang and Chang, 2011). Generally accepted is their role in controlling 

gene expression (Flynn and Chang, 2014) by recruitment of the key chromatin modifiers. This 

is nicely demonstrated in X-chromosome inactivation carried out by Xist lncRNA in female 

cells (McHugh et al., 2015), accounting for the gene dosage compensation in mammals. In 

addition to this regulational activity, lncRNAs were proposed to have structural properties 

important for the architecture of the nucleus (Batista and Chang, 2013b), organizing its 

domains. A surprisingly high number of developmentally relevant  non-coding transcripts were 

found to be expressed in a cell specific manner by RNA-Seq analysis of early zebrafish 

embryonic stages (Pauli et al., 2011). Interestingly, some of these were discovered to function 

identically as their mammalian counterparts (Ulitsky et al., 2011). Nevertheless, it was shown 

that it is rather gene structure and genome position with respect to the surrounding loci, than 

sequence itself, that is conserved in the lncRNA orthologs throughout evolution (Ulitsky et al., 

2011). Recently, the RNA-Seq method was used to create a dataset of potential lncRNAs in 

Xenopus tropicalis early embryonic development (Forouzmand et al., 2016). It was found that 

the expression of these non-coding transcripts is dynamic and under the temporal control, 

reflecting a possible implication in crucial cell fate determination. 
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2 AIMS OF THE THESIS 

 

The main aim of the presented thesis has been to validate the existence of a newly discovered 

category of extremely animal maternal RNAs in Xenopus laevis egg. This group of transcripts 

was previously predicted by RNA-Seq data obtained by our laboratory (Sindelka et al., 

in press). Our hypothesis was that genes encoding them could be important for ectoderm germ 

layer specification and differentiation. We also wanted to analyze the expression of selected 

novel long non-coding RNAs (lncRNAs) with presumed asymmetric distribution profiles along 

the oocyte A-V axis. 

To achieve above-mentioned objectives two major approaches were chosen: 

• RT-qPCR tomography for quantitative validation of asymmetric localization along the 

A-V axis. 

• Whole-mount in situ hybridization to show changes of expression domains throughout 

development and to assess tissue-specific roles of selected genes. 
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3 MATERIALS & METHODS 

3.1 Embryos 

Xenopus laevis colony used in this study is a part of the Laboratory of Gene Expression at the 

Institute of Biotechnology. All experiments were performed in accordance with the protection 

of animals against cruelty. Eggs were obtained by stimulation of females with an injection of 

500 U of human chorionic gonadotropin (hCG, Sigma-Aldrich), subsequent overnight 

incubation and next morning gentle squeezing. Eggs were collected to High salt solution, 

transferred to 0.1x MBS solution (see 3.5) and fertilized in vitro (IVF). Five minutes after 

mixing with sperms, fertilized eggs underwent cortical rotation and turned with the an animal 

pole facing upward. This suggested successful IVF and only healthy state, only these eggs were 

selected for further experiments. 20 minutes after that, fertilized eggs were embedded in the 

drop of OCT (optimal cutting temperature) medium on a pre-cooled dissection block and 

manually oriented (fine forceps) in a way that animal pole was upward and stored at -80 ˚C. 

Alternatively, fertilized eggs were treated with 2 % cysteine to remove the jelly coat and 

cultured in 0.1x MBS with gentamycin at 15 ˚C until the developmental stage needed for the 

in situ hybridization. The embryonic stage was assessed according to Nieuwkoop & Faber 

system (1994). 

3.2 RT-qPCR tomography 

3.2.1 Egg cryosectioning  

Six X. laevis.eggs from three different females (five egg segments) or two eggs from different 

females (fifteen egg segments) were embedded, frozen and cryosectioned along the A-V axis 

using cryostat (Leica CM1950). The temperature in the cryostat chamber was set to -22 ˚C, 

a temperature of the sectioning knife was -15 ˚C. The eggs were cut into 45 slices, each being 

30 μm thick. The consecutive slices were pooled into five (1-5) or fifteen (1-15) tubes with nine 

or three slices, respectively, in each. The first tube always contained the animal most sections 

and the last one always contained the vegetal most sections. Immediately after slice collection, 

TRI Reagent solution (Sigma-Aldrich) was added to prevent RNA degradation. 

3.2.2 RNA isolation  

The total RNA was isolated using 1 ml of the TRI Reagent (Sigma-Aldrich). Manufacturer`s 

instructions were followed during the isolation (200 µl chloroform – phase separation, 600 µl of 

isopropanol – RNA precipitation, 100 µl ethanol – pellet wash, 15 min of air drying). The 
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extracted RNA was dissolved in 40 µl of RNase & DNase free water (ThermoFisher). Next, the 

RNA was precipitated with 8M LiCl (Sigma-Aldrich) in the 1:1 ratio overnight at -20 ˚C to 

remove the biological inhibitors known to be present in the yolk-rich vegetal hemisphere. The 

precipitated RNA was centrifuged (16 000 x g, 30 min, 2 °C), the pellet was washed twice with 

1 ml of 80 % ethanol and dried. The precipitated RNA was finally dissolved in 20 µl of 1x TE 

buffer (ThermoFisher). The concentration was measured using NanoDrop-2000 (ThermoFisher) 

for 5 egg segments and Qubit™ RNA HS Assay Kit (ThermoFisher) for 15 egg segments. The 

RNA from the whole fertilized egg, for the insert amplification, was carried out identically. 

3.2.3 Primer design, RT-qPCR and PCR  

Reverse transcription 

A 100 ng (five egg segments) and 5 ng (fifteen segments) of the isolated total RNA was reverse 

transcribed. All samples were tested for the inhibition, using artificial RNA spike (TATAA 

Biocenter). A reverse transcription was performed with the reaction volume 10 µl:  0.5 µl of 

spike RNA (TATAA Biocenter), 2 µl of TATAA 5x GrandScript cDNA SuperMix (TATAA 

Biocenter) and X µl of RNA. The cDNA synthesis was performed with following conditions: 

25 ˚C for 5 min, 42 ˚C for 30 min, 85 ˚C for 5 min. The cDNA was then diluted to a final 

volume of 100 µl with 1x TE buffer (ThermoFisher) and stored at -20 ˚C. 

qPCR 

The gene-specific primers were designed with primer-BLAST tool of NCBI for five maternal 

genes encoding lncRNAs (Xetrov90001134m, linc00116, lncRNA445, lncRNA823, 

lncRNA4876) (Supplementary Table 1). The gene-specific primers for six maternal genes 

encoding mRNAs (lima1, dand5, ifrd2, clic5, vegt, nanos1) were designed previously (Sindelka 

et al., in press). 2 µl of cDNA, 0.28 µl of 10µM gene-specific primers and 3.5 µl of 2x TATAA 

SYBR® GrandMaster® Mix (TATAA Biocenter) were mixed with RNase & DNase free water 

(ThermoFisher) to reach the final volume of 7 µl. The qPCR was run in C1000™ Thermal 

Cycler CFX96™ Real-time system (Bio-Rad) with the following program: the initial 

denaturation at 95 ˚C for 1 min, 50 cycles at 95 ˚C for 3 s, 60 ˚C for 30 s, 72 ˚C for 10 s. After 

cycling, the samples were heated to 95˚C for 1 min. The melting curve was recorded between 

65 and 95 ˚C with 0.5 ˚C step. Gene expression data were analyzed using MS Excel. The qPCR 

Cq values were converted to relative quantities assuming 100% PCR efficiency. The relative 

quantity of transcripts in the five (Supplementary Table 4) and fifteen Supplementary Table 5) 

egg sections were expressed as the fractions of the RNA molecules found in each of five 

segments along the A–V axis in the X.laevis eggs: 
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Cqj is the Cq determined for section j of the oocyte; xj is the fraction of the RNA found in this 

section; n is the total number of sections in the egg. 

PCR 

Primers for the complete coding sequence (in situ hybridization) of genes of interest were 

designed (Supplementary Table 2) to be flanked with the particular restriction enzyme sites. The 

restriction enzymes were chosen from the “non-cutters” for every gene. For the insert 

amplification, 2 µl of whole egg cDNA, 2.5 µl of gene-specific primers (10 µM), 10 µl of 5xHF 

buffer (ThermoFisher), 3 µl of 10 mM MgCl2, 1 µl of 10 mM dNTPs (ThermoFisher) and 0.5 

µl of Phusion polymerase (ThermoFisher) were mixed with RNase & DNase free water 

(ThermoFisher) to reach the final volume of 50 µl. The PCR was run using C1000™ Thermal 

Cycler CFX96™ Real-time system (Bio-Rad) with the following program: the initial 

denaturation at 98 ˚C for 30 s, 40 cycles at 98 ˚C for 10 s, 60 ˚C for 30 s, 72 ˚C for 2 min and 

last extension at 72 ˚C for 10 min. Small aliquots of the final products were checked for size by 

agarose gel electrophoresis (1% agarose in TAE (Tris base, acetic acid, EDTA)). 

3.3 Whole-mount in situ hybridization 

Whole-mount in situ hybridization was performed according to (Sive et al., 2000). 

3.3.1 Embryo fixation 

The embryos of X.laevis were manually dechorionated (removal of vitelline membrane) in 

0.1x MBS if necessary and fixed by incubation in 4 % PFA overnight at 4 ˚C. The next day, 

embryos were rinsed 3x 15 min in PBS and dehydrated in methanol series (25 % to 50 % to 

75 % to 100 %). 10 min incubation in each, ending in the 100 % methanol and stored at -20 ˚C 

for no longer than one month. 

3.3.2 Cloning 

The clones of lima1, dand5 and ifrd2 were purchased from GE Dharmacon (CloneId:5074658, 

6324534 and 5083944). The PCR-amplified inserts for lncRNA445, lncRNA823, lncRNA4876 

were cloned into the cloning vector pBlueScript KS+ (laboratory stocks). For details see 

(Supplementary Table 3). For PCR conditions see 3.2.3. 
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Constructs 

The PCR products and vectors were treated with the chosen restriction enzymes (New England 

Biolabs, NEB), according to manufacturer` s guidelines. In order to enhance the efficiency of 

the reaction, the protocol was optimized to perform a single restriction digest at the time. The 

reaction was also left to proceed overnight. A digested plasmid vectors were treated with 

Alkaline Phosphatase, Calf Intestinal (CIP; NEB) to prevent the self-ligation. The ligation 

reactions were performed with insert : plasmid molar ratio 4:1, using T4 DNA ligase (NEB) and 

T4 DNA ligase buffer (NEB). The reaction was left for 48 h at 16 ˚C, since this was found to 

improve efficiency. The ligation products were tested using the agarose gel electrophoresis 

(1% agarose in TAE (Tris base, acetic acid, EDTA)). 

Bacterial transformation 

NEB® 5-Alpha Competent E.coli (NEB) were transformed with 3 ul of a ligation reaction, 

using heat-shock strategy according to the protocol. Transformed cells were plated on agar Petri 

dish with ampicillin (50 µg/ml) at 37 ˚C overnight. 6 successful colonies for every gene were 

transferred to the 3 ml of Luria-Bertani (LB) medium with ampicillin (100 µg/ml) and cultured 

at 37 ˚C overnight on a shaker at 250 rpm. The plasmid was isolated from 2 ml of outgrew 

colonies, using Plasmid Mini Kit (QIAGEN). A cloned sequence of plasmid DNA was validated 

by Sanger sequencing (performed by SEQme s.r.o.). Bacterial clones were left to outgrow in 

50 ml of LB medium at 37 ˚C overnight. Glycerol stocks were prepared by mixing 700 µl of the 

fresh culture with 300 µl of 50% glycerol and stored at -80 ˚C. The clones were isolated from 

50 ml of the same fresh culture with QIAGEN Plasmid Midi Kit (QIAGEN).  

3.3.3 Transcription of RNA probe 

At least 3µg of the isolated plasmid was linearized with 1µl of particular restriction enzymes 

(Biolabs) following manufacturer`s guidelines. The efficiency of this restriction digest was 

assessed by gel electrophoresis (1% agarose in TAE (Tris base, acetic acid, EDTA)). The 

linearized plasmid was purified with GenElute™ PCR Clean-up kit (Sigma-Aldrich) according 

to the manufacturer`s protocol. The concentration was measured on NanoDrop-2000 

(ThermoFisher) and 1 µg was used for transcription reaction. The template DNA was 

transcribed using 2 µl of the appropriate polymerase – T7 or T3 (Agilent) (Supplementary Table 

3), 4 µl of 5x transcription buffer (Agilent), 2 µl of DIG RNA labeling mix (Roche) and 1 µl of 

RNaseOUT (ThermoFisher). The reaction was performed, in the reaction volume 20 µl, at 37 ˚C 

for 3 hours. The transcribed RNA was LiCl-precipitated (see above) and dissolved in 20 µl. The 

generated RNA probes were checked on a denaturing formaldehyde gel: 0.5 g of agarose, 5 ml 

of 10x MOPS buffer, 43.5 ml of dH2O, 2.55 ml of 37 % formaldehyde. Samples were mixed 
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with RNA loading buffer (ThermoFisher) in the ratio 1:1 and heated at 65 ˚C before loading to 

gel in 1x MOPS.  

3.3.4 Hybridization & Staining 

Embryos at different developmental stages (see 3.3.1) were rehydrated using reversed methanol 

series (100 % to 75 % 50 % to 25 %), 10 min in each, transferred to net wells and washed 

3x 15 min with PBT (PBS + 0.1% Tween-20). Subsequently, the embryos were rinsed 2x 5 min 

in 0.1M triethanolamine and 2x 5 min in 4 ml 0.1M triethanolamine with 12.5 µl of acetic 

anhydride. 3x 15 min washes in PBT were performed and embryos were then incubated in the 

bleaching solution until completely white (~2 hours). Bleached embryos were washed 

1x 15 min in 2x SSC (20x SSC, Sigma-Aldrich), 2x 15 min in PBT, transferred to the 

hybridization buffer and incubated at 60 ˚C overnight. The next day, a probe was added to 

a warm hybridization buffer at concentration 1 µg/500 µl of hybridization buffer and embryos 

were incubated with it at 60 ˚C overnight. The probe solution was removed and warm 

hybridization buffer was added to embryos with the 30 min incubation step at 60 ˚C. The 

embryos were then washed 4x 30 min with warm 2x SSC at 60˚C, 4X 30 min with warm 

0.2x SSC at 60 ˚C, 1x 15 min at room temperature 0.2x SSC and 3x 15 min with MAB. Washed 

embryos were incubated in the blocking solution for 2 h and then incubated with 1 ml of 

antibody solution (see 3.5) at 4 ˚C overnight. The next day, embryos were washed 6x 30 min in 

MAB (see 3.5), 2x 30 min AP buffer (see 3.5) and incubated in the staining solution (see 3.5) in 

the dark, until the staining was apparent. The stained embryos were washed 3x 10 min with 

AP buffer. The background staining was removed by 2x 5 min washes in 100 % methanol. The 

embryos were rehydrated by reverse methanol series, 2 min each, ending in PBT. Finally, the 

embryos were fixed in 4% PFA and the staining was visualized on the macroscope (Nikon 

SMZ1500). The sections were prepared either manually (scalpel) or using vibratome (Leica VT 

1000S) and observed using a microscope (Nikon Eclipse 50i). The pictures were analyzed in 

ImageJ (NIH, version 1.42q). No signal was detected in a sense probe (Supplementary Fig. 1). 

3.4 Dextran lineage tracing 

2 nl of fluorescent dye (1 % FITC-Dextran in water, the molecular weight 2 000 000; Sigma-

Aldrich) was injected into every blastomere of the 4 cell-stage. The extreme animal or extreme 

vegetal portion of the cytoplasm closest to the cleavage furrow was targeted. For the scheme of 

experimental design see Fig. 13. Embryos were visualized on fluorescence stereomicroscope 

(Leica MZ FL III). 
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3.5 Solutions 

1x MBS (Modified Barth`s Saline)  

88 mM NaCl; 1 mM KCl; 5 mM HEPES pH 7.8, 0.7 mM CaCl2; 1 mM MgSO4; 2.5 mM 

NaHCO3) 

Bleaching solution 

2 ml 30% H2O2; 2 ml formamide; 36 ml 2x SSC 

Hybridization buffer 

50% formamide; 5x SSC; 1 mg/ml Torula RNA; 100 μg/ml heparin; 1x Denhart`s solution; 

0.1% Tween-20; 0.1% CHAPS; 10 mM EDTA; RNase & DNase free water  

100x Denhart`s solution 

2 % BSA; 2 % polyvinylpyrrolidone; 2 % ficoll 

High salt solution 

1x MBS; 20 mM NaCl 

MAB  

100 mM maleic acid; 150 mM NaCl; pH 7.5 

Blocking solution 

1x MAB + 10% BMB blocking reagent + 10% heat-treated lamb serum  

Antibody solution 

0.63 µl anti-DIG-AP (); 1 ml Blocking solution 

Alkaline phosphatase (AP) buffer 

100 mM Tris pH 9.5; 50 mM MgCl2; 100 mM NaCl; 0.1 % Tween-20 

Staining solution 

10 ml AP buffer; 36 µl NBT; 28 µl BCIP; 2% PVA 
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4 RESULTS 

4.1 Distribution of maternal transcripts along the A-V axis 

Regarding the distribution along the A-V axis, various classes of maternal transcripts exist in 

the Xenopus laevis oocytes (Sindelka et al., 2010). Based on the RNA-Seq analysis (Sindelka et 

al., in press), supporting the spatial asymmetry in the transcriptome organization, we decided to 

validate obtained data for selected genes (lima1, clic5, vegt, nanos1). We took advantage of a 

previously designed method of RT-qPCR tomography (Sindelka et al., 2008). Six Xenopus eggs 

from three different females were embedded, frozen and sectioned along the A-V axis. 

Afterwards, sections were pooled to create five arbitrary egg segments (1-5). Total RNA was 

isolated from pooled sections using TRI Reagent. The profile of the total RNA amount along 

the A-V axis reflects the position where the GV used to reside before its breakdownin the egg 

(Fig. 6).  

Fig. 6. Distribution of total RNA amount along the A-V axis of mature X. laevis eggs. The x-axis 

represents the A-V axis with five egg segments (1 to 5) along it. The y-axis represents total RNA amount 

in nanograms. Error bars represent the standard deviation (SD) of six biological replicates. 

4.1.1 Spatial expression profiles of maternal mRNAs 

 In the RT-qPCR analysis of processed samples, maternal transcripts encoded by selected genes 

form four distinct spatial expression profiles (Fig. 7). Previously characterized categories of 

extremely vegetal RNAs and vegetal RNAs are represented by nanos1 and vegt, respectively. 

nanos1 maternal mRNA, encoding a germ cell determinant (Kloc et al., 1998) accumulates in 
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the vegetal most segment (Fig. 7; 5). Its amount is lowest in animal segments, always close to 

0 %, while in the vegetal pole an extreme accumulation of more than 85 % of total nanos1 is 

evident in the last segment, corresponding with its reported localization mechanism and 

anchoring in the vegetal cortex.  

Fig. 7. Distribution profiles of selected maternal mRNAs along the A-V axis of mature X. laevis 

eggs. Transcripts create four distinct concentration gradients. Extremely animal category of transcripts is 

represented by lima1with maximum concentration in the animal most segment (1). Animally localizing 

transcripts are represented by clic5. Their concentration peak coincides with the position of the nucleus in 

the mature egg (segment 2 and 3). The vegetal localization pattern of vegt with a gradual increase is 

different from the one of nanos1, that exhibits extreme accumulation in the vegetal most segment (5). The 

x-axis represents the A-V axis with five egg segments (1 to 5) along it; the y-axis represents relative 

quantity (RQ) in percent. Error bars represent SD of six biological replicates. 

A similar distribution can be oberserved for the vegt maternal mRNA, which is translated into a 

transcription factor important for mesoderm and endoderm specification (Zhang et al., 

1998).The only difference is a continuous concentration increase towards the vegetal 

hemisphere, where more than 50 % of vegt molecules were detected in the last segment (Fig. 7; 

5). This is in agreement with previously obtained data from RT-qPCR tomography (Sindelka et 

al., 2010). lima1 was selected from the set of genes identified as extremely animal in RNA-Seq 

analysis. The concentration of maternal lima1 in samples analyzed here was always highest in 

the animal most (Fig. 7; 1) segment, reaching ~30 % of its total amount in the egg. With 

increasing distance from the animal pole, it slowly declines, showing minimal concentration in 

the vegetal most segment (Fig. 7; 5). As an example of animal genes, whose transcripts are 

presumed to passively diffuse from the nucleus, clic5 is shown. Its distribution profile with a 
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maximum in the second segment is reminiscent of the one for the total RNA in the egg (Fig. 6), 

suggesting no trace of active localization mechanisms. 

4.1.2 Spatial expression profiles of XA transcripts 

Next, we decided to assess transcript distribution of two other genes from the extremely animal 

group - dand5 and ifrd2. As depicted in Fig. 8, these maternal mRNAs display a similar 

localization profile. As seen in the case of lima1, dand5 and  ifrd2 transcripts are also enriched 

in the first segment (Fig. 8; 1), where ~30 % of their total content can be found. Conversely, in 

the opposite, vegetal pole of the egg, these transcripts are almost completely absent with 

concentration below 4 %. This localization trend is reproducible, since we detected very small 

inter-sample variability. 

Fig. 8. Distribution profiles of extremely animal maternal mRNAs along the A-V axis of mature 

X. laevis eggs. lima1, dand5, and ifrd2 maternal transcripts exhibit a common localization bias for 

extreme animal pole as indicated by their distribution gradients. The x-axis represents the A-V axis with 

five egg segments (1 to 5) along it; the y-axis represents relative quantity (RQ) in percent. Error bars 

represent SD of six biological replicates. 

To support the existence of extremely animal localized maternal RNAs, and to obtain a more 

detailed view of their cytoplasmic localization, we performed high-resolution tomography using 

fifteen segments along the A-V axis. Resulting spatial expression profiles are shown in Fig. 9. 
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All three analyzed transcripts retain animal enrichment in the first three segments even at the 

higher spatial resolution. These segments (Fig. 9, 1-3), that correspond to the segment one in 

Fig. 8, always contained ~50 % of a particular RNA egg content. One of the samples initially 

processed as a third biological replicate showed lower values for transcripts enrichment (data 

not shown), probably due to incorrect sectioning or loss during RNA isolation process and was 

therefore excluded from the analysis. 

Fig. 9. Distribution profiles of extremely animal maternal mRNAs along the A-V axis of mature 

X. laevis eggs sectioned into 15 segments. The result is average of two biological replicates. The set of 

listed transcripts match proposed extreme animal localization, with the highest concentration in the first 

three animal segments (1-3) even at the higher spatial resolution. Black dashed line indicates a 

hypothetical mRNA with an even distribution in all segments. The x-axis represents the A-V axis with 

five egg segments (1 to 15) along it; the y-axis represents relative quantity (RQ) in %. Error bars 

represent SD values of two biological replicates. 

 

4.1.3 Correlation with RNA-Seq data 

Results obtained from the RT-qPCR were compared to the data from the afore-mentioned RNA-

Seq analysis (Sindelka et al., in press). The relative quantification data from presented 

experiments with X. laevis eggs sectioned into five segments show a strong correlation with 

NGS data of identically processed samples (Fig. 10). 
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Fig. 10. The correlation of presented relative quantification of asymmetrically distributed mRNA 

transcripts assessed by RT-qPCR (x-axis) with the quantification based on RNA-seq (y-axis). 

Averaged relative quantification of lima1, dand5, ifrd2, vegt and nanos1 expression measured by RT-

qPCR and RNA-Seq in sectioned X. laevis fertilized eggs is compared. 

4.1.4 Maternal lncRNAs are asymmetrically distributed along the A-V 

axis 

Similar to maternal mRNAs, molecular asymmetry along the A-V axis in X. laevis oocytes and 

eggs were discovered for non-coding RNAs (Kloc et al., 1993; Sidova et al., 2015). This 

prompted us to examine if another sub-class of non-coding RNAs, the lncRNAs, participate in 

defining asymmetries of the A-V axis and could have a role in the patterning of the embryo 

We selected five predicted lncRNAs with potential localization bias towards one of the egg 

poles, as determined from the RNA-Seq data, for the RT-qPCR-tomography analysis. Two of 

these (Xetrov90001134m and linc00116; names are listed according to X. laevis 9.1 genome 

annotation) were previously annotated. However, in this case, localization profiles as derived 

from the RNA-Seq data were not in agreement with our RT-qPCR results when no asymmetry 

was observed (data not shown), suggesting that these lncRNAs are not actively localized and 

exhibit only a subtle animal enrichment, similar to clic5. 
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In addition, we picked three novel, non-annotated lncRNAs from the dataset of those with 

potential differential expression along the A-V axis (Sindelka et al., in press). Indeed, the three 

lncRNAs - lncRNA445, lncRNA823 and lncRNA4876 (names generated by the software used for 

the RNA-Seq data analysis) – were found to localize asymmetrically (Fig. 11). lncRNA445 

forms a concentration gradient similar to extremely animal transcripts, with highest RNA 

amount detected in the first two animal segments (Fig. 11; 1 and 2), while in the vegetal pole 

(segments 4 and 5) there is less than 10 % of total lncRNA445 molecules. 

Fig. 11. Distribution profiles of selected novel maternal lncRNAs along the A-V axis of mature 

X. laevis eggs. Maternal lncRNAs show localization bias along the A-V axis. Enrichment in the animal 

hemisphere is evident for lncRNA445, while lncRNA4876 and lncRNA823 display a clear concentration 

increase towards the vegetal pole. 

However, the vegetal hemisphere seems to be rich in two other analyzed lncRNAs. In the 

vegetal most segment (5), there is a significant enrichment of lncRNA823, reaching ~50 % of its 

content in the egg. In the direction towards the animal pole, its concentration diminishes falling 

below 5 % in the animal most segment. This result was highly reproducible, suggesting that 

lncRNA823 is a target of one of the localization pathways. lncRNA4876 levels follow the 

vegetal profile too, although with a more subtle concentration increase, finally reaching 35 % in 

the last segment. 

Thus, despite the lncRNAs spatial expression profiles do not exhibit as striking enrichment as 

can be seen in maternal mRNAs, there is an evident trend for their preferential cytoplasmic 

localization. 
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4.1.5 Localization of XA transcripts is conserved at the blastula stage, 

while localization of animal ones is not 

To study dynamics of the cytoplasmic localization of maternal transcripts in early stages of 

development we measured concentration gradients in blastula stage embryos. If the transcripts 

with known localization in the egg remain localized throughout the cleavage of blastomeres, it 

would indicate their active transportation and binding to intracellular structures. In order to 

compare the two developmental stages (fertilized egg and blastula) with the highest precision 

possible, we cut the embryos into fifteen segments, which previously have provided us with a 

better spatial resolution of the distribution. As demonstrated by Fig. 12, transcripts that localize 

to one of the poles in the egg (Fig. 12; red), stays accumulated in a particular region of the early 

embryo (Fig. 12; green). However, in the blastula, the enrichment is less manifested, with an 

evident concentration drop compared to the egg. This could be a consequence of daughter cells, 

derived from transcript-enriched cytoplasm, acquiring a new position closer to the equator. The 

same trend is common to extremely animal transcripts lima1 (Fig. 12, A), dand5 (Fig. 12, B), 

ifrd2 (Fig. 12, C), extremely vegetal nanos1 (Fig. 12, E) and vegetal lncRNA823 (Fig. 12, F). 

Despite a concentration drop, they still retain their respective animal or vegetal position in the 

animal blastomeres. However, this is in clear contrast to clic5 mRNA (Fig. 12; D) that displays 

a homogenous distribution along the entire A-V axis in both compared stages. A small 

concentration peak in the area where nucleus used to reside can be observed. 
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Fig. 12. Comparison of maternal RNA localization along the A-V axis in X. laevis mature egg (stage 

1, red lines) and blastula stage embryo (stage 8, green lines). Black dashed line indicates a 

hypothetical mRNA with an even distribution in all segments. 
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4.2  Expression of localized transcripts in development 

As noted before, animal localization of maternal transcripts suggests their preferential 

expression in the future ectodermal derivatives (Grant et al., 2014). To trace the progeny of 

cells that inherit maternal factors specifically localized to one of the egg hemispheres we first 

decided to perform dextran injection experiments. Embryos were injected at the 4-cell stage 

(stage 3) into every blastomere in a way that animal most or vegetal most portion of a cell was 

targeted (Fig. 13, left). That is the portion closest to the cleavage furrow on the animal or 

vegetal pole. Subsequently, injected embryos were visualized at the tailbud stage (stage 26) 

under UV light to see the fluorescent labeling (Fig. 13, right). 

 

Fig. 13. Lineage tracing of animally and vegetally located cells. Left portion outlines experimental 

design. Dextran injection sites are indicated by green dots in animal view. 4-cell stage embryos were 

injected in every blastomere, either into the animal most (A) or the vegetal most (V) portion of the cells. 

Embryos were assayed at the tailbud stage (stage 26). Right portion shows control embryo, embryo 

injected into the animal pole and vegetally injected embryo. Anterior is to the left. A – animal injection; 

V – vegetal injection. 

After injection into the animal pole, cells derived from the injected region contributed to the 

epidermal lineage, as indicated by the dotted pattern, and head region. In contrast, vegetally 

injected embryos show the strong contribution of labeled cells in the endodermal lineage located 

ventrally. 

Therefore, we anticipated that enrichment in the extreme animal portion of the early embryo 

could be predictive of a role in ectoderm and nervous system differentiation. Likewise, we 

wanted to analyze the expression of selected lncRNAs during early embryogenesis. To 
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investigate this, we performed whole mount in situ hybridization (WISH) of the genes listed in 

Table 1. 

Table 1. WISH protocol workflow and summary of completed parts 

gene 
primer 

design 
clone probe staining 

lima1  (GE Dharmacon, CloneId:5074658)  

dand5  (GE Dharmacon, CloneId:6324534)  

ifrd2  (GE Dharmacon, CloneId:5083944)  

lncRNA823  pBSKS+  

linc00116  pBSKS+  

Xetrov90001134m  pBSKS+  

 

4.2.1 Spatiotemporal changes in the expression of XA genes  

Oocyte – blastula transition 

First, we decided to visualize lima1, dand5 and ifrd2 transcripts enrichment detected by 

RT-qPCR tomography (Fig. 8; Fig. 9). During preliminary experiments, inserts were prepared 

by PCR, using primers designed to contain restriction sites for cloning into the vector 

pBluescriptKS (+) (pBSKS+).  However, sequencing of the in-house prepared clones revealed 

poor quality of constructs (data not shown), probably due to a failure in the digestion step. 

Instead, we purchased commercially available clones to prepare our Digoxigenin (DIG)-labeled 

probes for lima1, dand5, and ifrd2. Subsequently, the cloning protocol was optimized for the 

next experiments (see below and Materials& Methods). 

The in situ hybridization confirmed animal localization of transcripts in both analyzed 

stages (Fig. 14). In the egg (Fig. 14, panel A), transcripts populate animal hemisphere and are 

completely depleted from the vegetal pole as can be seen from the sagittal sections in Fig. 14, 

panel B. Interestingly, dand5 localization domain seems to be restricted to the animal most 

cortex, while localization pattern of lima1 and ifrd2 comprises a bigger portion of the animal 

cytoplasm. Of note here is the clearly distinguishable border of lima1 and dand5 expression 

domains in the A-V direction, whereas, in the ifrd2 staining the boundary is rather fuzzy (Fig. 

14, panel B). This can be explained by a limited sensitivity of the WISH methodology or by 

non-synchronous and possibly different development progression of particular samples. 

Therefore, the observed phenomenon can be caused by a different RNA amount in the 

ifrd2-stained egg.  
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Fig. 14. WISH of extremely animal transcripts. X. laevis embryos were stained with probes indicated 

on the left at stage 1 – mature eggs (panels A, B) or stage 8 – blastula (panels C, D). The expression of 

lima1 (E) and dand5 (F) was also analyzed during oogenesis at stage III/IV oocytes. Arrows in E and F 

mark the staining. A, C – animal pole views; B, D – sagittal sections, animal pole on the top. The scale 

bar (top left) is 500 µm in A-D and 250 µm in E,F. 

At blastula stage (stage 8; Fig. 14, panel C) all three genes are expressed in animal blastomeres 

with dand5 displaying strong nuclear signal reflected by the dotted pattern. Sagittal sections 

(Fig. 14, panel D) show that expression in the vegetal pole is either much weaker (dand5) or 

completely absent (lima1, ifrd2).  

To gain an initial idea about when the extremely animal transcripts become localized, we 

stained immature oocytes (stage III/IV of oogenesis) with probes against lima1 (Fig. 14E) and 

dand5 (Fig. 14F). In all cases, the signal appeared only in one of the oocyte poles, suggesting an 

early timing of localization events. 
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lima1, dand5, and ifrd2 are expressed in neuroectoderm and non-neural ectoderm 

At the early tailbud stage (stage 22), extremely animal transcripts are expressed in both 

ectodermal lineages (Fig. 15). The most evident expression can be found in the head region 

(Fig. 15, A - frontal views; E-G - midsagittal sections), within domains of cranial placodes and 

neural crest cells (NCC; arrows in Fig. 15) and central nervous system (CNS, arrowheads in 

Fig. 15). The ifrd2 transcript, shows the strongest signal in the entire CNS (panel A, B, D and 

sagittal sections G and Gi). Its expression in the forebrain, midbrain, and hindbrain, together 

with the developing eye is complementary to lima1. A complementary pattern of the two can 

also be seen in the ventral posterior region around the proctodeum (Fig. 15, C), which is stained 

with lima1, but not the ifrd2 (or dand5).  

 

Fig. 15. Expression of extremely animal transcripts in neuroectoderm and non-neural ectoderm. All 

three analyzed transcripts are expressed in both ectodermal lineages of stage 22 X. laevis embryos. A - 

frontal views, dorsal up; B – dorsal views; C – ventral views; D – lateral views;  E-G – midsagittal 

sections; Ei, Gi parasagittal sections; B - Gi anterior left. dand5 and ifrd2 are expressed in the optic 

vesicle of the future eye (e), dashed circle in E - Gi. Expression of all genes in the CNS (pointed 

arrowheads) and cranial placodes and cranial NCC (arrows) is evident. Apart from the head, there is a 

strong signal in the cement gland region (encircled in C and marked by an asterisk in E - G). lima1 is also 

expressed in the proctodeum (p). Scale bar 500 µm in A, 1mm in B-D, 250 µm in E-Gi. 
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Likewise, there is an expression domain, common to all studied genes, in the region of the 

cement gland (outlined in Fig. 15 panel C), that can possibly overlap with a heart field.  

In contrast to lima1 and ifrd2, dand5 seems to be enriched in deeper head regions (Fig. 

15, D and F). The transcript dand5 showed the strongest expression in epidermal cells 

throughout gastrulation (Fig. 16, A), neurulation (Fig. 16, B) and it is maintained in the tailbud 

(Fig. 15, panels B - D). However, conversely to otogelin (Fig. 16, C), the marker of a 

subpopulation of epidermal cells, dand5 is also expressed in the neural tube and mesodermal 

tissue as shown by midsagittal (Fig. 16, Bi) and transverse (Fig. 16, Bii) sections of neurula 

(stage 18).  

 

Fig. 16 Dand 5 expression in ectodermal and mesodermal tissue. Early expression in epidermal cells is 

most prominent at gastrula (A, stage 11) and neurula (B, stage 18) stages, creating a dotted pattern (inset 

in Bi). However, in contrast to epidermal cell marker otogelin (C), dand5 is also expressed in neural plate 

(outlined in B), neural tube (nt), mesodermal tissue and tissue derived from gastrocoel roof plate (marked 

by an asterisk in Bi). A – ventral view; B – dorsal view, anterior to the left; C, Bii – transverse sections at 

the trunk region, Bi - midsagittal section, anterior to the left. Stages are indicated in the upper right corner, 

Bi and Bii same stage as B. ec - superficial ectoderm; en – endoderm; lpm – lateral plate mesoderm; no – 

notochord; nt – neural tube; som – somites. Scale bar 500 µm in A-C and 350 µm in Bi and Bii. 

While there is no expression in the axial mesoderm (outlined in red in Fig. 16, Bi and Bii). The 

staining is evident in the paraxial and lateral mesoderm (somites and lateral plate). Similarly, 

midsagittal section revealed expression in anterior mesenchyme and region of the future 

oropharyngeal membrane. Interestingly enough, we also detected expression in the tissue 
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localized in the region where gastrocoel roof plate resided (marked by an asterisk in Fig. 16, Bi). 

This region is known to be important for L-R axis establishment and correct heart positioning 

(Blum et al., 2014). Furthermore, this staining was only apparent in the right half of the embryo. 

4.2.2 Expression of asymmetrically localized lncRNAs in development 

Some of the asymmetrically localized transcripts identified by both, RT-qPCR tomography (Fig. 

11) and whole transcriptome RNA-Seq (Sindelka et al., in press), belong to the family of 

lncRNAs. We thought it would be interesting to examine the role of these developmentally 

regulated non-coding RNAs, and therefore we performed a WISH analysis. As denoted in Table 

1, probes were constructed for three lncRNAs – Xetrov90001134m and linc00116 (previously 

annotated in X. laevis genome version 9.1) and previously uncharacterized lncRNA823. Inserts 

were prepared by PCR, using primers designed to contain restriction sites for cloning into the 

vector (pBSKS+). First, we cloned previously characterized lncRNA linc00116, as its sequence 

was already annotated, even though its distribution assessed by RT-qPCR tomography (data not 

shown) did not show any signs of localization bias for any of the egg hemispheres. Furthermore, 

coding potential was proposed for X. tropicalis ortholog, encoding a hypothetical small 

membrane integral protein 37 (smim37). However, this experiment turned out to be 

unsuccessful, as we detected a signal of the same magnitude and pattern in our negative control 

(embryos hybridized with sense probe; data not shown), suggesting non-specific hybridization 

of a probe. 

Nevertheless, this was not observed for the next studied gene, lncRNA823 (Fig. 17, B), 

transcript of which localizes to the vegetal pole in the egg (Fig. 11) and stays enriched in 

vegetal blastomeres (Fig. 12, F). WISH analysis revealed a ubiquitous expression in the 

epidermal cells, again creating a dotted pattern in the embryonic skin (Fig. 17). Interestingly 

enough, the clusters of primordial germ cells (PGCs; arrowheads in Fig. 17) also strongly 

express lncRNA823. This is clearly visible from the lateral view (Fig. 17, A, E) and transverse 

section (Fig. 17, C), suggesting a role for this non-coding RNA in the germline homeostasis. 

Another expression domain was detected in the neural tissue of the brain, eye vesicle (Fig. 17, 

D) and roof plate of the posterior neural tube (Fig. 17, C). 
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Fig. 16. Expression pattern of lncRNA823 in late tailbud (stage 30) X. laevis embryos. Little or no 

signal was detected in control embryos stained with the sense probe (B) compared to antisense staining 

(A). lncRNA823 is expressed in the epidermis )and cement gland, it is visible in the brain (b) and eye 

vesicles (e). The most evident is the expression in primordial germ cells (inset in A, arrowheads in C and 

E). No expression was detected in the notochord (red dashed circle in C) or somites (dashed lines in E). 

However, the roof plate of the neural tube (black dashed circle in C) showed a faint staining. A, B - lateral 

views, anterior left; C, D – transverse sections of A, levels are marked. Scale bar 2.5 mm in A and B, 

750 µm in C and D, 650 µm in E. 

Successful clones of another analyzed lncRNA - Xetrov90001134m - were prepared including 

DIG-labeled probes, the hybridization, has not been performed yet.  
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5 DISCUSSION 

It has long been appreciated, that RNA localization plays a crucial role in many different cell 

processes, of which one of the most apparent is the cell migration. However, its orchestrating 

function in the cell fate specification during early embryogenesis has been described previously 

in several animal species, including the African clawed frog Xenopus laevis. This makes 

understanding of molecular phenomenon behind the RNA localization and asymmetric cell 

division a central question of developmental biology. The presented project is a continuation of 

long-term efforts of the  Laboratory of  Gene Expression to tackle these issues. Previous studies 

have defined extremely animal (Sindelka et al., in press), animal, vegetal and extremely vegetal 

(Sindelka et al., 2010) profiles for mRNAs and miRNAs (Sidova et al., 2015). Every category 

of maternal transcripts, with the exception of animal RNAs that are thought to spontaneously 

diffuse from the egg nucleus, is actively localized during oogenesis. Interestingly enough, the 

animal group is the most abundant one (> 90 % of all maternal transcripts). Therefore, a 

thorough experimental re-evaluation of previously described localization preferences would be 

needed to verify their true nature. 

In the current study, we were able to reproduce the findings of several categories of RNA 

concentration gradients formed in X. laevis egg cytoplasm with implications in the patterning.  

One pathway to rule them all? 

 Regarding the vertebrate development, frog oocytes and eggs have proven to be a great model 

system for studies focused on the differential spatial distribution of biomolecules within the 

cytoplasmic environment (King et al., 2005). Intensive research of localization pathways in 

Xenopus, idicate the presence of these sublocalized transcripts and also confirmed that there are 

mechanistic differences (Kloc and Etkin, 1995) responsible for the observed localization 

patterns. Thus, it is widely accepted that there are two distinct vegetal localization pathways, 

early (METRO) and late, with representative maternal RNAs nanos1 and gdf1, respectively. 

However, it is not clear whether there is a difference between the functional components 

responsible for their localization (eg. RBPs used and motifs responsible for target recognition; 

Bubunenko et al., 2002; Choo et al., 2005) and whether there is a time period separating them 

during the oogenesis, or whether there is a single, intricate continual localization process (Kloc 

and Etkin, 1998). 
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Animal localization pathway? 

The situation is even more complicated for transcripts localized to the animal hemisphere of the 

X. laevis oocyte. Even though three animally enriched mRNAs (An1-An3) were detected thirty 

years ago (Rebagliati et al., 1985), we still know very little about the localization events in the 

animal pole.  

Initially identified transcripts were found to encode An-1 type zinc finger protein 4 (zfand4; 

Linnen et al., 1993), α subunit of mitochondrial ATPase (atp5f1a; Weeks and Melton, 1987) 

and DEAD-box helicase 3, X-linked (ddx3x; Gururajan et al., 1994), respectively. This suggests 

that proteins translated from animally enriched transcripts are involved in diverse biological 

functions. Since then, animal localization has been reported for many more maternal mRNAs 

(Reddy et al., 1992; Goto and Kinoshita, 1999; Lee et al., 2009; Cha et al., 2012; Imbrie et al., 

2013). Interestingly, the vast majority, if not all, display expression in the preplacodal ectoderm, 

central nervous system, and cranial neural crest cells. We know from our transcriptomic RNA-

Seq data that more than 95% of total maternal RNAs are enriched in the animal pole (Sindelka 

et al., in press), but only a very small portion of extremely animal RNAs are activelly localized. 

Despite being implicated in such important developmental processes, the molecular mechanism 

responsible for targeting transcripts to the animal hemisphere has not been described yet. 

Neither has been explained how these extremely animal transcripts stay accumulated in the 

animal region and segregate specifically into animal blastomeres (Fig. 18. B). Are they 

anchored to the cytoskeletal structures, similarly to the vegetal RNAs? The possibility of the 

potential animal localization pathway is complicated by the complete absence, or sequence 

inconsistency, of localization elements in the UTR regions of the localized transcripts (Sindelka 

et al., in press), preventing us from identifying the consensus motifs. Likewise, no RBP for 

extremely animal RNAs has been reported. Thus, it is possible that the pathway acting in the 

animal pole is UTR independent. Regarding numerous animal transcripts, is this pervasive 

localization pattern formed by a regulated process or is it just an artifact caused by the 

unfavorable high-density and yolk-rich vegetal cytoplasm? Supportive for the latter would be 

the position of the oocyte nucleus (GV), that is located in the animal hemisphere. Hence, the 

animal RNAs could stay temporarily accumulated in the animal region just by the acts of 

passive diffusion upon being released from the nucleus (Fig. 18. A green color). This would 

lead to the equal inheritance of particular transcripts by the blastomeres, as there would be no 

mechanism acting to maintain their specific localization. Projecting into the distribution 

profiles, a change would be visualized by the disappearance of the initial concentration peak, 

coinciding with a nucleus position (Fig. 18. C green color).  
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Fig. 17. Animal (A) vs extremely animal (B) enrichment in X. laevis embryos. The initial position of 

the nucleus in animal hemisphere forms accumulation domain for nascent animal transcripts (green). 

However, during development, their animal localization is preserved only temporarily and leads to the 

equal distribution in daughter blastomeres. Certain extremely animal transcripts (blue) are anchored to 

some cellular structure in the animal hemisphere which maintains their localization during subsequent 

cleavage divisions. Hence, the A-V polarity of extremely animal (blue) and vegetal (yellow) maternal 

RNAs is sustained. A panel C shows distribution profiles of mentioned transcript categories resolved by 

RT-qPCR tomography. A double-headed arrow indicates the A-V axis for A and B. 

High throughput analyses of spatial transcriptome asymmetries 

Research utilizing microarray technology has shown the extent of RNA localization of maternal 

transcripts (Cuykendall and Houston, 2010; Grant et al., 2014; Kataoka et al., 2005). However, 

it was the development of the advanced next-generation sequencing methods that has shed more 

light on large scale RNA localization on the transcriptome-wide. The principle of separating a 

cell into multiple compartments are exploited by the majority of spatial transcriptomic methods 

(Crosetto et al., 2015). This allows us to analyze gene expression with respect to the subcellular 

localization. Finding an application in both, cell culture or in vitro-based research (Benoit 

Bouvrette et al., 2017) and comprehensive analyses of developmentally important asymmetries 

in patterning. Recently, many studies have been conducted utilizing the NGS analyses to resolve 

the questions associated with molecular asymmetries found in Xenopus oocytes (Claussen et al., 

2015; Forouzmand et al., 2016; Owens et al., 2017). RNA-Seq is usually preceded by manual 

dissection of oocytes and the number of reads between animal and vegetal pole is compared in 

order to assess the spatial transcriptome organization A downside of many previously published 
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research  that utilized this sampling strategy, is that they only analysed the animal and vegetal 

tips of oocytes or eggs. Therefore, they were unable to elucidate the full range of localization 

along the A-V axis and only derived data for the “start” and “end” points. 

Molecular law & order of maternal messages 

In the presented thesis, we took advantage of a data obtained from the complete RNA-Seq 

analysis of cryosectioned Xenopus eggs (Sindelka et al., unpublished data). This experiment 

was designed to determine differential gene expression along the entire body axis (A-V axis) 

and revealed the existence of a subset of animally localized RNAs that exhibit extreme 

accumulation in the first egg segments. A similar approach was used with another vertebrate 

model (Junker et al., 2014), where zebrafish embryo cryosections were used to construct a 

genome-wide 3D atlas of gene expression patterns during early development.  

Our study analyzed in detail selected extremely animal genes. The selection was performed with 

intention to validate the accuracy of the RNA-Seq data by measuring genes whose transcripts 

displayed the most prominent localization bias. Spatial localization profiles that emerged from 

the RNA-Seq data were confirmed with strong correlation by RT-qPCR tomography (Fig. 10). 

A technique developed in our laboratory to study gene expression along the axis of interest 

(Sindelka et al., 2008). By performing relative quantification on sectioned frozen X. laevis eggs 

we attempted to elucidate the establishment of the A-V axis, the first developmental axis to 

arise. The average profile of total RNA distribution along it (Fig. 6) correlates with the position 

of the nucleus. A small discrepancy with the profile of total RNA published in the previous 

study (Sindelka et al., 2010) could reflect the series of events that follow after fertilization. We 

used eggs that underwent IVF, the slight shift of the concentration peak towards the equator 

could be assigned to the cell division and dispersion of RNAs. Another explanation could be 

technical bias introduced by different protocol and experimental setup. It was previously shown 

in (Sindelka et al., 2010), that the egg stores a huge amount of RNA, up to 4 µg. Hence, it is 

possible to perform profiling on a single cell level without a need for the preamplification step. 

The genes, whose transcripts are known to localize to the vegetal pole (vegt and nanos1), found 

to form two distinct gradients (Sindelka et al., 2010), were used to assess the precision of the 

sectioning. It is noteworthy that this particular trend of sub-division for vegetal RNAs was 

detected in the current work too (Fig. 7), suggesting high reproducibility of observed 

localization phenomena. The fact that this subdivision can also be seen when using egg sections 

grouped in 5 (present study) or 15 (Fig. 11 here and Sindelka et al., 2010), segments speaks for 

high sensitivity of the method. This quantitative difference could be a consequence of pathway 
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utilization, as mentioned above, which either means the two localization pathways display 

different kinetics, or there is a single complex pathway with target specific features.  

Animal and extreme animal (category) in frog oocytes 

In addition to vegetal RNAs, we succeeded to visualize the quantitative difference between the 

animally enriched RNAs (Fig. 7), further supporting newly proposed subdivision of maternal 

RNAs enriched at the opposite hemisphere. The concentration peak of extremely animal 

transcripts, in Fig. 5 represented by lima1, is clearly shifted from the assumed location of the 

nucleus. The biggest portion is always found in the first egg segment, in contrast to animal 

clic5, the concentration of which reaches maximum values in the second to third segment (Fig. 

7). One can speculate, that distribution peak of the latter is determined by the nucleus position. 

What is even more persuasive, at the later developmental stage, this peak vanishes (Fig. 12, D). 

The observed flattening of clic5 distribution profile in the blastula demonstrates it is equally 

distributed to animal and vegetal blastomeres. Making it more reminiscent of the ubiquitous, 

non-localized RNA (simulated in the figure with a black dashed line). Interestingly enough, we 

did not detect a similar change for lima1 (Fig. 12, A), which is in accordance with it being 

actively preserved in the animal region by a yet unidentified mechanism. 

Together with lima1, in the undertaken study, we show how two other transcripts – dand5 and 

ifrd2 - of extreme animal localization exhibit identical distribution (Fig. 8). The parallel 

gradients formed by this set of mRNAs always follow the same trend. A significant amount of 

their quantities accumulates in the first two segments, with a maximum located in the first one. 

A region corresponding to the animal most 200 µm piece of the egg - the extreme animal 

portion. This enrichment is followed by a steep decline towards the vegetal pole. 

These results are corroborated by an experimental setup with even better spatial resolution. As 

mentioned, the more detailed analysis was used in past to underline the quantitative differences 

of vegetal RNAs (Sindelka et al., 2010). Dividing the egg cryosections into more (15) arbitrary 

groups allowed us to visualize the spatial intracellular relationships with higher sensitivity. 

However, this also affected the RNA amount extracted from individual segments, which 

prompted us to utilize a different method for RNA concentration measurements, as we hit 

detection limits. Having optimized the original protocol, by substitution of Nanodrop 

quantitation with fluorometric-based quantitation, we gained a better idea of true RNA amount 

in the samples. Thus, we were able to assure the same input for all reverse transcription 

reactions and used the total RNA amount for normalization of the subsequent relative 

quantification. 
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The outcome, shown in Fig. 9, demonstrates that most of the maternal expression of lima1, 

dand5, and ifrd2 is found in the extreme portion of the animal hemisphere. In the relative 

quantification graph, constructed from the “15 segments data”, the sudden concentration drop 

after the third segment is even more prominent. Demarcating the segment 1 in the “5 segments 

data” (Fig. 8) as the segment with the highest amount of particular transcripts. The inverse 

pattern is seen in the extremely vegetal nanos1 (Fig. 12, E), with approximately 80 % being 

localized in the last, vegetal most segment. It is important to stress here, that concentration 

maxima of both groups are off-centered with respect to the nucleus, as evident upon comparison 

to the total RNA amount distribution (Fig. 6). One is shifted towards the animal cortex (lima1, 

dand5, ifrd2), the other towards the vegetal one (nanos1). We are encouraged to say that this is 

one of the “phenotypic” trademarks of actively localized RNAs and therefore propose the newly 

identified group of extremely animal maternal transcripts to be targeted by yet uncharacterized 

localization mechanism. 

Another reason for us to think so, illustrated in Fig. 12, is the persistence of localization patterns 

of lima1, dand5, and ifrd2 along the A-V axis at blastula stage. Despite not being so prominent, 

intracellular gradients are still noticeable and furthermore still exhibit the same enrichment bias 

with respect to the A-V axis. Our results strongly support the second model (Fig. 18 B),where 

the extremely animally biased maternal RNAs transcripts do not titrate out from their domain 

during cleavage divisions. The only way how to reach that lima1, dand5 and ifrd2 are inherited 

by only a specific subset of blastomeres in a position-dependent manner is to keep these 

transcripts in a place of their original accumulation domain. The involvement of 

a sub-membrane cortex is possible. 

However, how are these transcripts selected from the huge entity of mRNAs whose localization 

is just temporarily animal? Do they utilize localization elements to reach their final destination, 

similarly to vegetal RNAs? Recently, such a case was detected by Imbrie et al. (2013), where 

the animal localization of analyzed transcript, CK2α, (localized in animal halves of oocytes as 

early as stage IV of oogenesis) was directed by its 3`UTR. In addition, the presence of the 

coding region for proper localization was also essential (Imbrie et al., 2013). This implies the 

existence of a hypothetical factor responsible for the recognition of a particular zipcode. 

Nevertheless, such an RNA binding protein has not been evidenced yet.  

So is the observed animal accumulation really the result of an active localization pathway that 

takes place early in oogenesis? Or is the differential concentration with animally biased peak 

preceded by a depletion of respective transcripts in the vegetal hemisphere? If so, what are the 

molecular components of this hypothetical negative regulation network? It would be likely that 
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there is some unidentified factor responsible for animal restriction. As some proteins encoded 

by extremely animal transcripts were found to repress the signaling activity required for cell 

specification in the vegetal hemisphere (Bell et al., 2003). Furthermore, it has been reported that 

some encodes transcription factors that promote ectodermal fate (Cha et al., 2012). So in order 

to avoid misinterpretation of the cell position caused by the ectopic signaling, embryos must 

keep certain boundaries restricting gene regulatory networks for proper patterning of the germ 

layers to occur.  

The ideal way how to meet this goal is to prepare desired molecular domains early in 

development, so the subsequent cell divisions can only follow a carefully prepared path. This 

straightforward, highly determinative strategy is common to most invertebrate species. 

Nonetheless, it was demonstrated here, and by others, that intracellular polarization affecting the 

progeny is crucial in vertebrates as well. 

Animal localization and ectodermal fate 

In the current work, we examined the role of transcripts segregated to the egg animal 

hemisphere in early development. We wanted to find a reason that would justify observed 

specificity in mRNA localization creating a regulated domain for respective translation products 

to function in. As denoted by Grant et al. (2014), animally enriched maternal mRNAs are found 

in the tissue of ectodermal origin. Interestingly, in this study, RNA localization is evaluated 

using microarray comparison of animal and vegetal blastomeres of 8-cell stage Xenopus 

embryo. This could possibly remove “false positives” from the analysis, as the transcripts that 

exhibit just animal localization and become ubiquitous later on would not be found significant.  

Our first attempt to elucidate the expression of lima1, dand5 and ifrd2 at later developmental 

stages was conducted by using fluorescent Dextran dye. Upon injection of this lineage tracing 

agent into the sites of extreme animal or extreme vegetal localization domains we were able to 

say with confidence that animal localization projects into the superficial cell layers, while 

vegetally localized factors end up in the endoderm of the gut (Fig. 13). Indeed, Whole mount in 

situ hybridizations have revealed both, the initial enrichment of selected transcripts in the 

animal pole of mature eggs (Fig. 14) and their expression in ectodermal tissue derivatives (Fig. 

15). It did not escape our notice, that in the egg they exhibit a different strength of the signal, 

which could be predictive of a different magnitude of maternal expression. We also noticed, that 

analyzed mRNAs differ in the scale of expression-positive areas of the animal pole. While 

dand5 seems to be restricted to the small ellipsoid domain, lima1 and ifrd2 localize more 

broadly (Fig. 14, B). The latter forming a dispersed boundary along the A-V axis. It is tempting 

to speculate that this reflects mRNA molecules of ifrd2 being released from the initial anchoring 
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or that it suggests an ongoing localization process. Furthermore, the observed absence of firmly 

set edges of expression domain, with illusory continuity towards the equator region, are 

mirrored in its relative quantification profile (Fig. 8; Fig. 9; Fig. 12, C). Thus, it is possible that 

enrichment of ifrd2 in the animal pole of fertilized X. laevis eggs is not as extreme compared to 

lima1 and dand5, but still meets the attributes required for being actively maintained there. In 

addition, this feature might be of functional importance and serve to provide positional 

information for cells in the entire animal hemisphere. 

The position of extremely animal RNAs is maintained at blastula stage, which is in line with the 

RT-qPCR tomography (Fig. 12). A striking dotted pattern of dand5 was detected from this stage 

(Fig. 14, C; Fig. 15; Fig. 16) through gastrulation all the way to the tailbud. This phenomenon is 

typical for epidermal cell markers and is known to arise in foxi1 hybridized embryos, another 

transcript specific to the animal hemisphere (Mir et al., 2007). With a hope of identifying the 

specific cell type, we probed stage 17 dand5 in situ stained embryos with an antibody for α-

tubulin – a marker of the ciliated cells in the epidermis (data not shown). However, the signals 

did not overlap and we speculate that dand5 is expressed in other epidermal cell type. dand5 

animal localization in the Xenopus egg was previously demonstrated by Bell et al. (2003). The 

same laboratory proposed its role in early embryogenesis as a BMP and TGF-β inhibitor, acting 

in the acquisition of ectodermal and neural cell fate by TGF-β and BMP signaling suppression, 

respectively. We compared its expression to a known epidermal cell marker, otogelin, and 

found that dand5 is also expressed in the mesodermal tissue (Fig. 16). Interestingly, mesoderm 

was stained in embryos hybridized with lima1 and ifrd2 as well (data not shown). This is in 

agreement with the observation of Grant et al., who detected varying mesodermal and 

endodermal expression in later developmental stages. 

Surprisingly, we also found traces of the other function assigned to dand5 – the L-R axis 

formation (Blum et al., 2014). By actions of the leftward flow, generated by the ciliated cells 

located in the gastrocoel roofplate, dand5 is downregulated on the left side of the embryo, while 

exhibiting strong expression on the right side. This was evident in our midsagittal neurula 

sections (Fig. 16, Bi), where the strong signal was detected in the approximate location of 

gastrocoel roofplate, but nearly exclusively in the right halves of the embryos. 

What is more important, all of the studied genes were strongly expressed in the head region 

(Fig. 15). Specifically within domains of  the neurogenic placodes and cranial crest (Fig. 15), 

suggesting the essential contribution of particular genes in the formation of head sensory organs 

(optic and otic vesicle) and cranial ganglia. With lima1 and ifrd2 being clearly upregulated in 

the branchial arches of the migrating neural crest cells and dand5 and ifrd2 expressed in the eye. 
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lncRNAs as regulators of early development 

The undertaken study has also highlighted the role of non-coding genes transcribed from the 

maternal genome and generated non-coding RNAs. As reported before, miRNAs might be one 

of the players of ncRNA family involved in the A-V axis establishment (Sidova et al., 2015). 

However, here, we chose to focus on another class of the ncRNAs instead – the long non-coding 

RNAs.  

Together five lncRNAs from the de novo transcriptome constructed according to the RNA-Seq 

data (Sindelka et al., in press) were analyzed in this study. Two of them - Xetrov90001134m and 

linc00116 - were previously identified as potential lncRNAs in X. tropicalis (Forouzmand et al., 

2016). We examined their distribution along the A-V axis of X. laevis eggs and found their 

concentration gradient to fit in the category of animally localized transcripts (Fig. 9). As we 

evaluated this phenomenon to not be caused by the active localization mechanism, we did not 

attempt to repeat, in the case of linc00116, or to finish the WISH experiment with these. More 

interesting are perhaps the results from our experiments dealing with the localization and 

developmental expression for the other three lncRNAs. The presented relative quantification of 

the previously unidentified lncRNA445, lncRNA823, and lncRNA4876 (Fig. 11) strongly 

indicate that non-coding RNAs are targets of localization pathways. The intracellular 

distribution profiles show evident bias for the animal hemisphere (lncRNA445) or vegetal 

hemisphere (lncRNA823 and lncRNA4876), with lncRNA823 exhibiting the most prominent 

enrichment. We found this novel lncRNA to be maintained in the vegetal hemisphere at the 

blastula stage (Fig. 12, F). This supports its expression in the primordial germ cells (PGCs) 

observed in the tailbud (Fig. 17). Perhaps less expected was its expression in epidermal cells 

and neural tissue (the characteristic of animally enriched RNAs). Nonetheless, it is possible that 

the expression of lncRNA823 in particular cell types is induced in later development and not 

directed maternally. Previously, Ulitsky et al. (2011), using zebrafish embryos have utilized 

WISH to analyze the expression of two lincRNAs, cyrano and megamind. Both lincRNAs 

displayed ubiquitous expression in the CNS structures with most prominent signals emanating 

in the brain and eye tissues. Interestingly, the two were initially identified by the BLAST-based 

comparison of mammalian and zebrafish lincRNAs databases (Ulitsky et al., 2011), suggesting 

that neural-specific activity of cyrano and megamind is conserved. Hence, it would be 

interesting to explore the localization of these non-coding RNAs in the eggs of respective 

species (zebrafish and mouse), to find out if this expression pattern is maternally regulated. It 

would also be useful to use the approach of Utlitsky et al. in order to see if there is synteny 

between the lncRNAs identified by us - lncRNA823, lncRNA445 and lncRNA4876  and those 

present in the genomes of zebrafish and mouse.  
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6 CONCLUSIONS 

 

The presented thesis addresses some of the questions about maternally regulated 

patterning of the early Xenopus laevis embryo. Specifically, the regulation carried out 

by asymmetrically localized maternal RNAs, that define the animal-vegetal axis. The 

outcomes of performed experiments can be summarized as follows: 

• There are several classes of maternal mRNAs in terms of sub-cellular 

localization in the egg cytoplasm – extremely animal, animal, vegetal, and 

extremely vegetal. 

• While extremely animal localization is thought to be the result of the active 

mechanism, animal localization seems to be caused by passive diffusion from 

the nucleus. 

• The concentration gradients of respective transcripts are preserved in 

development at least until the blastula stage, with the exception of animal 

transcripts. 

• The extreme animal enrichment of maternal mRNAs is predictive of their 

expression in ectodermal tissues. 

• Maternal lima1, dand5, and ifrd2 belong to the category of extremely animal 

transcripts and are expressed in the ectoderm-derived tissues of the epidermis, 

central nervous system, cranial placodes and neural crest. 

• Maternal lncRNAs are subject to RNA localization mechanisms and they create 

intracellular concentration gradients similar to the mRNAs. 

• Previously non-annotated lncRNA823 is maternally expressed, localized to the 

vegetal pole and potentially essential in the specification of primordial germ 

cells. 
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8 SUPPLEMENTAL INFORMATION 

 

Supplementary Table 1. The qPCR gene-specific primers. 

name sequence 
product 

size 

lncRNA823_Fw CTGGCAAATACAATACTAGGGAGGA 
188 

lncRNA823_Rv TGGGGTTTTACCTTGACGTGG 

lncRNA445_Fw CACAGGCCCGAGGGAATTAG 
106 

lncRNA445_Rv TGGTCAGTGCGCTCGTTTAG 

lncRNA4876_Fw AGAGAGAGTAATTGCCCAAACCA 
117 

lncRNA4876_Rv GTAGCACCGCCCATACCC 

Xetrov90001134m_Fw CCTGCTCTTTGACCTAGTGCTT 

142 Xetrov90001134m_Rv TGTGGCTTTGTAGCTGAGAGG 

linc00116_Fw ACTGGGACCTCTGACCTATTAACT 
174 

linc00116_Rv TGTGTTTTCTGTATGTCCACCACT 

 

Supplementary Table 2. The primers for cloning. 

name sequence 
product 

size 

lncRNA823_Fw CCGCTCGAGCGGCCCTTACCACTACCATACACAC 
483 

lncRNA823_Rv GCTCTAGAGCCAATACTAGGGAGGATTGTGG 

linc00116_Fw CCGCTCGAGCGGCCGATCTGAAGTAGACCCG 
546 

linc00116_Rv GCTCTAGAGCTATTCTCAGATTCAATTTTTATTACTATCCC 

Xetrov90001134m_Fw CCGCTCGAGCGGCATCAGTTAGCGTCGCTC 
729 

Xetrov90001134m_Rv GCTCTAGAGCAATGCTTCTAGGAAGAGTTTATTTAGA 

 

Supplementary Table 3. DIG-labeled probe preparation. 

gene plasmid 
antisense probe; RNA 

polymerase, 
restriction enzyme 

sense probe; RNA 
polymerase, 

restriction enzyme 

lima1 pCMV-SPORT6 T7, ClaI T3, NotI 

dand5 pBluescript SK- T7, XmaI SP6, NotI 

ifrd2 pCMV-SPORT6.ccdb T7, KpnI SP6, NotI 

lncRNA823 pBSKS+ T7, XhoI T3,XbaI 

linc00116 pBSKS+ T7, XhoI T3,XbaI 

Xetrov90001134m pBSKS+ T7, XhoI T3,XbaI 
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Supplementary Table 4. Averaged relative quantities and SD of genes measured by RT-qPCR in 5 

egg segments. N=6. 

  average 

segm
ent 

spike lima1 dand5 ifrd2 clic5 vegt nanos1 
lncRNA 
445 

lncRNA 
823 

lncRNA 
4876 

1 23,26% 39,13% 40,21% 30,82% 15,98% 2,22% 1,14% 28,85% 3,40% 8,74% 

2 27,22% 35,02% 40,74% 38,93% 32,24% 3,47% 0,48% 36,83% 4,86% 16,23% 

3 25,70% 15,44% 14,56% 20,53% 24,60% 14,23% 2,17% 19,02% 12,63% 17,67% 

4 14,50% 7,12% 3,34% 5,86% 15,17% 30,58% 10,01% 8,17% 27,50% 22,13% 

5 9,32% 3,30% 1,15% 3,86% 12,01% 49,49% 86,19% 7,12% 51,61% 35,24% 

  SD 

segm
ent 

spike lima1 dand5 ifrd2 clic5 vegt nanos1 
lncRNA 

445 
lncRNA 

823 
lncRNA 

4876 

1 3,73% 9,55% 10,00% 3,78% 6,18% 2,11% 1,48% 18,78% 4,86% 2,99% 

2 4,94% 5,30% 11,70% 8,75% 5,12% 1,15% 0,32% 9,69% 6,02% 5,66% 

3 4,70% 4,08% 1,67% 8,95% 3,51% 8,37% 1,18% 12,69% 10,68% 5,30% 

4 8,44% 3,87% 2,20% 6,64% 10,33% 16,25% 6,08% 4,23% 16,72% 12,50% 

5 6,72% 1,25% 1,08% 3,53% 1,79% 17,47% 8,00% 6,74% 22,88% 14,89% 

 

Supplementary Table 5. Averaged relative quantities and SD of genes measured by RT-qPCR in 15 

egg segments. N=2. 

  average 

segment 
spike lima1 dand5 ifrd2 clic5 vegt nanos1 

lncRNA 
823 

1 6,14% 15,72% 16,98% 15,09% 5,63% 0,34% 0,03% 0,60% 

2 6,06% 16,56% 16,09% 19,00% 5,93% 0,68% 0,11% 0,64% 

3 6,22% 20,28% 30,00% 21,91% 15,79% 2,15% 0,17% 0,87% 

4 6,52% 6,21% 9,07% 7,28% 6,44% 0,67% 0,04% 0,66% 

5 6,88% 5,21% 6,77% 5,55% 6,74% 0,78% 0,10% 0,84% 

6 6,34% 5,29% 5,78% 5,58% 6,70% 1,60% 0,13% 1,12% 

7 6,79% 4,57% 5,30% 6,82% 7,02% 2,32% 0,25% 1,46% 

8 8,16% 3,53% 2,47% 2,40% 5,94% 3,11% 0,41% 1,72% 

9 7,08% 6,19% 2,98% 4,85% 7,50% 5,20% 0,33% 2,01% 

10 6,90% 4,06% 2,10% 1,87% 5,09% 6,89% 0,61% 2,88% 

11 6,26% 2,67% 0,91% 1,70% 6,82% 9,10% 1,93% 5,73% 

12 6,60% 3,79% 0,28% 3,77% 3,97% 11,83% 1,83% 4,88% 

13 6,25% 2,59% 0,31% 1,09% 3,40% 11,00% 2,57% 5,31% 

14 6,55% 2,15% 0,41% 0,44% 3,89% 12,79% 3,92% 6,50% 

15 7,24% 1,19% 0,53% 2,65% 9,14% 31,54% 87,57% 64,76% 
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  SD 

segment 
spike lima1 dand5 ifrd2 clic5 vegt nanos1 

lncRNA 
823 

1 0,38% 3,83% 9,33% 0,10% 1,04% 0,16% 0,01% 0,29% 

2 0,79% 4,34% 2,07% 4,38% 1,28% 0,53% 0,14% 0,09% 

3 0,12% 18,98% 22,45% 14,95% 11,74% 2,46% 0,11% 0,30% 

4 0,84% 1,53% 2,22% 0,76% 0,00% 0,17% 0,01% 0,85% 

5 0,22% 1,44% 1,22% 1,79% 1,74% 0,16% 0,00% 1,05% 

6 0,42% 0,95% 0,15% 1,80% 1,92% 0,09% 0,11% 1,42% 

7 0,98% 0,62% 1,86% 5,18% 1,21% 0,51% 0,07% 1,80% 

8 1,62% 1,23% 0,50% 0,47% 0,28% 1,57% 0,36% 2,39% 

9 1,29% 5,06% 2,43% 1,83% 0,32% 3,81% 0,29% 2,46% 

10 0,52% 3,17% 0,89% 0,10% 2,44% 2,31% 0,38% 2,68% 

11 0,50% 2,20% 0,29% 1,18% 0,95% 4,35% 0,04% 0,78% 

12 0,77% 3,67% 0,26% 2,71% 3,82% 6,60% 2,22% 4,53% 

13 1,38% 3,42% 0,41% 0,93% 4,50% 3,14% 3,58% 6,74% 

14 0,42% 2,53% 0,49% 0,14% 3,66% 3,11% 5,27% 8,58% 

15 0,02% 1,33% 0,35% 2,55% 1,83% 16,12% 12,05% 33,96% 

 

 

 

Supplementary Fig. 1. Negative control for WISH experiments. Embryos stained with sense probe. 


