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Abstract (English) 

 Oocyte-to-embryo transition (OET) is one of the most complex 

developmental events, during which a differentiated oocyte gives rise to a totipotent 

zygote. During OET a transcriptionally silent oocyte undergoes massive 

reprogramming of gene expression, which transforms it into a transcriptionally 

active zygote. Although numerous studies have contributed to understanding the 

mechanism of OET, many genes involved in OET are yet to be identified. A whole 

new level of possible regulation of OET came with the discovery of long non-coding 

RNAs (lncRNA). LncRNAs are pol II transcripts longer than 200 nucleotides, that 

are typically spliced and polyadenylated but do not encode proteins. While lncRNAs 

have been studied in many model systems including embryonic stem cells, their 

expression in oocytes and early embryos and contribution to OET were largely 

unexplored at the beginning of this project. 

In my PhD project, I aimed to identify, annotate, and analyze lncRNAs 

expressed during OET. First, using RNA-Seq, 1600 highly reliable lncRNAs were 

identified and annotated in mouse oocytes and early embryos. Majority of lncRNAs 

were novel with expression exclusively at OET stages. A significant fraction of these 

lncRNAs was found associated with LTR retrotransposons, contributing to their 

novelty and evolution. Expression analysis of OET lncRNAs revealed, along with 

restricted maternal and zygotic expression profiles of OET lncRNAs, two unique 

classes of maternal lncRNAs. (I) A group of maternal lncRNAs were identified, 

which undergoes cytoplasmic polyadenylation, a mechanism which was previously 

associated with dormant maternal mRNAs, and (II) 100 lncRNAs with antisense 

pseudogene insertion were identified, which serve as substrates for endo-RNAi 

machinery in oocytes and give rise to endo-siRNAs. Finally, to study the role of 

lncRNAs during OET, loss of function mouse model of five selected lncRNAs were 

generated, of which three are reported here. Even though no phenotypic changes 

concerning fertility were observed, we validated cytoplasmic polyadenylation (i.e. 

lncRNA dormancy) and RNAi induction by maternal lncRNAs. Altogether, our study 

provides a comprehensive analysis of lncRNAs during OET, with the first look into 

contribution of LTR retrotransposons to lncRNA evolution in oocytes and zygotes, 

and the identification of two unique classes of maternal lncRNAs. 



 

Abstrakt 

Přechod z oocytů na embryo (OET) je jednou z nejkomplexnějších 

vývojových událostí, během níž se diferencovaný oocyt promění v totipotentní 

blastomery embrya. Během OET transkripčně neaktivní oocyt prochází masivním 

přeprogramováním genové exprese, které ho transformuje do transkripčně aktivní 

zygoty. Přestože četné studie přispěly k pochopení mechanismu OET, mnoho genů 

zapojených do OET je neznámých. Úplně nová úroveň možné regulace OET přišla 

s objevem dlouhých nekódujících RNA (lncRNA). LncRNAs jsou transkripty pol II 

delší než 200 nukleotidů, které jsou typicky sestřižené a polyadenylované, ale 

nekódují proteiny. Zatímco lncRNA byly studovány v mnoha modelových 

systémech včetně embryonálních kmenových buněk, jejich exprese v oocytech a 

časných embryích a příspěvek k OET byly na začátku tohoto projektu neznámé. 

Ve svém doktorském projektu jsem se zaměřila na identifikaci, anotaci a 

analýzu lncRNA objevujících se během OET. Pomocí analýzy RNA-Seq bylo 

identifikováno 1600 lncRNA, které byly anotovány v myších oocytech a časných 

embryích. Většina lncRNA byla nová s expresí výlučně během OET. Významná 

část těchto lncRNA souvisela s LTR retrotransposony, což zřejmě souvisí s k jejich 

nedávným vznikem a evolucí. Expresní analýza OET lncRNA odhalila kromě 

výrazně odlišných maternálních a zygotických expresních profilů také dvě unikátní 

třídy maternálních lncRNA. (I) Byla identifikována skupina maternálních lncRNA, 

která zřejmě prochází cytoplazmatickou polyadenylací, která byla dříve spojena s 

dormantními maternálními mRNA. (II) Bylo identifikováno 100 lncRNA s antisense 

pseudogenní inzercí, které slouží jako substráty pro endo-RNAi mechanismus v 

oocytech a vznikají z nich endo-siRNA. Pro funkční analýzu role lncRNA během 

OET byly připraveny genomové delece pěti vybraných lncRNA; tři z nich jsou 

popsány v této práci. Ačkoliv u mutantů nebyly pozorovány žádné fenotypové 

změny týkajících se fertility, byla potvrzena cytoplazmatická polyadenylace (tzv. 

lncRNA dormance) a identifikovány maternální lncRNA sloužící jako substráty pro 

RNAi. Celkově tato práce poskytuje komplexní analýzu lncRNA během OET s 

originálním pohledem na příspěvek retrotransposonů LTR k vývoji lncRNA v 

oocytech a zygotách a přináší identifikaci dvou unikátních tříd mateřských lncRNA. 
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Introduction 

In spite of enormous progress since the sequencing of several vertebrate 

genomes (Lander et al. 2001; Mouse Genome Sequencing et al. 2002; Consortium 

2012; Howe et al. 2013), there is still much we do not understand about their 

evolution. For a long time we have known that, only 1.5% of the human genome 

contributes to protein coding genes, while the rest of the genome is occupied by 

non-coding DNA and transposable elements (TE) (Consortium 2012). TEs, which 

were previously presumed to be “junk” DNA, are now predicted to be one of the 

causes for substantial variation in human genome (Kapusta et al. 2017). 

Furthermore, TE insertions supply the genome with new functional sequences such 

as promoters, enhancers, and insulator elements. These functional sequences can 

establish novel species-specific gene regulatory networks and give rise to new 

genes (Gerdes et al. 2016, Franke, 2017).Simultaneously, advances in high 

throughput sequencing revolutionized our understanding of the non-coding regions 

of the genome. Several non-coding RNAs (ncRNA) including long non-coding RNAs 

(lncRNAs) are expressed from these regions, which not only participate in various 

biological processes, but also contribute to phenotypic and functional variance 

(Frias-Lasserre and Villagra 2017).  

Altogether, investigation of activity and interplay between ncRNAs and 

transposable elements is key to understanding evolution. And oocytes and early 

embryonic stages provide the most suitable environment for study. Reprogramming 

of early embryonic genome is regulated by a set of genes, which are under constant 

evolutionary selection. And activity of TEs, which is seen exclusively in these 

stages, along with tissue specific expression of lncRNA are thought to be one of the 

key players in reprograming during oocyte-to-embryo transition (OET).  

Therefore, before we explore the field of lncRNAs and Transposable 

elements, we need to understand the mechanisms involved in OET. The first part 

of the introduction introduces the oocyte biology, which is followed by our current 

knowledge of long non-coding RNA field and TEs.  
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Oocyte-to-Embryo Transition 

Oocyte-to-Embryo transition (OET) is a transition where, an oocyte 

undergoes complex reprogramming to give rise to a totipotent embryo. The 

transition from oocyte to embryo involves many changes, including protein 

synthesis, protein and RNA degradation, and organelle remodeling (reviewed in 

Stitzel and Seydoux 2007, Schultz, 2018). Remarkably, this transition highly 

depends on messenger RNAs (mRNAs) and proteins accumulated during 

oogenesis. Therefore, understanding of the process of oogenesis is important to 

further study oocyte-to-embryo transition (Fig 1).  

Oogenesis 

Formation of female gametes initiates before birth. During embryonic 

development day 7.5 (E7.5), small number of epiblast stem cells are induced to 

become the first precursors called Primordial Germ Cells (PGCs) (Ying et al. 2000, 

Sanchez, 2012). Signals from both extra embryonic ectoderm derived BMP4, 

BMP8B and extra embryonic endoderm derived BMP2 are required for PGC 

formation (Ying and Zhao 2001, Lawson, 1994). Migration, proliferation and 

colonization of PGCs tightly depends on a crosstalk between surrounding somatic 

cells and PGCs. Upon migration to the genital ridge, PGCs with XY chromosomes 

differentiate into male germ cells; under the influence of the Y-linked gene Sry and 

those with XX chromosomes, which lack Sry, develop into female germ cells 

(Bowles and Koopman 2010). PGCs then undergo rapid proliferation with 

incomplete cytokinesis and exist as “clusters” or “germ cell cyst” (Pepling 2006, 

Sanchez, 2012). At E13.5, PGCs within the clusters enter prophase and most of 

them arrest at diplotene stage of meiosis I. And by E18.5, PGC clusters breaks 

down to become primordial follicles (reviewed in Jagarlamudi and Rajkovic 2012). 

Primordial follicles, which are surrounded by several flattened somatic cells 

called pre-granulosa cells have a diameter of 20m (Fig 1). Most of the primordial 

follicles are enclosed by pre-granulosa cells soon after birth (McGee and Hsueh 

2000). Throughout germ cell cluster breakdown, a substantial number of oocytes 

are lost. From 6–7 million, the total number of oocytes falls drastically to less than 

1 million at birth (Hansen et al. 2008). Oocytes that fail to enclose in pre-granulosa 
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cells are lost, presumably by apoptosis (De Pol et al. 1997). Primordial follicles 

formed either during mid-gestation in the human ovary, or shortly after birth in the 

mouse ovary provides the source of oocytes for the entire reproductive life (Green 

and Zuckerman 1951). Greenwald predicted, each primordial follicle may have 

three possible fates: to remain quiescent, to begin the development but undergo 

atresia later, or to develop, mature, and ovulate (Greenwald 1972). These 

primordial follicles have to become activated and initiate folliculogenesis to 

transform into primary follicles. Primordial follicle activation is a very dynamic and 

tightly controlled process and many molecular mechanisms regulating are still not 

fully understood. 

During transition of primordial follicles to primary follicles, first comes 

changes in the pregranulosa cells followed by oocytes growth (Fig 1) (Lintern-

Moore and Moore 1979). The growth of the oocyte during primary follicle activation 

is remarkable, for example, in mouse, the oocyte grows actively with an almost 300-

fold increase in volume (Elvin and Matzuk 1998). Growth phase is accompanied by 

a 300-fold increase in RNA content (Sternlicht and Schultz 1981) and a 38-fold 

increase in the rate of protein synthesis (Schultz et al. 1979, Adhikari, 2009). 

Numerous studies have identified factors that regulate primordial follicle activation 

and initiation of their transition into primary follicles (Arraztoa et al. 2005, Park, 

2005). For example, PI3K of PTEN/PI3K signaling pathway, is essential for 

primordial follicle activation (Reddy et al. 2005). Whereas, PTEN (phosphatase and 

tensin homolog) is a negative regulator of PI3K, and suppresses primordial follicle 

activation (Cantley 2002). Conditional deletion of PTEN from oocytes in primordial 

follicles resulted in premature activation of the entire primordial follicle pool (Reddy 

et al. 2008). Other factors responsible for maintenance and activation are, 

transcription factor FOXO3A, which helps in maintaining primordial follicles and 

suppresses their activation (Castrillon et al. 2003). Follicular activation is further 

supported by several growth factors, hormones, and cytokines (reviewed in Adhikari 

and Liu 2009). 

When follicles reach the primary follicle or pre-antral stage, their 

development is considered to be gonadotropin-independent and progression to the 

early antral stage still requires locally released intraovarian factors. At this stage, 
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oocyte surrounding granulosa cells undergo rapid proliferation, giving rise to larger, 

multi-layered pre-antral follicles, followed by an antral cavity formation (Fig 1) 

(reviewed in Sanchez and Smitz 2012). Primary to secondary follicle transition of 

pre-antral follicles, depends on two members of the TGFβ superfamily proteins, 

GDF9 and BMP15. Their expression starts during early stages and continues 

throughout folliculogenesis and ovulation. GDF9 plays a crucial role as a potent 

granulosa cell mitogen (Orisaka et al. 2006). Mice ovaries lacking Gdf9 were shown 

to form primordial follicles, but did not progress beyond the primary follicle stage 

(Hayashi et al. 1999, Nilsson, 2002). BMP15, on the other hand, induces 

proliferation of undifferentiated granulosa cells (Otsuka et al. 2000). However, mice 

lacking Bmp15 gene display minor fertility problems unlike Gdf9 knock outs (Yan et 

al. 2001). Communication among granulosa cells and between granulosa cells and 

oocyte is essential for successful folliculogenesis (Matzuk et al. 2002). Gap junction 

proteins also known as connexins 43 and 37 (CX43 and CX37), play an important 

role in the establishing this communication. Cx43 is expressed in granulosa cells 

and forms gap junctions between granulosa cells, whereas, CX37, expressed in 

oocytes is crucial for formation of gap junction communications between oocyte and 

granulosa cell (Juneja et al. 1999, Gittens, 2003). 

Figure 1: Schematic diagram of oogenesis, describing developmental stages occurring 

from primordial germ cell specification to formation of primordial follicles, and their growth 

to primary, secondary and antral follicles, to finally pre-implantation development. (Modified 

from Schultz et al. 2018). 
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Antral development starts with differentiation of granulosa cells into the 

cumulus cells and formation of antrum (cavity). Germinal vesicle (GV) oocytes, now 

fully grown, within antral follicles are characterized by reduced or no transcription. 

Although GV oocytes in antral follicles are meiotically competent, the activation of 

meiosis occurs in later stages. The progression throughout the antral stages and 

ovulation is mainly dependent on gonadotropin hormones - FSH and LH (Dorrington 

and Hofmann 1973, Eppig, 1992). Follicle Stimulating Hormone (FSH) is one of the 

essential drivers of antral development. FSH induces luteinizing hormone receptor 

(LHR) expression in cumulus cells, which is required for follicles to respond to 

luteinizing hormone (LH) (Dorrington and Hofmann 1973, Findlay, 1999). Together 

they are crucial for activating the ovulatory process. FSH-LH stimulation induces a 

large-scale chromatin remodeling in GV oocytes (Debey et al. 1993, Sun, 2016). 

Chromatin in mouse oocytes is initially decondensed in a non-surrounded nucleolus 

(NSN) configuration, but is subsequently condensed, forming a surrounded 

nucleolus (SN) configuration with a heterochromatin rim around the nucleolus 

(Debey et al. 1993, Zuccotti, 1995). Transition from NSN to SN is essential for 

normal oocyte maturation.  

Oocyte maturation 

Upon FSH-LH stimulation, oocytes within the follicles are activated, 

triggering several changes leading to oocyte maturation (Albertini et al. 2001). After 

the LH surge, expansion of cumulus cells is observed, which is essential for the 

oocyte to resume meiosis (Fulop et al. 2003). Within the oocyte, LH stimulated 

meiotic resumption is initiated by a drastic drop in cAMP levels and a limited 

diffusion of cGMP and/or cAMP from the cumulus cells. Oocyte maturation requires 

both nuclear and cytoplasmic maturation. Nuclear maturation involves germinal 

vesicle breakdown (GVBD), extrusion of the first polar body, and resumption of first 

meiotic division. Whereas, cytoplasmic maturation involves acquisition of the 

competence to regulate nuclear maturation, fertilization and preimplantation 

development (Sorensen and Wassarman 1976, Eppig, 1989). Cytoplasmic 

maturation is reflected by changes in GV chromatin configuration (Bonnet-Garnier 

et al. 2012, Wang, 2009, De La Fuente, 2001). GV oocytes must shift from a NSN 

configuration to SN configuration to attain the full competence to complete meiosis 
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and development upon fertilization (Wang et al. 2009). Simultaneously, a selective 

degradation and accumulation of transcripts is observed upon/during oocyte 

maturation in mouse and humans, which is equally important for cytoplasmic 

maturation. Transcripts and/or proteins associated with meiotic arrest at the 

germinal vesicle (GV) stage are degraded or have decreased expression (Su et al. 

2007). Simultaneously, transcripts required for signaling pathways essential for the 

regulation of oocyte meiosis and the maintenance of mitotic arrest upon maturation 

are translated (Su et al. 2007). Therefore, regulation of gene expression during 

oocyte maturation at transcriptional and post-transcriptional level is a crucial for the 

oocyte to attain full meiotic and developmental competence to ensure successful 

oocyte-to-embryo transition.  

Regulation of gene expression and mRNA storage in oocytes 

During the process of oogenesis, oocytes increase in size – from 

approximately 20 to 80 m in mouse and from 35 to 120 m in human and ~ 100-

fold increase in volume (Eppig and O'Brien 1996, Picton, 1998). Fully-grown 

oocytes have been estimated to contain ~ 0.6 ng of total RNA ( almost ~ 200 times 

the amount of RNA found in a typical somatic cell) (Sternlicht and Schultz 1981, 

Wassarman, 1992). Approximately 10–15% of all RNA in a fully-grown oocyte 

comprises of heterogeneous RNA, whereas ~ 65% comprises ribosomal RNA 

(Wassarman and Kinloch 1992, Abe, 2015). Increase in the RNA content and size 

is due to active transcription during the growth phase of oogenesis, which coincides 

with active proliferation of follicular cells (Moore and Lintern-Moore 1978, 

Bachvarova, 1985). However, by the end of the growth phase, fully grown oocyte 

enter a transcriptional quiescent state. Factors accumulated during oocyte growth 

phase are solely responsible for the control of oocyte maturation, fertilization and 

initiation development (Bachvarova et al. 1985, Su, 2007, De La Fuente, 2004). 

Accumulation of RNA in fully grown oocyte is subsequently reversed by RNA 

degradation. The fate of an oocyte RNA depends, to a large part, on its association 

with proteins that regulate its stability and/or stage-dependent translation 

(Eichenlaub-Ritter and Peschke 2002). One such mechanisms is selective 

polyadenylation, which regulates RNA stability and/or translation in the oocyte (Oh 

et al. 2000).  
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Regulation by cytoplasmic polyadenylation 

Oocytes employ a class of mRNAs called dormant maternal mRNAs that are 

not translated (or poorly translated) during the growth phase and are recruited on 

translation machinery following initiation of maturation (Charlesworth et al. 2004). 

Translational potential of maternal mRNAs correlates with cytoplasmic changes in 

the length of the poly(A) tail. Increase in translation is associated with poly(A) tail 

elongation, whereas translational repression correlates with shortening of the 

poly(A) tail (Richter 1999). Dormant maternal mRNAs in oocyte’s cytoplasm 

undergo deadenylation and are kept translationally silenced until oocyte maturation, 

where elongation of poly(A) tail by cytoplasmic polyadenylation activates them. 

Cytoplasmic polyadenylation requires two 3’UTR elements, a uridine rich sequence 

known as cytoplasmic polyadenylation element (CPE) and a canonical 

polyadenylation signal- AAUAAA. Three 3’ UTR binding proteins are needed- a 

cytoplasmic polyadenylation element binding protein (CPEB), cleavage and 

polyadenylation-specificity factor (CPSF) and a poly(A) polymerase (PAP) (Mendez 

and Richter 2001). CPEB is a highly conserved zinc finger and RNA-recognition 

motif (RRM) RNA binding protein, which is regulated through phosphorylation. In 

immature oocytes, mRNAs with CPE are bound by CPEB and an inhibitory protein 

called Maskin, which interacts simultaneously with both CPEB and eIF4E 

repressing translation (Fig 2) (Stebbins-Boaz et al. 1999). Upon oocyte maturation, 

CPEB is phosphorylated by EG2, an enzyme activated upon oocyte activation by 

progesterone (Frank-Vaillant et al. 2000). Phosphorylated CPEB recruits CPSF, 

which in turn binds poly(A) signal and poly(A) polymerase, extending poly(A) length 

.(Fig 2) (Mendez et al. 2000). At the same time dislocation of Maskin, which also 

promotes translation, is also observed (Fig 2). 

Regulation by small RNAs 

Post-transcriptional gene regulation can also be mediated by small RNAs. 

Small RNAs are 20–30 nt long regulatory RNAs, which are typically involved in 

silencing target mRNAs. Three major classes of small non-coding RNAs are 

present in mouse oocytes: endogenous small-interfering RNAs (siRNAs), 

microRNAs (miRNAs) and Piwi-interacting RNAs (piRNAs) (reviewed in  
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Svoboda 2017, Suh, 2011). siRNAs are derived from double strand dsRNAs, which 

are directly cut by RNase II Dicer, into a short 21–23 nt RNAs (Fig 3). miRNAs are 

transcribed as long primary-miRNAs, which are first cleaved by the microprocessor 

complex, composed of Drosha, an RNase III enzyme and dimer of RNA-binding 

protein DGCR8 (DiGeorge syndrome critical region gene 8) into a precursor 

miRNAs (Han et al. 2004), and later cleaved by Dicer into ∼ 22-nt miRNAs (Fig 3) 

(Kim 2005). piRNA biogenesis is Dicer independent and their function in oogenesis 

is still poorly understood (Suh and Blelloch 2011). 

Both miRNAs and siRNAs get incorporated into the RNA-induced silencing 

complex (RISC) as single stranded small RNAs and repress target mRNAs (Fig 3). 

The Argonaute 2 (AGO2), a component of RISC possesses endonuclease activity 

and is responsible for direct endonucleolytic cleavage of target mRNAs (Denli et al. 

2004, Gregory, 2004, Song, 2004). 

With regards to miRNA function during OET, studies suggest that beside 

their expression, miRNAs function is observed during early oogenesis and in late 

pre-implantation embryos but are non-functional in oocytes and during oocyte-to-

embryo transition (Suh et al. 2010, Tang, 2007). In contrast, importance of siRNA 

in oocyte maturation was shown in Dicer null oocytes. Loss of Dicer in oocytes leads 

to loss of miRNAs, siRNAs and dysregulation of thousands of mRNAs; furthermore, 

mutant oocytes displayed aberrant spindle organization and chromosomal 

segregation, resulting in meiotic arrest. On the other hand, Dgcr8 null oocytes, an 

essential miRNA biogenesis factor, did not exhibit any effect on mRNA levels or on 

Figure 2: CPEB mediated translational control. Messenger RNAs containing a CPE are 

masked and reside in a complex containing CPEB, Maskin and eIF4E. Upon maturation, 

newly phosphorylated CPEB recruits cleavage and CPSF and PAP, which elongates the 

poly(A) tail. And dissociating Maskin from eIF4E. (Adapted from Mendez, 2000)  
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oocyte maturation. Therefore, siRNAs mediated mRNA regulation is critical for 

oocyte maturation and early development and not miRNA mediated regulation (Suh 

et al. 2010, Tang, 2007, Murchison, 2007).  

Oocyte-to-embryo transition 

Following fertilization, maternal factors initiate parental gene expression 

reprograming by maternal mRNA degradation and zygotic genome activation 

(ZGA), which is essential for a successful oocyte-to-embryo transition. Mammalian 

ZGA takes place in “waves”, where, in mouse, cohorts of genes are transcribed at 

specific time point during OET. 

The first zygotic transcription begins during S-phase of one-cell stage, this 

first wave of transcription is also known as the minor ZGA (Aoki et al. 1997, Nothias, 

1996, Abe, 2018). The second wave of transcription, also known as major ZGA, 

occurs at the 2-cell stage and is required for the next cell divisions (Golbus et al. 

Figure 3: mRNA regulation by small RNAs. Both miRNAs and siRNAs are processed by 

dicer into 20-30nt small RNAs, which are bound by Ago2 and together influence gene 

expression in oocytes. 
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1973, Hamatani, 2004, Li, 2010). The next phase of transcription initiates at the 4- 

to 8-cell transition and marks the beginning of dynamic morphological changes that 

leads to formation of the blastocyst (Hamatani et al. 2004, Jukam, 2017). 

At the 8-cell stage, blastomeres increase the surface area of their cell-cell 

contacts in a process known as compaction. Around this time, the first cell fates are 

specified into inner cell mass (ICM) and trophectoderm (TE), which give rise to the 

embryonic and extraembryonic (placental) tissues of the blastocysts, respectively. 

ZGA in humans differs from mice with respect to timing; major ZGA in humans takes 

place at 4-to 8-cell stage rather than 2-cell stage (Xue et al. 2013, Yan, 2013). 

Two key features distinguish transcription during OET to other cellular 

transitions. First, during OET, zygotes with a little or no transcription state are taken 

to a state where up to thousands of genes are transcribed, whereas during other 

cellular transitions, the global transcription profile remains largely undisturbed. 

Second, during OET, zygote undergoes divisions with no significant growth (a 

process known as cleavage), this results in changes in the ratio between maternally 

deposited RNAs/proteins and genomic content within each blastomere (reviewed 

in Jukam et al. 2017). 

How this unique transition of non-transcribing, differentiated oocyte to an 

embryo made possible? In John Gurdon's classic experiment, a nucleus of a frog 

somatic cell transferred into an enucleated frog oocyte “reprograms” the somatic 

nucleus, in a way that supports the development of an adult frog (Gurdon 1962). 

Therefore, maternal cytoplasm has a remarkable ability to reset the chromatin state 

of a terminally differentiated nucleus. Although the importance of maternal 

contribution in OET is well accepted, the factors involved in are yet to be thoroughly 

studied. 
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Long Non-Coding RNAs 

LncRNA discovery 

Only, ~1.5% of our genome encodes for proteins (Consortium 2012), which 

has been historically considered to be the functional part of the genome. For the 

long time, remaining part of the genome (the non-coding region) was considered to 

be largely “junk”. This notion has been debunked thanks to the large scale genome-

wide transcriptome and chromatin analysis. While the existence of non-coding 

RNAs was known for decades; genomic studies opened up a whole new era of non-

coding RNAs, where countless studies have emphasized the importance of non-

coding RNAs from DNA replication to protein synthesis (Fig.4) (reviewed in Jarroux 

et al. 2017).  

 

There are many types of non-coding RNAs; small RNAs (which includes 

miRNAs, siRNAs, piRNA, described earlier), transfer RNAs (tRNAs), small nuclear 

RNAs (snRNAs), small nucleolar RNA (snoRNA), circular RNAs (circRNAs) and 

Figure 4: Modified central dogma emphasizing the role of non-coding RNAs in 

previously known central dogma. Non-coding RNAs support every stage of gene flow 

from DNA replication to protein synthesis. Adapted from (Jarroux et al. 2017). 
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long non-coding RNAs (lncRNAs). LncRNAs have proved themselves to be one of 

the most versatile class of non-coding RNAs. A few lncRNAs such as “H19” 

(Bartolomei et al. 1991) and  Xist  (Brown et al. 1991) were already characterized 

before the genomic era but remained an exception until the early Encode genome 

project (Consortium 2012). H19 is the very first lncRNA gene to be identified, which 

is a part of the imprinted H19/Igf2 locus. (Bartolomei et al. 1991) At that time H19 

was considered to be a unique RNA as it had all features of an mRNA except for 

its lack of translation (Brannan et al. 1990). Activation of H19 expression in 

transgenic mice was found to be lethal in prenatal embryos, suggesting regulated 

H19 expression was required for proper development. LncRNA H19 remained a 

controversy until the discovery of lncRNA Xist, another non-protein coding gene 

(Brown et al. 1991). Xist was essential for X-chromosome inactivation in humans 

even though it did not encode a protein. Studies on H19 and Xist changed our view 

of non-coding genes and on their biological relevance in general. In 2000’s, larger-

scale genomic studies conducted by the ENCODE project in human and mouse 

(Lander et al. 2001, Mouse Genome Sequencing, 2002) revealed 54% and 46% of 

the transcriptome respectively consisted of non-protein coding transcripts. This 

study was later supported by Guttman et.al, where they identified thousands of long 

non-coding RNAs in four mouse cell types using chromatin-state maps (Guttman et 

al. 2009). Since then lncRNAs have been identified and studied in several model 

systems.  

LncRNA characteristics and features 

What makes lncRNAs special? Let’s start with their definition, which is still a 

controversial topic. Most accepted definition states: LncRNAs are RNAs, which do 

not encode for proteins and are longer than 200 nt (Moran et al. 2012, Wilusz, 2009, 

Rinn, 2012, Ulitsky, 2013, Guttman, 2009, Derrien, 2012, Cabili, 2011). Although 

the upper limit of lncRNAs varies, the lower limit is set to 200 nt. Although, the 

reason for set limit is arbitrary and subject to discussion. One of the important 

features of lncRNAs is their lack of ability to encode for a protein, which 

distinguishes them from mRNAs. Although, lncRNAs may encode small peptides 

(van Heesch et al. 2014). 
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In many aspects, lncRNAs resemble mRNAs. LncRNAs are transcribed by 

RNA polymerase II (Pol II), 5’ capped and usually 3’ polyadenylated. However there 

are few exceptions, for example, lncRNA BC2oo (Mus et al. 2007) and asOct4-pg5 

(Hawkins and Morris 2010) are non-polyadenylated and transcribed by Polymerase 

III. Some lncRNAs originate from unusual processing of RNA transcripts. Recent 

studies have identified circular RNAs (circRNAs), originating from back-spliced 

exons (Memczak et al. 2013, Liang, 2014) and circular intronic long ncRNAs 

originating from lariat introns that escape from debranching (Zhang et al. 2013, Sun, 

2015). 

LncRNAs, like to protein coding genes, are multi-exonic, although, they have 

fewer exons, with slightly longer exon length (Derrien et al. 2012). LncRNAs often 

undergo alternate splicing compared to mRNAs, producing tissue specific isoforms 

(Derrien et al. 2012). LncRNAs also have generally lower expression compared to 

mRNAs, which is due to lower stability and lower rate of transcription (Derrien et al. 

2012). Although, chromatin marks on lncRNAs resemble those of any other Pol II 

transcribed mRNAs, they have reduced levels of H3K4me3 marks, which explains 

their lower transcription (Guttman et al. 2009). LncRNAs also display high tissue-

specific expression, unlike most of the protein-coding genes. 

Different types of classifications exist based on the lncRNA length, location, 

properties, and function (St Laurent et al. 2015). Classification based on location 

are broadly divided into intragenic and intergenic lncRNAs (Ulitsky and Bartel 2013, 

Guttman, 2009, Derrien, 2012). Intragenic lncRNAs are of two types, (1) lncRNAs 

that overlap protein coding genes in antisense orientation, referred to as antisense 

lncRNAs, and (2) lncRNAs that are expressed from within an intronic region. 

Antisense RNAs, or so called natural antisense transcripts (NATs) are further 

classified as cis-NATs and trans-NATs (Su et al. 2010). Intergenic lncRNAs are 

those, which do not overlap with any protein coding gene (Fig.5). 

LncRNA conservation and evolution 

Another recognized feature of lncRNAs is their poor conservation compared 

of protein coding genes (Ulitsky et al. 2011, Washietl, 2014). LncRNA conservation 

can be classified into four categories: conservation based on the sequence, 
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structure, function, and syntenic transcription (Diederichs 2014). First category is 

based on sequence conservation. Although, there are few examples of sequence 

conserved lncRNAs in vertebrates, most lncRNAs lack conservation (Ulitsky et al. 

2011, Derrien, 2012). LncRNAs are thought to be products of spurious transcription; 

some are positively selected and retained, while the others are lost during evolution 

(Necsulea et al. 2014). Some lncRNAs, even though do not share a perfect 

nucleotide conservation, can retain the secondary structure there by retaining the 

function (Derrien et al. 2012). Finally, some lncRNAs share syntenic genomic locus 

but lack sequence conservation, for example lncRNAs, which can influence 

neighboring gene expression (Ulitsky et al. 2011). 

 

LncRNA functional characterization 

One of the biggest challenges in lncRNA field is to assign functional 

significance to lncRNAs. As mentioned above, most lncRNAs are in general 

products of spurious transcription and perhaps do not have any function, while a 

Figure 5: LncRNA classification based on their genomic location. Classification of 

lncRNAs (blue) based on their genomic position in a relation to neighboring protein 

coding genes (grey). 
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small portion of lncRNAs may play important roles. Functionally, lncRNAs can be 

classified in many ways. Based on their site of action, lncRNAs can be classified as 

cis or trans acting lncRNAs. For example, linc-HOXA1 located 50kb from the HoxA 

gene cluster in mouse ESCs represses Hoxa1 gene in cis by recruiting purine-rich 

element-binding protein b (Purb) (Maamar et al. 2013). LncRNA HOTAIR, 

expressed within HoxC cluster, interacts with polycomb repressive complex 2 

(PRC2) and repress HoxD gene is trans (Rinn et al. 2007).  

LncRNAs can be classified into five categories based on their mode of action 

(Fig 6) (Wang and Chang 2011, Guttman, 2012): 1. Guide lncRNAs, 2. LncRNA 

scaffolds, 3. LncRNA decoys, 4. Allosteric lncRNAs and 5. Small-RNA substrates. 

One of the most studied group of lncRNAs are guide lncRNAs. Guide lncRNAs 

interact with chromatin modifying complexes and recruit these complexes on to 

genes influencing their expression. Guide lncRNAs are found to form a triple helix 

structure with target genomic regions (Mondal et al. 2015). For example, lncRNA 

MEG3 guides PRC2 complex to TGFβ-regulated genes (Mondal et al. 2015). Some 

lncRNAs facilitate formation of large multiprotein complexes and localize these 

complexes to specific genomic locations. For example, in the nucleus, lncRNA 

HOTAIR adopts a four-module structure and interacts with PRC2/LSD1/REST 

complexes to silence specific genes (Tsai et al. 2010). LncRNAs also act as decoys, 

preventing certain proteins binding their target genes. For example, lncRNA GAS5 

binds glucocorticoid receptors (GR) by mimicking glucocorticoid response elements 

(GRE) and represses GR-regulated genes (Kino et al. 2010). Recently, some 

lncRNA have been shown to change activity of target protein allosterically by 

directly interacting with proteins, for example, binding of CCND1 lncRNA to TLS 

protein, can change its activity and activate its target genes by changing the 

modification states (Wang et al. 2008b). Finally, some lncRNAs host small RNAs or 

even serve as substrates for small RNAs. H19 is host to miR-675 (Cai and Cullen 

2007); Gas5 hosts 10 highly conserved snoRNAs (Smith and Steitz 1998); and the 

imprinted lncRNAs Gtl2 and Mirg hosts almost 50 miRNAs and 40 snoRNAs (da 

Rocha et al. 2008). Furthermore, lncRNAs carrying pseudogene sequences are 

proposed to produce endo-siRNAs found in mouse oocytes by complementary 
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base-pairing between mRNAs and expressed pseudogenes (Tam et al. 2008, 

Watanabe, 2008). 

LncRNAs in disease 

Several lncRNAs were shown to be dysregulated in human diseases. For 

example, DBE-T lncRNA is involved in facioscapulohumeral muscular dystrophy 

(FSHD) (Cabianca et al. 2012), a disease caused due to reduced D4Z4 repeats 

size. Decreased D4Z4 repeats size activates DBE-T lncRNA expression, which in 

turn deposits activating H3 lysine-36 demethylation (H3K36me2) at neighboring 

genes, activating genes responsible for FSHD phenotype. FSHD provided the first 

proof of lncRNA-mediated gene activation in human disease. (Cabianca et al. 

2012). Similarly, Angelman Syndrome (AS) is caused by the loss of expression of 

imprinted UBE3A gene. (Meng et al. 2013). In normal conditions, UBE3A gene is 

repressed on the paternal chromosome by antisense lncRNA UBE3A-ATS, while 

the maternal allele is active. Based on mouse studies, mutations in UBE3A gene 

can either activate lncRNA expression on both chromosomes or just distort the 

protein itself, leading to loss of UBE3A protein expression (Meng et al. 2013).  

 

Figure 6: Schematic diagram of lncRNA mechanisms of action (left to right): (1) 

LncRNAs can guide chromatin modifiers and transcription factors to DNA to both 

repress and activate gene expression; (2) LncRNAs can act as molecular decoys to 

move proteins away from specific DNA locations; (3) LncRNA can serve as molecular 

scaffolds to bring proteins into stable complexes that can modulate gene expression; 

(4) LncRNAs can modify target proteins allosterically and influence their activity and 

(5) Finally, lncRNAs can also host and/or produce small RNAs. 
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LncRNAs have also been shown to have diverse role in lipid metabolism. 

LncRNAs function in regulation of sterol regulatory element binding protein 

(SREBP) family of transcription factors (Li et al. 2018, Yan, 2016, Walker, 2011). 

SREBP family genes are transcription factors, which regulate lipid homeostasis by 

orchestrating expression of genes required for cholesterol, fatty acid, and 

phospholipid synthesis and uptake (reviewed in Horton et al. 2002). Two lncRNAs 

MALAT 1 and HP14 were shown to bind SREBP protein and promote lipogenesis 

(Li et al. 2018, Yan, 2016). Another set of antisense lncRNAs were shown to 

regulate Apolipoproteins (APOs), which regulate the plasma lipoproteins (reviewed 

in Mahley et al. 1984) (van Biervliet et al. 1986). Experimental studies on obese 

mice showed loss of lncRNA APOA4-AS in liver reduces levels of plasma 

cholesterol and triglycerides (Halley et al. 2014). An elegant recent study 

emphasizes the role of micro peptides expressed by lncRNA in muscle disorders. 

There are increasing studies emphasizing role of lncRNA in cancer. For example, 

lncRNA HOTAIR promotes metastasis in breast cancer, dysregulation of lncRNA 

PCGEM1 and PCA3 is observed in prostate cancer, where it is being used as a 

biomarker. LncRNA Malat1, one of most highly expressed and studied lncRNA has 

been implicated to have role in lung cancer and the list goes on (reviewed in Huarte 

2015). LncRNAs are also being used as non-invasive biomarkers for early detection 

of cancer. Recent studies have emphasized the role of several exosomal enriched 

lncRNAs in tumorigenesis by regulating several factors like angiogenesis, 

apoptosis and metastasis. Certain exosomal lncRNAs are dysregulated in certain 

cancer types and can be used as diagnostic biomarkers. For example, lncRNA-

UCA1 enriched exosomes are released in hypoxic bladder cancer cells, which 

facilitates their growth and development. The detection of lncRNA-UCA1 level in 

human serum could be used as diagnostic biomarker for bladder cancer (reviewed 

in Sun et al. 2018). Taking into account all the studies it is apparent that lncRNAs 

are emerging new therapeutic targets for the treatment of several diseases.  
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Retrotransposons 

Transposable elements (TEs) make up almost half of the mammalian 

genome and retrotransposons are predominant among them (Babushok et al. 

2007). Based on the mode of transposition, TEs fall into two major classes: Class I 

includes “copy and paste” retrotransposons and Class II harbors “cut and paste” 

DNA transposons (Fig.7) (reviewed in Havecker et al. 2004). DNA transposons are 

characterized by their ability to mobilize themselves within a genome with the help 

of terminal inverted repeats and transposase (TPase), by a cut and paste 

mechanism. However, mammalian genomes currently do not seem to have any 

active DNA transposons and their remnants are so-called fossils (Babushok et al. 

2007). Class I transposable elements, also known as retrotransposons, transpose 

through an RNA intermediate, which is reverse transcribed and integrated, hence 

“copy and paste”. Retrotransposons are divided into four subclasses based on the 

presence/absence of long terminal repeats (LTRs) at their 5′ and 3′ ends (LTR vs. 

non-LTR elements) and on their retrotransposition ability (autonomous vs. non-

autonomous). 

LTR retrotransposons 

LTR retrotransposons are of retroviral origin, with their life cycle confined 

within a host cell (Tarlinton et al. 2006, Kaneko-Ishino, 2012). LTR retrotransposons 

are further divided into autonomous and non-autonomous based on their ability to 

autonomously retrotranspose. Autonomous LTR retrotransposons have two long 

terminal repeats (LTRs) flanking a protein-encoding region. The protein coding 

region encodes an RNA-dependent DNA polymerase (POL, reverse transcriptase) 

but often lacks gene encoding envelope protein (ENV) (Fig 7) (reviewed in 

Havecker et al. 2004). In the mouse genome, there is currently only one highly 

active LTR retrotransposon group (Intracisternal A Particle (IAP)) and several 

presumable LTR retrotransposon fossils, including Mouse Endogenous Retrovirus 

type-L (MuERV-L) insertions. MuERV-L are highly transcribed during mouse early 

development (Svoboda et al. 2004). In humans, there is family of actively 

retrotransposing Human Endogenous Retroviruses (HERVs) (reviewed in 

Khodosevich et al. 2002). Autonomous LTR-retrotransposons usually reach 
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hundreds to several thousands of insertions before they die out due to accumulation 

of mutations abolishing their coding capacity and trans complementation (Sanchez 

et al. 2017). Non-autonomous LTR elements possess flanking LTRs but do not 

contain open-reading frames encoding factors that would mobilize them; their 

retrotransposition is dependent on autonomous LTRs (Fig.7). They are significantly 

smaller than autonomous LTR elements, ranging usually between 1-1.5 kb. An 

example of non-autonomous LTR elements are Mammalian apparent LTR 

Retrotransposons (MaLR) (reviewed in Smit 1993).  

 

Non-LTR Retrotransposons 

Non-LTR elements are represented by long interspersed nuclear elements 

(LINEs) and short interspersed nuclear elements (SINEs) (Fig.7). Non-LTR 

retrotransposons are also divided into autonomous and non-autonomous types. 

The autonomous long interspersed nuclear elements (LINEs) are among the most 

abundant retrotransposons in mammalian genomes (20% in human genome and 

Figure 7: Overview of two major classes of transposable elements. Copy numbers of 

transposable elements per haploid genome (copies) and fraction of the genome 

occupied by each transposable element type (%) were obtained from the literature 

(Mouse Genome Sequencing et al. 2002, Lander, 2001). 



Introduction 

28 

 

19% mouse genome) (Mouse Genome Sequencing et al. 2002, Lander, 2001). 

LINE elements are 6–7 kb long and carry two open reading frames. Most of the 

genome insertions, however are truncated at the 5′ end (Beck et al. 2011). LINE 

elements have a strong cis-preference for the retrotransposition machinery; 

proteins translated from a LINE RNA preferentially associate with and 

retrotranspose the same RNA molecule, from which they were translated (Wei et 

al. 2001). Non-autonomous short interspersed nuclear elements (SINEs) are 

relatively short sequences (<0.5 kb) related to RNA Polymerase III (Pol III)-

transcribed small RNAs and do not encode proteins (Singer 1982). The most 

studied mammalian SINEs are human Alu elements derived from the small 

cytoplasmic 7SL RNA and are the most abundant transposable elements in the 

human genome (∼1 million insertions) (Lander et al. 2001).  

Retrotransposon in gene evolution 

Although mutations caused by retrotransposon insertions can be harmful to 

the host genome (Hancks and Kazazian 2012), they are also proposed to be one 

of the major contributors to genome plasticity and evolution. LTR retrotransposons 

provide distinct paths for genome remodeling by providing promoters, enhancers, 

splice sites, or polyadenylation sites (Fig. 8) (Babushok et al. 2007, Deininger, 

2003, Faulkner, 2009, Fort, 2014, Hasler, 2006, Peaston, 2004, Kapusta, 2013). 

Estimated 16% of eutherian-specific conserved non-coding elements are derived 

from mobile elements, implicating their major contribution to mammalian evolution 

(Feschotte 2008). Furthermore, retrotransposons are evolutionarily among the 

most lineage-specific sequence elements, especially in mammals (Marino-Ramirez 

et al. 2005, Ganesh, 2016).  

Retrotransposon mediated gene remodeling in oocytes and zygotes 

Peatson et al revealed a high contribution of retrotransposons to the 

maternal and pre-implantation embryo transcriptome (Peaston et al. 2004). 

Oocytes and early embryos provide an environment suitable for transcription of the 

MaLR and ERV-L class LTR retrotransposons (Peaston et al. 2004, Evsikov, 2004). 

These LTR retrotransposons provide alternative promoters to several maternal and 

zygotic genes, for example, Zbed3, the most abundant maternal gene is transcribed 
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from the mouse transcript (MT) MaLR retrotransposon family (Peaston et al. 2004). 

A recent study from our lab, partially represented here, provides new insight into 

mechanism behind retrotransposon mediated gene remodeling in oocytes and 

zygotes (Franke et al. 2017). We observed a high number of insertions of MaLR 

retrotransposons in protein-coding genes as well as non-coding genes (refer to 

results and discussion for more information).  

 

 

Figure 8: Schematic representation of different categories by which retrotransposons 

may contributes to gene remodeling. (A).They may contribute to 5’ end of the genes 

either as a promoter and/or first exon. (B).Retrotransposons may contribute to internal 

sequence of a gene. (C)& (D) or retrotransposon sequence may contribute to 3’ UTRs 

by providing polyadenylation signals.  



Aim of the study 

30 

 

Aim of the study 

There is a plethora of literature describing physiological significance of long 

non-coding RNAs in various tissues and model organisms. However, the 

expression and role of lncRNAs in mammalian oocyte development and oocyte-to-

embryo transition (OET) is not yet well studied. Although there have been few 

preliminary efforts to annotate and study lncRNAs in preimplantation embryos, 

there still is a requirement for a comprehensive study focused on maternal and 

zygotic lncRNAs and their role in OET. At the beginning of the study, nothing was 

known about lncRNAs in oocytes and zygotes. Aim of this study was to provide a 

comprehensive analysis of lncRNAs in mouse oocytes and during OET. Project was 

further divided into four specific aims:  

 

1. Identification and annotation of OET lncRNAs: Design bioinformatics pipeline 

to identify and annotate lncRNAs expressed in mouse oocytes and embryos from 

total non-amplified RNA-Seq data.  

 

2. Characterization of OET lncRNAs: Characterize OET lncRNAs and compare 

with lncRNAs expressed in somatic tissues to reveal, if any, difference in the 

structure and expression pattern. 

 

3. Evolution of OET lncRNAs: Study the evolution of OET lncRNAs, especially 

their association with retrotransposons.  

 

4. Functional analysis of OET lncRNAs: And finally and most importantly, 

examine functional significance of OET lncRNAs in oocyte development and in 

oocyte-to-embryo transition, using CRISPR-cas9 mediated loss of function mouse 

models.  
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Materials and Methods 

Oocyte and Embryo Collection 

Oocytes and early embryos were obtained from superovulated C57Bl6/J or 

C57BL/6NCrl mice as described previously (Nagy 2003). Resumption of meiosis 

during culture of germinal vesicle (GV) oocytes was prevented with 0.2 mM 3-

isobutyl-1-methyl-xanthine (IBMX; Sigma). Hamster and rat full-grown GV oocytes 

were collected as mouse oocytes without superovulation. Animal experiments were 

approved by the Institutional Animal Use and Care Committees and were carried 

out in accordance with the European Union regulations. 

RNA Isolation, Reverse Transcription, PCR, and Real-Time PCR 

Total RNA from mouse oocytes and embryos (20-30 oocytes/embryo) were 

released by incubating oocytes in water with RNase inhibitor for 5 min at 85°C prior 

to reverse transcription. Reverse transcription was performed using Premium 

RevertAid First Strand cDNA Synthesis Kit (Fermentas). Quantitative PCR was 

performed using Maxima SYBR Green qPCR Master Mix (Fermentas) on LC480 

(Roche) systems. Total RNA from mouse tissues and cultured cells was isolated 

using RNeasy mini kit (Qiagen) according to the manufacturer’s instructions. One 

microgram of total RNA was reverse transcribed using RevertAid First Strand cDNA 

Synthesis Kit (Fermentas) and subjected to qPCR using Maxima SYBR Green 

qPCR Master Mix (Fermentas) on LC480 (Roche) systems. qPCR data was 

normalized to Hprt1 and Alas expression, by the ΔΔCt approach using an in-house 

software (List of primers in Table 1). 

Next Generation Sequencing 

For earlier sequencing data, total RNA was extracted from 3000 fully-grown 

germinal vesicle (GV)-intact oocytes obtained from C57BL6/J mice, respectively, 

using Isogen (Nippon Gene, Tokyo, Japan), according to the manufacturer’s 

instructions. Poly(A) RNA was isolated by using mRNA purification kit (Invitrogen, 

Carlsbad, CA; cat# 610.06). High throughput sequencing of size-selected RNA 

(>200 nt) was performed using Genome Analyzer IIx (Illumina) and 76-nt paired-

end-sequencing reads as described previously (Abe et al. 2015). The complete set 
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of NGS data is available in the Array Express database under accession IDs E-

MTAB-2950 and E-MTAB-4775. 

For RNA-Seq libraries form lncRNA knock-outs, total RNA was extracted 

from 25 oocytes using PicoPure RNA Isolation Kit with on-column genomic DNA 

digestion according to the manufacturer’s instruction (Thermo Fisher Scientific). 

Each sample was spiked in with 0.2 pg synthesized Renilla luciferase mRNA before 

extraction as a normalization control. RNA-Seq libraries were constructed using the 

Ovation RNA-Seq system V2 (NuGEN) followed by Ovation Ultralow Library system 

(DR Multiplex System, NuGEN). RNA-Seq libraries were pooled and sequenced by 

125 bp paired-end reading using Illumina HiSeq. 

Production of LncRNA Knock-Out Models 

LncRNA deletion mutant models were produced in the Transgenic Unit of 

the Institute of Molecular Genetics ASCR, Czech Centre for Phenogenomics using 

Cas9-mediated deletion of lncRNA promoters (Cong et al. 2013). All animal 

experiments were approved by the Institutional Animal Use and Care Committees 

(project number 58-2015) and were carried out in accordance with the law. 

Sequences of guide RNAs are listed in the Table 1. To produce guide RNAs, 

synthetic 128 nt guide RNA templates including T7 promoter, 18nt sgRNA and 

tracrRNA sequences were amplified using T7 and TracrRNA primers. Guide RNAs 

were produced in vitro using the Ambion mMESSAGE mMACHINE T7 

Transcription Kit, and purified using the mirPremier™ microRNA Isolation Kit 

(Sigma). The Cas9 mRNA was synthesized from pSp Cas9-puro plasmid using 

Ambion mMESSAGE mMACHINE T7 Transcription Kit, and purified using the 

Qiagen RNasy mini kit. A sample for microinjection was prepared by mixing two 

guide RNAs in ultra-pure water at a concentration of 25ng/µl for each one together 

with Cas9 RNA (100 ng/µl ). Five picoliters of the microinjection mixture were 

injected into male pronuclei of C57Bl/6 zygotes and transferred into pseudo 

pregnant recipient mice. PCR genotyping was performed on tail biopsies from four 

weeks-old animals. (Primers are listed in Table 1) 
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Luciferase Assay  

Oocytes (5 oocytes per sample) were lysed in 5 μl of 1× Passive Lysis Buffer 

(Promega) and the lysate was transferred into 96-well plates (Fisher Scientific). 

Luciferase activity was measured on the Modulus Microplate Reader (Turner 

Biosystems) luminometer using Dual Luciferase Reporter Assay System (Promega) 

according to the manufacturer's protocol. The obtained Renilla luciferase signal 

(experimental reporter) was normalized to firefly luciferase (reference reporter). 

Cell Culture and Transfection 

Mouse fibroblasts NIH3T3 and adenocarcinoma HeLa cells were cultured at 

37°C in 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% 

fetal calf serum (Sigma), and penicillin/streptomycin (100 units/ml; Invitrogen). 

Lipofectamine 3000 Reagent (Invitrogen) was used for cell transfection using 

manufacturer’s instructions. 
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Results 

Part 1: Identification and Annotation of OET lncRNAs  

Over the past decade, advances in high throughput sequencing have 

revolutionized our understanding of lncRNAs; form identifying novel lncRNAs to 

deciphering their possible functions. As described in the aim of this study, the first 

step towards studying role of lncRNAs in OET, requires their identification and 

annotation. At the beginning of this project, three RNA-Seq based studies provided 

initial but incomplete insights into some aspects of lncRNA biology during OET in 

mammals. In single-cell RNA profiling data of human preimplantation embryos, Yan 

et al. (Yan et al. 2013) identified 2,733 novel expressed lncRNAs. In 2014, Zhang 

et al (Zhang et al. 2014) used single-cell SOLiD NGS data from mouse OET stages 

and reported 5,563 novel lncRNAs. However, this lncRNA assembly is of low quality 

and does not represent a reliable OET lncRNA dataset. Finally, Hamazaki et al. 

(Hamazaki et al. 2015) focused their study on a specific class of lncRNAs termed 

promoter associated non-coding RNAs (pancRNAs) in ovulated oocytes and two-

cell zygotes. All the above mentioned studies accompany a large portion of artifacts 

and unreliable lncRNA annotation. Therefore, this study identified and annotated a 

highly reliable set of de novo assembled lncRNAs expressed during oocyte-to-

embryo transition (referred to as OET lncRNAs hereafter) and performed its 

characterization in terms of structure and expression (Karlic et al. 2017).  

Mapping and transcript assembly 

RNA-Seq data used in this study were based on a previously published work 

from a collaborating lab of Fugaku Aoki (except for the fully grown GV-intact oocytes 

data) (Abe et al. 2015). LncRNA transcript model assembly and annotation pipeline 

were designed exclusively for this study. 76-nt paired end (76PE) non-directional 

RNA-Seq data were obtained from total non-amplified RNA from oocytes and early 

embryos. RNA-Seq data have depths of 33–58 × 106 (~4-9 x 106 mapped non-rRNA 

reads) sequence reads per sample. Due to the lower depth, only highly expressed 

lncRNAs (>1 FPKM –FPKM stands for Fragments Per Kilobase of transcript per 
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Million mapped reads) were identified and annotated. This would lower possibility 

of artifacts. 

Total RNA-Seq samples were organized into three sets (Fig 9).:  

(I) the maternal set with fully-grown GV oocyte and MII egg RNA-Seq data. 

(II) the ZGA or zygotic set with 2-cell and 4-cell RNA-Seq data.  

(III) the late preimplantation (embryonic) set with morula and blastocyst stage data. 

Transcript model assembly was performed for each set separately to reduce 

artifacts from degraded maternal RNAs and to achieve accurate assembly of 

differentially expressed overlapping sense and antisense transcripts. 

To build transcript models from RNA-Seq data, “Scripture” was used as a 

transcript assembly tool (Guttman et al. 2010). Scripture performed better than 

Cufflinks or String tie on a diagnostic set of 20 lncRNAs. Transcript models 

generated by Scripture were further refined to eliminate artifacts of mapping and 

transcript assembly. Introns with length <20 nt and transcript models containing 

introns >250 kb, which were typically repeat-derived artifacts, were removed. We 

also removed all single-exon transcripts to eliminate any artifacts derived from 

repeat derived locus and also due to their unpredictable orientation. Only spliced 

transcripts were annotated as introns within transcripts could be used to reveal their 

directionality based on the presence of GU/AG splice sites. And of course, 

transcripts shorter than 200 nt were eliminated from this annotation (Fig 10). 

Refined transcript models from each developmental set were then clustered 

to eliminate redundancy in annotation. A cluster encompasses all transcript models 

with the same orientation, which share at least one splice site. Transcript models in 

Figure 9: Overview of RNA-Seq data sets used for lncRNA annotation and their grouping 

for assembling transcript models. 
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clusters were further filtered for coding 

potential by using CPAT (Wang et al. 

2013). CPAT is a Coding-Potential 

Assessment Tool, which filters out 

transcripts with coding potential or a 

potential open reading frame. Clusters 

containing any transcript model with 

coding  potential  were  removed, 

regardless of how many transcript 

models were CPAT-negative. This step 

eliminated false lncRNA clusters made 

of partially assembled transcripts of 

protein coding genes, although, several 

loci producing both, a protein-coding 

transcript and a lncRNA were observed. 

Next, we merged clusters containing the 

same transcript models from the three 

RNA-Seq sets, to eliminate any 

transcript model redundancy and as an 

extra step to ensure reliable transcript 

assembly (Fig 10). Transcript models in 

each cluster were refined further by 

revising terminal exon predictions, since 

Scripture tend to produce truncated 

terminal exon variants. At the end, 

~1,200 clusters were manually curated, 

with a particular focus on low RPM 

(reads per million) clusters. Manual 

refining helped to eliminate artifacts 

neglected by bioinformatic refining. 

During manual annotation, a lncRNA 

expression was visualized in UCSC 

browser along with the transcript model 

Figure 10: Workflow of OET lncRNA 

identification and clustering from oocytes 

and early embryos RNA-Seq data. 
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and examined for their over-lap with expression data of the transcript model. At the 

end, a highly reliable set of 1,600 non-redundant lncRNA clusters were obtained 

(Fig 10) referred to as OET lncRNAs hereafter. These lncRNA clusters are used for 

further analysis. . 

OET lncRNA classification 

The OET lncRNA clusters were classified into four categories based on their 

genomic location relative to protein-coding genes. Clusters with no overlap to 

protein coding genes were classified as intergenic lncRNAs (1,142 intergenic 

lncRNA clusters). Clusters with an overlap with protein coding genes, were further 

divided based on their orientation and location. LncRNA clusters overlapping 

intronic regions of protein coding genes, were classified as intronic lncRNAs (193 

intronic lncRNA clusters) and those overlapping protein coding genes in antisense 

were classified as antisense lncRNAs (235 antisense lncRNA clusters). Finally, 

we found 30 lncRNA clusters, which overlapped with more than one protein coding 

gene, which were classified as complex. Clusters, which overlapped protein coding 

genes in sense were omitted from further analysis, as we could not rule out their 

coding potential (Fig 11A).Among annotated lncRNA clusters, 973 clusters were 

assembled exclusively from the maternal set, while 197 clusters overlapped with 

other two sample sets. Around 600 clusters were assembled from the zygotic set 

(362 clusters exclusively from the zygotic set), and only 93 lncRNA clusters were 

assembled from the embryonic set (only 24 of those clusters were exclusively from 

the embryonic set) (Fig 11C). Low abundance of lncRNAs from embryonic and 

extraembryonic lineages in morulae and blastocysts could be due to the presence 

of surrounding non-expressing cells (discussed in discussion). Notably, majority of 

the 1,600 lncRNA clusters annotated were novel. Around 1200 lncRNA clusters 

were annotated just in OET stages, while as few as 350 lncRNAs clusters were 

previously annotated in other tissues (Fig 11B). 

Characteristic feature of OET lncRNAs 

OET lncRNA loci were randomly distributed across the genome (Fig.12A). 

The highest density of lncRNA loci was observed on chromosome 10, while the 

lowest density was on chromosome 17, which harbored just 17 lncRNAs (Fig.12A). 
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As mentioned in the introduction, lncRNAs have several characteristic features, 

which distinguish them from mRNAs, like low expression, shorter length/less exons, 

tissue specific conservation and low conservation. OET lncRNAs are no different in 

this respect from previously studied lncRNA population in other tissues. When 

compared with maternal mRNAs, lncRNA loci were shorter and produced shorter 

transcripts (Fig.12.B,C,D). This difference could be due to a higher number of exons 

in mRNAs compared to lncRNAs. OET lncRNAs had markedly shorter 5′ exons 

compared to mRNAs while lengths of internal and 3′ exons of mRNAs and lncRNAs 

were pretty similar (Fig.12E). In several cases, shorter 5′ exons came from long 

Figure 11: OET lncRNA classification (A) Classification system used for annotating 

lncRNA transcript models and clusters. (B) Novel and annotated lncRNA loci identified in 

this study. Exons from transcript models from each clusters were compared with data in 

ENCODE and Refseq databases. Clusters, in which none of the exon-exon junctions from 

transcript models matched an exon-exon junction annotated in these databases were 

considered novel. (C) Origin of transcript models in lncRNA clusters. The Venn diagram 

depicts data set to which lncRNA clusters belong. For example, 19 lncRNA clusters 

contain transcript models assembled in all three developmental sets while 973 clusters 

comprise of exclusively oocyte-derived transcript models. 
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terminal repeat (LTR) retrotransposons, which gave rise to one third of the 5′ exons. 

SINE and LINE elements contributed to mature lncRNA sequences more often than 

to lncRNA promoters and transcription start sites. Detailed results on 

retrotransposon associated lncRNAs will be described later. 

Most of the 1,600 OET lncRNAs were more than an order of magnitude less 

expressed than the 1,600 most expressed OET mRNAs (Fig.13), which is 

consistent with low lncRNA expression reported in several studies before (Guttman 

et al. 2010, Guttman, 2009, Derrien, 2012, Ulitsky, 2011). Lower lncRNA expression 

could reflect a minimal selective pressure compared to high expression levels of 

evolving lncRNAs lacking a function. However, this comparison only demonstrates 

Figure 12: Structural features of OET lncRNAs. (A) Genomic distribution of 1,600 OET 

lncRNA loci across the mouse genome. The color-coding indicates the highest 

expression (maternal, GV oocyte or MII egg; zygotic, two- or four-cell stage; late 

preimplantation, morula or blastocyst). (B) Number of exons in OET lncRNAs; (C) OET 

lncRNA locus lengths; (D) Median transcript length produced from an OET lncRNA 

locus; (D) Length distribution of OET lncRNA exons and introns; (F) Distribution of LTR-

derived first exon sequences. (B–F) All features of OET lncRNAs (depicted in red) are 

compared with oocyte mRNA data (depicted in blue). 
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the expression difference between lncRNAs and most expressed maternal mRNAs 

while it does not provide an accurate comparison of expression of mRNAs and 

lncRNAs. Because most expressed maternal mRNAs may carry specific 

adaptations associated with their high expression Thus, expression levels of 1600 

OET lncRNAs were compared with random selection of 1600 OET mRNAs. The 

idea was that, OET lncRNAs and mRNAs are pol II transcripts whose expression is 

regulated by the same set of transcription factors. Thus, if there would be no 

difference in control of expression of lncRNAs and mRNAs, a random set of 1600 

mRNA should have expression levels very similar to those of 1600 OET lncRNAs. 

To make the analysis more robust, the expression of 1600 OET lncRNAs was 

compared with one thousand random selections of 1600 OET mRNAs. The 

obtained distribution of mRNA expression levels indicated that on average mRNAs 

generally retain a higher expression than lncRNAs (Fig.13). However, the same 

analysis also revealed that within the least expressed quartile of lncRNAs and 

mRNAs, expression levels of both types of RNAs are essentially the same (Kumar 

and Hedges 1998) (Fig.13). Whether the differences in expression levels between 

lncRNAs and mRNAs, reflect this lncRNA-specific feature in transcriptional or post-

transcriptional regulations remains unclear. Most probable explanation for lower 

expression of lncRNAs could be lack of functionality, where non-functional lncRNAs 

would not be maintained and their expression would presumably decline over time 

due to mutations affecting transcriptional control elements.  

 

 

Figure13:  Comparison 

of OET lncRNA expression 

levels with OET mRNAs. 

The Y axis shows log10 

FPKM expression, the Y 

axis are rank-sorted RNAs 

as follows: blue, 1,600 

most expressed maternal 

RNAs; red, 1,600 OET 

lncRNAs. The broad grey 

curve represents values for 

thousand random 

selections of 1,600 RNAs 
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Polyadenylation status of OET lncRNAs 

Biogenesis of lncRNAs and mRNAs is common in most aspects, both type 

of RNAs are spliced, pol II transcripts whose transcription would utilize essentially 

the same set of transcription factors. One of the features, by which lncRNAs could 

differ, is in their 3′ end processing. Therefore, total RNA and poly(A) RNA-Seq 

expression data was used to study polyadenylation status of lncRNAs. Ratio of 

poly(A) FPKM/total RNA FPKM was used, which, for simplicity, is referred to as 

poly(A) score. GV oocytes and MII eggs are an excellent model system for testing 

this idea because of two possible internal controls: (i) Replication dependent 

histone mRNAs carrying unique stem loop structures at 3′ ends instead of poly(A) 

tails (Marzluff et al. 2002). Presence of these transcripts within poly(A)-selected 

RNA would therefore indicate the extent of contamination with non-polyadenylated 

mRNA. (ii) Dormant maternal mRNAs (Richter 1999). Translationally repressed 

mRNAs with short poly(A) tails stored in the GV oocytes, which are readenylated 

and translated during meiotic maturation. Thus, 20 highly expressed replication-

dependent histone genes lacking alternative polyadenylated transcript isoforms 

were selected and five dormant maternal mRNAs were selected, for which the 

cytoplasmic polyadenylation during meiosis was previously demonstrated: Mos, 

Plat, Cyclin B1, Orc6l, and Dcp1a.  

The distribution of the poly(A) score for mRNAs and lncRNAs from GV and 

MII stages generated sigmoidal curves with slightly different slopes (Fig.14A,B). 

Although, the difference in slopes might reflect intrinsic differences of GV and MII 

transcriptomes, poly(A) scores accurately reflected the lack of polyadenylation of 

histone mRNAs and cytoplasmic polyadenylation of dormant maternal mRNAs 

during meiotic maturation (Fig.14A,B). The dynamics of poly(A) scores of dormant 

maternal mRNAs raised a question, whether similar behavior could also be found 

among maternal lncRNAs. Remarkably, 91 maternal lncRNAs with expression >1 

FPKM whose poly(A) scores increased more than 5-fold during meiosis were 

identified. Similar to dormant maternal mRNAs, these 91 maternal lncRNAs carried 

putative cytoplasmic polyadenylation elements (CPEs) and at least 14 lncRNAs 

carried a combination of a canonical poly(A) signal and a CPE-like motif at their 3′ 

ends (Fig.14C). LncRNAs resembling dormant maternal RNAs are remarkable 
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because they suggest that cytoplasmic polyadenylation and dormancy could play a 

more general role in RNA regulation, i.e. a role that goes beyond translational 

control of maternal mRNAs. We hypothesize that controlled cytoplasmic 

polyadenylation during transcriptional quiescence could ‘activate’ stored maternal 

lncRNAs. Thus, putative dormant maternal lncRNAs represent excellent candidates 

for further functional studies of lncRNAs functioning between ovulation and ZGA. 

(For experimental validation refer to functional analysis chapter) 

 

 
Major changes in cytoplasmic RNA polyadenylation during OET occur also 

post-fertilization. (Sakurai et al. 2005). A scatter plot of relative changes of lncRNAs 

in poly(A) and total RNA RNA-Seq sets in MII eggs and one-cell embryos showed 

a relative enrichment in lncRNA polyadenylation upon fertilization; similar to 

changes observed for mRNAs (Fig.15). In contrast to mRNAs, the number of 

lncRNAs showing stronger decrease in poly(A) RNA upon fertilization was minimal. 

Taken together, our data show that the bulk of OET lncRNAs are polyadenylated at 

Figure 14: Polyadenylation analysis. (A) Distribution of poly(A) scores for mRNAs in 

GV and MII oocytes. (B) Distribution of poly(A) scores for lncRNAs in GV and MII 

oocytes. The Y axis depicts the poly(A) score calculated as the ratio of poly(A) RNA-

Seq FPKM/total RNA FPKM. The X axis represents rank-sorted OET lncRNAs that had 

FPKM >0. Dashed red and blue lines represent median poly(A) score values for 

lncRNAs and mRNAs, respectively. Green points on the right site indicate poly(A) 

scores of histone mRNAs, black points on the curve indicate the rank of poly(A) scores 

of dormant maternal mRNAs. (B) Examples of putative CPE elements found among 

OET lncRNAs.  
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their 3′ end and that maternal lncRNAs utilize the same cytoplasmic polyadenylation 

mechanisms as mRNAs. Therefore, cytoplasmic polyadenylation of OET lncRNAs 

most likely regulates their availability and stability, similar to mRNAs. 

  

Figure 15: polyadenylation changes upon fertilization. The Y axis depicts relative 

changes of gene expression in total RNA upon fertilization (log2[1-cell/MII total RNA 

FPKM]), the X axis shows relative changes in poly(A) RNA (log2[1-cell/MII poly(A) 

FPKM]). The left scatterplot displays only OET lncRNAs, the right plot shows OET 

lncRNAs in red superimposed onto mRNAs (black). Each point represents expression 

of one gene. 
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Part 2: Expression Dynamics of LncRNA During OET 

LncRNA expression display a strong cell/tissue specific expression 

compared to protein coding genes, which is one of their key characteristic features. 

To study dynamics of lncRNA expression during OET, RNA-Seq based 

transcriptome analysis was employed. 

Expression of OET lncRNAs in other tissues 

Since the majority of the OET lncRNAs appeared polyadenylated, their 

expression was inspected across 22 tissues selected from the ENCODE poly(A) 

RNA RNA-Seq mouse tissue panel (GSE4941744). To increase the specificity of 

the expression analysis, only clusters with four or more spliced reads and 

expression of >4 FPKM in at least one of the tissues in the tissue panel were 

included. The cut-off 4 FPKM for poly(A) RNA was used because it is a rough 

equivalent of 1 FPKM in total RNA RNA-Seq from mouse oocytes. Under these 

filtering conditions, expression values for 356 clusters were obtained (Fig.16). 

Analysis revealed a small population of ubiquitously expressed lncRNA clusters (28 

cluster with expression >4 FPKM in all tissues), consistent with the notion that 

mammalian lncRNAs typically have a cell type-restricted expression (Derrien et al. 

2012). Of the 28 ubiquitously expressed lncRNA clusters, 26 were annotated. 

These clusters were from small nucleolar RNA host genes and other annotated 

lncRNAs, such as Malat 1, Firre, or Rian. Remarkably, OET lncRNAs were mostly 

also expressed in the testis. Within the tissue panel (which included the ovary and 

the placenta), testis stood out as the tissue that had the highest number of 

expressed clusters across tissues (121 clusters) (Fig.16). Ovary ranked second 

after the testis, having the maximum expression of 19 clusters.  

LncRNAs expressed in testis and during OET stages represent an 

interesting group of germ-line specific lncRNAs. Testis expressed 121 lncRNA 

clusters were further analyzed to determine 1) if they are associated with maternal 

or zygotic expression, and 2) whether they share the same promoters in the testis 

and OET stages. Most of the 121 lncRNA clusters during OET were highly 

expressed maternally (93 clusters), while 25 clusters had the highest expression in 

the zygotic stage and 3 clusters in the embryonic stage. 58 clusters of the 121 
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clusters shared promoters in testis and OET stages. In the case of 37 clusters, a 

unique non-repetitive lncRNA promoter functioned in testes, while oocytes or early 

embryos employed a different unique promoter (19/37) or a retrotransposon-

derived promoter such as MaLR class LTR promoter (12/37). In any case, the 93 

lncRNA loci expressed in oocytes and testes are the prime candidates for analysis 

of lncRNAs with germline-specific functions. 

LncRNA dynamics during OET 

Next, expression dynamics of OET lncRNAs during OET was analyzed. 

Gene expression during OET can be divided into three basic classes based on 

dynamics of maternal RNAs with zygotic transcripts: 

(i) Maternal transcripts—are transcripts, which are dominantly expressed only in 

oocytes. These transcripts survive until certain time-points/stages of OET and are 

not replaced with zygotic/embryonic transcripts. Based on their expression, 

maternal transcripts may be important just for oocyte development or they may 

function during meiotic maturation or soon after fertilization, where they can 

contribute to zygotic genome activation (ZGA) and initiation of development. 

(ii) Zygotic transcripts—are expressed during ZGA and are absent in oocyte. 

Zygotic transcripts may be transcribed just transiently during ZGA or could remain 

expressed during early development. Zygotic transcripts, for example, could include 

genes involved in the establishment and maintenance of totipotency. 

(iii) Maternal-zygotic transcripts —are transcripts found in both oocytes and early 

embryonic stages. This is due to expression of these genes in oocytes as well as 

during ZGA. This category can be exemplified by housekeeping genes. Maternal-

zygotic transcripts, may have higher expression in oocytes than in early embryos 

or vice versa. 

First, to simplify, we grouped all OET stages (as it was done for transcript 

model assembly) into three basic expression states: maternal (M), zygotic (Z), and 

embryonic (E). The maternal expression level was calculated as an average 

lncRNA expression level in GV and MII oocytes; it represented lncRNA expression 

before fertilization. The zygotic expression level was calculated as an average 

lncRNA level in two- and four-cell stages; it represented the transition period of 
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Figure 16: OET lncRNA expression in different tissues. The heatmap displays 

expression of 356 lncRNA clusters with expression values >4 FPKM in at least one of 

22 tissues selected from the ENCODE poly(A) RNA NGS mouse tissue panel 

(GSE49417 (Yue et al. 2014)). 
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gene expression during ZGA. The embryonic expression level was calculated as 

an average lncRNA level in morulae and blastocysts stages; it represented gene 

expression at a later embryonic stage, during which maternal RNAs were mostly 

degraded (and so was ZGA-specific expression). Next, Maternal, Zygotic, and 

Embryonic lncRNA values were adjusted, so that the highest value observed in 

each state was set to one, and we displayed values for all lncRNA clusters in a 

single plot, where there were defined into M, Z, and E groups (Fig.17A). Using this 

expression plot, OET lncRNA clusters were further classified into six groups 

representing the maternal, zygotic, and maternal-zygotic expression types 

(Fig.17B). 

To obtain a comprehensive view of temporal dynamics of OET lncRNAs, 

clusters were organized into a heatmap based on six basic patterns (Fig.17B), while 

displaying expression in all stages (Fig.17C). Most lncRNA clusters (1,166) were 

categorized in M group. Of these 993 of M clusters declined rapidly during ZGA, 

reaching low levels in the blastocyst stage. These represent maternal lncRNA 

clusters. This class is the most abundant in our dataset. In total 393 and 131 lncRNA 

clusters had maximum expression in Z and E stages, respectively. While, 251 of 

those had minimal maternal expression, thus representing zygotic lncRNA clusters 

(Fig.17B). Among these zygotic clusters, 107 lncRNAs were transiently expressed 

during ZGA. Finally, 446 lncRNA clusters were considered maternal-zygotic 

transcripts. Maternal-zygotic lncRNAs could be further divided into two categories: 

(i) those transcripts constantly present during OET, i.e. zygotic transcripts, which 

are expressed even before maternal ones were eliminated, and (ii) those whose 

maternal transcripts were strongly eliminated before zygotic/embryonic transcripts 

were activated—there was a distinct minor group of 59 maternal-zygotic clusters 

whose expression reached the minimum at the two- and four-cell stages. The 

dynamics of OET lncRNA expression highly differed from mRNAs (Fig.17C bottom), 

mainly in the proportion of maternal and maternal-zygotic expression. While, 62% 

of the 1,600 OET lncRNA loci were maternal, maternally expressed mRNAs made 

only 20% of all OET mRNAs. Furthermore, maternal-zygotic lncRNAs made up a 

minor fraction of OET lncRNAs (28%), while this class was highly abundant (68%) 
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Figure 15 OET lncRNA population dynamics during early development. (A) 

Overview of expression patterns of OET lncRNAs. To simplify expression pattern 

classification, average FPKM values were used: M, maternal (GV and MII oocytes); Z, 

zygotic (two- and four-cell stages); and E, late preimplantation embryo (morula and 

blastocyst). The plot shows dynamics of all clusters where the maximum average 

FPKM value of each cluster in M, Z, E was set to 1. (B) Main expression patterns of 

OET lncRNAs. The six panels display six basic patterns separating maternal (top left 

panel), zygotic (top middle and top right panels), and maternal-zygotic lncRNA (bottom 

panels) expression. The red lines represent the average values per each panel. (C) 

Expression patterns of 1,600 OET lncRNAs and 19741 mRNAs. The heatmap for 

lncRNAs and mRNAs was assembled from the six basic patterns (shown in (B)) (D) 

Expression correlations estimated from reads matching different types of sequences—

exons of 1,600 lncRNA and exons and introns of protein-coding genes. The color scale 

on the left indicates the correlation coefficient for the analyzed features. Note the 

negative correlation for lncRNA expression between maternal and zygotic/embryonic 

stages reflects the apparently mutually exclusive expression patterns observed in the 

upper heatmap in (C) 
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among mRNAs, which was not surprising considering the multitude of 

housekeeping roles of encoded proteins. Interesting observations were made from 

analysis of RNA expression correlations between individual stages (Fig.17D). 

Interestingly, when OET lncRNA and mRNA exons and introns were compared, 

lncRNAs showed positive correlations among maternal stages (GV oocyte and 

unfertilized/fertilized eggs) and among zygotic stages (two-, four-cell, morula, and 

blastocyst), but not between two stages from the two groups. Although two-cell 

stage lncRNAs showed no correlation with between stages, the later stages even 

had negative correlations (Fig.17D). This apparently reflected the extensive 

mutually exclusive nature of maternal and zygotic lncRNA transcriptions, which was 

also apparent from the expression heatmap (Fig.17C). In contrast, analysis of 

exons of protein coding genes revealed good correlations between two of the 

analyzed stages. This was due to dominant maternal-zygotic expression of protein-

coding genes (68% of mRNA transcriptome). These results are consistent with a 

previous observation that lncRNA expression drastically varies at different stages 

of cleavage stage embryos, suggesting stage-specific expression (Zhang et al. 

2014). This study identified two main expression patterns of OET lncRNAs—

maternal expression, which diminished by early development, and zygotic 

expression dominated by a transient major ZGA expression pattern. 

. 
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Part 3: Evolution of OET LncRNAs 

Retrotransposon contribution to lncRNA evolution 

Among 1600 OET lncRNAs identified, ~1200 lncRNA clusters were novel. 

Interestingly, retrotransposons made a strong contribution to novel OET lncRNA 

transcripts; one third of 5′ exons of novel lncRNAs came from long terminal repeat 

(LTR) retrotransposons. Whereas, SINE and LINE elements contributed to mature 

lncRNA sequences (Fig.18A,B). LTR retrotransposons, especially the MaLR class 

LTRs, made a strong contribution to lncRNA promoters and transcription start sites 

(Fig.18A,B). LTRs in 5’ exons have the ability to splice in with novel splice acceptors 

downstream to give rise to new genes, which was the case in several novel OET 

lncRNAs (Fig.18D). This study mainly focused on contribution of MaLR and MT2 

LTRs (fully or partially) to promoters and first exons of OET lncRNAs. Among the 

annotated lncRNAs, 333 LTRs were shown to make full 5’ exon contributions to the 

lncRNA genes. These 333 OET lncRNAs thus represent cases of complete “plug-

and-play” gene remodeling by MaLR and MT2 LTRs in mouse. LTRs 

retrotransposons not only provide promoter and first exon to lncRNAs, but also 

contribute to their tissue specific expression (Fig.18C). MaLR MT LTR driven 

lncRNAs were expressed exclusively in the oocytes, while MT2 LTRs driven 

lncRNA transcripts were expressed in zygotes, and ORR1 LTRs driven transcripts 

were expressed in both oocytes and zygotes. This stage specific lncRNA 

expression is probably due to the adaptation of LTR promoters to oocyte specific 

and zygote specific transcription control. Taken together, MaLR and MT2 LTRs are 

important contributors to lncRNA evolution, either by giving birth to new lncRNA or 

by recycling existing genes. 

Maternal lncRNA function in RNAi  

As described in the introduction, gene regulation by endogenous-siRNAs is 

essential for oocytes development and OET. Endogenous RNAi is a mechanism 

where mRNAs in the oocyte are targeted and degraded by small perfectly 

complementary 20-23 nt small interfering RNAs (siRNAs) Endogenous-siRNAs in 

mouse oocytes come from three distinct sources: (i) a transcription of an inverted 

repeat, (ii) a convergent transcription, and (iii) base pairing of mRNA and antisense 
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RNA originating, e.g. from a processed pseudogene (Tam et al. 2008; Watanabe 

et al. 2008). Even though  

 

antisense transcripts from pseudogene were considered as a source for siRNAs for 

a long time, the nature of these transcripts was unknown.  

This study identified antisense sequences from processed pseudogenes 

among maternal lncRNAs. Antisense pseudogene carrying transcripts were 

typically multi-exon lncRNAs with one or more pseudogenes within them. LncRNAs 

were either seen to originate at the site of pseudogene insertion or in some cases, 

Figure 18: Retrotransposon contribution to evolution of lncRNAs. (A) Contribution of 

retrotransposons to OET lncRNA transcriptional regulation. The graph depicts fractions 

of 5′ OET lncRNA exons, which contain a given type of a repetitive sequence over the 

putative transcription start site and 50 bp upstream. (B) Contribution of repetitive 

sequences to mature (spliced) OET lncRNA sequences.(C)  Expression of MaLR and 

MT2 LTR-derived 5′ exons from lncRNAs ordered by the maternal/ZGA expression ratio 

(GV+MII)/(2C+4C). The heatmap shows log2 FPKM values of the annotated LTR 5′ 

exons (full contribution) with FPKM >0.1 in at least one sample. The colored bar 

indicates the LTR family. (D) UCSC browser snapshot of novel lncRNA locus showing 

lncRNA expression from a new MT insertion in mouse. 
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pseudogene sequence was inserted into a pre-existing lncRNA transcript (Fig 19). 

Over 100 lncRNAs with processed pseudogene sequences were identified and 30 

pseudogene sequences were ‘recycled’ by MaLR LTR-derived promoters into 

transcripts serving as endo-siRNA substrates in mouse oocytes. This lncRNAs 

serve as a unique class of maternal lncRNAs, which serve as substrates for the 

endo-siRNA machinery.  

 

Figure 19: An example of antisense pseudogene sequence rewiring yielding a 
lncRNA substrate for endo-siRNAs where a pseudogene (Dlgap5) was inserted into a 
locus already containing an MTA solo LTR. 
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Part 4: Functional Analysis of LncRNAs During OET 

Function of most of the 1,600 annotated OET lncRNAs is unknown and it is 

highly likely that majority of them are non-functional. However, based on their 

features, functions of few OET lncRNAs could be predicted. For example, we found 

two novel maternally expressed lncRNA clusters located in the imprinted loci, 

whose expression correlates with the maternal pattern of expression. LncRNA-

OET-17-106, overlaps antisense with 3’ end of Airn lncRNA, which is maternally 

silenced (Fig 20A). LncRNA Arin, located on mouse chromosome 17, regulates 

imprinting of Igf2r, Slc22a2 and Slc22a3 genes in cis. And, LncRNA-OET-12-253, 

is expressed just downstream of an imprinted microRNA (miRNA) cluster, which is 

expressed from the maternal allele (Fig 20A). We also observed interesting 

expression patterns of several known lncRNA loci, such as Malat1, Neat1 or Cyrano 

(Fig 20B). Metastasis-associated lung adenocarcinoma transcript 1 (Malat1) 

(Gutschner et al. 2013) is among the most studied lncRNA after Xist. It is a 

conserved extremely abundant lncRNA, non-essential for normal development 

(Eissmann et al. 2012, Zhang, 2012) However, in oocytes, Malat1 transcript levels 

were minimal relative to later preimplantation stages (Fig 20B). Similarly, 

expression of Neat1, lncRNA encoded adjacent to Malat1, was seen only after ZGA 

and a shorter Neat1 transcript isoform accumulates from the 4-cell stage on (Fig 

20B). Thus, the Malat1/Neat1 locus transcription is a zygotic component of OET. In 

contrast, Cyrano lncRNA, which has been implicated in embryonic development in 

zebrafish (Ulitsky et al. 2011), exhibited both maternal and zygotic expression 

pattern, while zygotic expression in the locus extends into a conserved 3’ end region 

(Fig 20B). 

Functional analysis of candidate OET lncRNAs 

To gain insights into functional importance of OET lncRNAs, five maternal 

lncRNAs were selected based on their expression, conservation, promoter 

sequence and synteny. To study these lncRNAs, mouse knock-out models were 

created using RNA guided CRISPR-Cas9 system. We decided to delete promoter 

along with first exon, in order to suppress transcription at the locus and not just the 

accumulation of mature lncRNA. (Chen et al. 2013). For the first CRISPR deletion 
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Figure 20: Annotated USCS snapshots displaying expression of selected lncRNAs 

during oocyte-to-embryo transition. Grey dashed horizontal lines indicate expression 

maximum (FPKMs). The conservation track displays data eight genomes (top to 

bottom): Conservation track displays data from the following eight genomes rat, rabbit, 

human, tree shrew, dog, horse, cow, and platypus. 
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experiment, mouse zygotes were injected with GFP tagged Cas9 protein + gRNA 

complexes, which were incubated together for 30min at 37°C prior to injection. 

Recombinant Cas9 was a gift from Martin Jinek lab, UZH. Inspection of zygotes two 

hours post injection did not reveal any GFP expression in zygotes, which we 

presumed was due to Cas9 degradation. Cas9 protein degradation was probably 

due to their low stability in zygotes or the used buffer was not compatible with the 

injection in mouse zygotes. After several trials, pronuclear injection of 100ng/ul 

Cas9 mRNA: 25ng/ul of gRNA in zygotes gave us successful mutant mice. We 

obtained 1 in 25 mice with positive deletion, which of course varied from gRNA to 

gRNA. Using this protocol we generated five lncRNA mutant mice; functional 

characterization of three select lncRNAs is explained below (lncRNA-OET-19-199, 

lncRNA-OET-06-154 and lncRNA-OET-07-157), whereas other two lncRNA mutant 

mice are still under investigation. 

LncRNA-OET-19-199 

Lnc-OET-19-199 is a partially conserved maternal intergenic lncRNA, 

expressed in a relatively conserved region of chromosome 19 (Fig 21A). The 

promoter sequence and first exon of lncRNA-OET-19-199 are partially conserved, 

whereas the last two exons are conserved in all mammals. Lnc-OET-19-199 

consists of 6 exons, which our transcript model predicted to splice into six isoforms; 

two of which are unique to oocytes, whereas rest are also expressed in testis from 

an alternative promoter (Vasiliauskaite et al. 2018). Expression of Lnc-OET-19-199 

begins in the primordial follicles and persists until fertilization, which triggers its 

degradation (Fig 21B). To determine lncRNA-OET-19-199 function during OET, I 

generated a knock-out mouse model by CRISPR-cas9 mediated 500nt deletion of 

promoter along with first exon. Loss of lncRNA expression was confirmed by qPCR 

analysis (Fig 21C, F).  

Breeding of lncRNA-OET-19-199 mutant mice did not reveal any effects on 

viability and fertility of homozygotes, although breeding of lncRNA-OET-19-199, 

heterozygotes produced heterozygotes with a lower frequency than expected (Fig 

21E). The basis of this effect is unclear. Nonetheless, homozygous null females 

were fertile and breeding of null animals produced viable offspring. Ovarian 

histology of knock-out animals appeared normal and normal amounts of fully-grown 
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Figure 21: LncRNA-OET-19-199 (A) Exon structure of lncRNA-OET-19-199 and its 

expression in the fully-grown GV oocyte. The grey dashed horizontal line indicates 

expression value 20 FPKMs. Terminal exons are displayed as red rectangles, the 5’ exon 

in blue. (B) Annotated UCSC snapshot displaying expression of lncRNA-OET-019-199 

during oocyte-to-embryo transition. Grey dashed horizontal lines indicate expression 

maximum of 20 FPKMs. The conservation track displays data from the following eight 

genomes (top to bottom): rat, rabbit, human, tree shrew, dog, horse, cow, and platypus. (C) 

Microarray profiling of lncRNA-OET-06-154 during oocyte development and in early 

embryos confirms temporal pattern of lncRNA-OET-06-154 expression Error bar = SEM. 

(D) Detailed view of positions of gRNAs for CRISPR-mediated deletion. (E) Breeding 

performance of mutant mice. (F) qPCR expression analysis of LncRNA-OET-19-199 and 

neighboring genes in WT and null oocytes.  
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Figure 22: LncRNA-OET-06-154.(A) Exon structure of lncRNA-OET-06-154 and its 

expression in the fully-grown GV oocyte. The grey dashed horizontal line indicates 

expression value 20 FPKMs. Terminal exons are displayed as red rectangles, the 5’ exon 

as a blue one. Positions of primers are indicated below the gene scheme. (B) Annotated 

UCSC snapshot showing expression of lncRNA-OET-06-154 during oocyte-to-embryo 

transition. Grey dashed horizontal lines indicate expression maximum of 20 FPKMs. The 

conservation track displays data from the following eight genomes (top to bottom): rat, 

rabbit, human, tree shrew, dog, horse, cow, and platypus. (C) qPCR expression analysis of 

lncRNA-OET-06-154 during oocyte-to-embryos transition. (D) qPCR expression analysis of 

LncRNA-OET-06-154 neighboring genes in WT and null oocytes. (E) Detailed view of 

positions of gRNAs for CRISPR-mediated deletion. (D) Breeding performance of lncRNA-

OET-06-154 mutant mice.  
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oocytes were recovered from null ovaries. Expression of neighboring genes was 

examined, as lncRNA transcription has been shown to regulate nearby genes, 

either positively (upregulation) or negatively (downregulation) (Kapranov et al. 

2007). We observed a significant downregulation of neighboring gene Fam160b1 

(Fig 21F), however, whether this reflected the biological role of lncRNA-OET-19-

199 or whether it was a consequence of the introduced DNA deletion remains 

unknown. Altogether, even though lncRNA-OET-19-199 is a well expressed, 

conserved maternal lncRNA, it is not required for the normal oocyte development 

or during OET in mice.  

LncRNA-OET-06-154 

LncRNA-OET-06-154, is another partially conserved maternal lncRNA, 

located on chromosome 6 (Fig 22A). Even though lncRNA-OET-06-154 has a 

highly conserved promoter and first two exons, conservation of the rest of the exons 

varies. Interestingly, the very last exon of lncRNA-OET-06-154 exist only in mouse 

and gives rise a splice isoform unique to mouse oocytes. LncRNA-OET-06-154 

expression is predominantly maternal and the transcripts are degraded by 4-cell 

stage (Fig 22B, C). To study LncRNA-OET-06-154 function, I produced knock-out 

mouse model by CRISPR-cas9 mediated 500nt deletion of promoter along with first 

exon, similar to previous lncRNA (Fig 22E). Loss of lncRNA expression was 

confirmed by qPCR analysis (Fig 22D). Breeding of LncRNA-OET-06-154 mutant 

mice did not reveal any effects on viability and fertility of homozygous mice and 

normal litter size was recorded (Fig 22F). Similarly, ovarian histology of knock-out 

animals appeared normal and normal amounts of fully-grown oocytes were 

recovered from mutant ovaries. Expression of neighboring genes was not 

influenced by the loss of LncRNA-OET-06-154 (Fig 22D).  

Even though the lncRNA-OET-06-154 mutant mice lacked phenotypic 

function, a biological function to one of its transcript isoforms could be predicted. 

The most downstream terminal exon of lncRNA-OET-06-154 carried an antisense 

sequences from the Eef1g pseudogene (Fig 23A). The pseudogene insertion took 

place in the common ancestor of mice and rats, which was subsequently disrupted 

by several LTR insertions in the mouse lineage. The transcript isoform with the last 

exon, thus carries antisense pseudogene sequence, which could base pair with  



Results - Functional analysis of lncRNAs during OET 

59 

 

 

Eef1g mRNA to give rise to dsRNA. This dsRNA is recognized by Dicer to 

generate 21-23 nt endo-siRNAs, shown by mapping small RNAs from small RNA-

Seq data to the lncRNA-OET-06-154 locus (Fig 23A) (Tam et al. 2008). Small RNAs 

targeting Eef1g are biologically active as evidenced by Eef1g mRNA upregulation 

in both Dicer and Ago2 knock-out oocytes (Fig 23B). Simultaneously, 

overexpression of LncRNA-OET-06-154 overexpression in the absence of Dicer,  

Figure 23: LncRNA-OET-06-154 endo-siRNA activity (A) LncRNA-OET-06-154 

terminal 3’ exon region displaying lncRNA and small RNA expression in GV oocytes 

(B) Analysis of RNA-Seq data from Dicer and Ago2 knock-out oocytes. The Y-scale 

depicts the FPKM difference in Ago2 knock-outs (catalytically dead mutant), the X-

scale in Dicer knock-outs. The FPKM difference was used because it better reflects 

the effect of suppressed RNAi on the transcriptome than the ratio, which is distorted 

by varying expression levels. (C) qPCR analysis of lncRNA-OET-06-154 expression 

in WT, Null and Dcr Null oocytes.  
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as confirmed by qPCR expression analysis in RNAi-deficient (Dcr null) oocytes (Fig 

23C). Taken together, lncRNA-OET-06-154 represents an example of a locus 

expressing multiple transcript isoforms with probably different functions: the most 

downstream 3’ terminal exon is shown to be engaged in RNAi-mediated repression 

of Eef1g in the oocyte, while other transcript isoforms may have another function 

(or no function at all).  

LncRNA-OET-07-157 

LncRNA-OET-07-157 is a ~2kb long maternal intergenic lncRNA (Fig 24A). 

It likely exists only in rodents, as this particular gene locus is disrupted by gaps in 

other mammalian genomes. Among 1600 OET lncRNAs annotated, lncRNA-OET-

07-157 was found to one of the most abundant maternal lncRNA expressed. 

Interestingly, for a lncRNA (considering they have lower expression compared to 

mRNAs), lncRNA-OET-07-157 was found among top fifteen highly expressed 

genes in oocytes (Fig 24B). High expression of lncRNA-OET-07-157 is probably 

due to its adaption to key maternal transcription factors in oocytes. Lhx8 and Nobox 

are two important maternal transcription factors required for oocyte development 

(Choi et al. 2008). Interestingly, Lhx8 and Nobox null oocytes microarray data, 

revealed loss of lncRNA-OET-07-157 expression in Lhx8 and Nobox null oocytes 

(Choi et al. 2008). This also explains the lack of lncRNA-OET-07-157 expression in 

other tissues (Fig 24C). In oocytes, lncRNA-OET-07-157 expression initiates at the 

primary follicle stage and is seen until the 2 cell stage (Fig 24D,E). LncRNA-OET-

07-157 has an interesting gene structure. The first exon of the lncRNA is entirely 

Figure 24: LncRNA-OET-07-157. (A) Exon structure of lncRNA-OET-07-157 and its 
expression in the fully-grown GV oocyte. The grey dashed horizontal line indicates 
expression value 3323 FPKMs. Terminal exons are displayed as red rectangles, the 5’ 
exon as a blue one. Positions of qPCR primers are indicated below the gene scheme. 
(B) LncRNA-OET-07-157 expression compared to highly expressed oocyte genes. (C) 
lncRNA-OET-07-157 expression in ENCODE tissue RNA-Seq set Error bar = SEM 
(LncRNA-OET-07-157=Lnc1) (D). Annotated UCSC snapshot showing expression of 
lncRNA-OET-07-157 during oocyte-to-embryo transition. Grey dashed horizontal lines 
indicate expression maximum of 3323 FPKMs. (E) Microarray profiling of lncRNA-
OET-07-157 during oocyte development and in early embryos confirms temporal 
pattern of lncRNA-OET-06-154 expression Error bar = SEM. (F) Detailed view of 
positions of gRNAs for CRISPR-mediated deletion. (G) Breeding performance of 
mutant mice 
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composed of retrotransposon sequences and a pseudogene; it consists of two 

MTC-int sequences and a SINE B3 element. Whereas, the last exon is free of 

retrotransposon sequences. The only intron of lncRNA-OET-07-157 consist of 

several LINE insertions, part of it also contributes to its splice isoforms (Fig 24D). 

Knock-out mouse model was generated for LncRNA-OET-06-154 by CRISPR-

Cas9 mediated 700nt deletion of promoter along with the first exon (Fig 24E). Loss 

of lncRNA expression was confirmed by qPCR analysis. Long term breeding of 

LncRNA-OET-06-154 mutant mice did not reveal any effects on viability and fertility 

Figure 25: Endo-siRNA activity of LncRNA-OET-07-157 (Lnc1)(A) LncRNA-OET-07-

157 5’ first exon region displaying lncRNA and small RNA expression in GV oocytes 

(B) qPCR expression analysis of total (GV Lnc1 T) and isoform containing the first and 

last exon (GV Lnc1 1) of LncRNA-OET-07-157 in WT and null, GV and MII oocytes. 

(C) qPCR expression analysis of Elob mRNA in LncRNA-OET-07-157 WT and null, 

GV and MII oocytes. (D) Schematic representation of the 25nt perfect match between 

LncRNA-OET-07-157 and Elob mRNA 
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of homozygous mice, and produced normal litter (Fig 24F). To examine the 

transcriptome dynamics of null LncRNA-OET-07-157 oocytes, I performed total 

RNA-Seq from GV oocytes. Analysis of null transcriptome revealed no significant 

difference compared to WT oocytes. However, two interesting functional properties 

of LncRNA-OET-07-157 were discovered LncRNA-OET-07-157 harbors an Elob 

pseudogene in antisense orientation in its first exon. The pseudogene insertion 

apparently occurred in the common ancestor of mice and rats (Fig 25A). LncRNA-

OET-07-157 transcript has 25nt perfect match with Elob mRNA, thus base pairing 

of transcripts can form dsRNA and generate endo-siRNAs, which can be seen by 

mapping small RNAs to this locus (Fig 25D).Noticeably, upregulation of Elob mRNA 

is observed in LncRNA-OET-07-157 null oocytes (Fig 25C). Therefore, LncRNA-

OET-07-157 is another example of lncRNA class, which serves as small RNA 

substrates. Even though a significant increase in Elob mRNA was seen, no 

interference in normal fertility of LncRNA-OET-07-157 null mice was observed, 

suggesting the Elob regulation by RNAi is not critical for oocyte function. 

While characterizing the polyadenylation status of OET lncRNAs we 

stumbled upon a set of lncRNAs, which displayed an increase in polyadenylation 

during oocyte maturation. Upon closer inspection, putative cytoplasmic 

polyadenylation elements (CPE) were found in their 3’UTR; which, as described 

before, were found only in dormant maternal mRNAs, where they are involved in 

selective translation of dormant maternal transcripts upon oocyte maturation. 

Notably, LncRNA-OET-07-157 was one of the lncRNAs, which displayed increased 

polyadenylation in MII oocytes compared to GV oocytes, and carried four canonical 

cytoplasmic polyadenylation elements in its 3’UTR (Fig 26A). To examine LncRNA-

OET-07-157 CPE functionality, a luciferase reporter assay was designed, where 

deletion mutant reporters were constructed for putative CPE sequences (Fig 26B). 

Well characterized dormant mRNA CcnB1 was used as a positive control (Yang et 

al. 2017). An increase in translation of LncRNA-OET-07-157 and CcnB1 3’UTRs 

was observed during oocyte meiotic maturation, while mutant reporters of LncRNA-

OET-07-157 showed minimal translation, validating CPE functionality. Activity in 

CcnB1 mutant reporters could be detected presumably due to deletion of only one 

of four CPEs.  
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In rats, LncRNA-OET-07-157, lacks two of the four CPE elements in their 

3’UTR. Furthermore, Elob pseudogene insertion adjacent to the first exon, does not 

seem to be a part of the LncRNA-OET-07-157 transcript. Therefore, rats lack the 

endo-siRNA function in oocytes and probably has lower cytoplasmic 

polyadenylation activity compared to mouse. Taken together, in mouse, LncRNA-

OET-07-157 is an example of a lncRNA with dual functionality, serving as both a 

small RNA substrate and a dormant maternal lncRNA whose function is currently 

under further investigation.  

 

 

Figure 25: LncRNA-OET-07-157 cytoplasmic polyadenylation: (A) schematic 

depiction of LncRNA-OET-07-157 3’UTR and the four canonical CPEs (in ovals) along 

with two hexanucleotide (poly(A) signal) sequence (in squares). (B) Luciferase 

reporters designed and injected for the luciferase reporter assay. (C) Relative 

luciferase activity of injected Renilla reporters. For these experiments, Renilla 

luciferase reporter activities were normalized to a coinjected firefly luciferase control. 

The experiment was conducted five times, and data are presented as the mean ± SEM. 
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Discussion 

At the beginning of this study absolutely nothing was known about 

expression or function of lncRNAs during mouse OET, except for two preliminary 

studies by Zhang et al (Zhang et al. 2014) and Hamazaki et al. (Hamazaki et al. 

2015). Hamazaki et al. focused on promoter associated non-coding RNAs 

(pancRNAs), whereas Zhang et al identified 5,563 novel lncRNAs using single-cell 

SOLiD RNA-Seq data from mouse OET stages. However, analysis of their data 

revealed low quality lncRNA assembly and annotation, which did not represent a 

reliable dataset. LncRNAs predicted by Zhang et al. had less exons per transcript 

(typically only two) and less exons per lncRNA loci. Therefore, a robust pipeline for 

de novo transcript model assembly was required for identification and annotation of 

OET lncRNAs. We then use these lncRNA to explore their expression and potential 

contribution to OET.  

OET lncRNA annotation 

OET lncRNA study begins with their identification and annotation, which 

requires a robust pipeline and RNA expression data (Abe et al. 2015) For this study, 

76PE non-amplified total RNA-Seq data from oocyte to blastocyst stages were 

used. Analysis of total RNA allowed us to explore the entire lncRNA population 

including non-polyadenylated lncRNAs. Additionally, considering lower depth of 

RNA-Seq data, focus was on annotating well-expressed (>1 FPKM) lncRNAs rather 

than annotating as many loci as possible. This step was included in the pipeline to 

prevent accumulation of artifacts from spurious transcription and from partial 

assembly of low-expressed lncRNAs.  

Furthermore, to avoid miss annotation during mapping and clustering, 1200 

lncRNA clusters were manually curated to identify specific sources of artifacts, 

which could be eliminated by optimizing the pipeline. The manual annotation was 

assisted by two other colleagues and made this annotation more reliable than other 

approaches, which relied solely on bioinformatics based filtering. For example, any 

transcripts with introns <20 nt and >250 kb were removed from the annotation. 

These introns were products of transcripts originating form repeat elements. This 
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study also excluded all single exon transcripts in order to eliminate transcripts 

originating from non-specific mapping. For example, transcripts form pseudogenes 

or reads originating from repeat elements, would map to multiple loci but only loci 

showing splicing could be positively identified as transcribed ones. This refining 

step drastically reduced the number of lncRNA transcript models in our annotation, 

which also explained the high number of transcripts and shorter length in Zhang et 

al’s annotation. Finally, CPAT tool was used to eliminate any transcripts with protein 

coding potential.  

With the help all refining steps, we obtained 1600 non-redundant highly 

reliable set of OET lncRNA clusters. Majority of the clusters were expressed in 

maternal stages while the least number of clusters were found in morula and 

blastocysts stages. Low abundance of lncRNAs from these stages was a bit 

surprising as several thousands of lncRNAs have been annotated in mouse 

embryonic stem cells (Guttman et al. 2009). The embryonic set had had a relatively 

smaller depth compared to maternal set even though  blastocyst has ~ three times 

more total RNA (~1.5 ng) than an oocyte (~0.5 ng) (Piko and Clegg 1982). The low 

abundance in these embryonic stages could be due to the presence of surrounding 

non-expressing cells from extraembryonic lineages, which could dilutes the 

transcriptome. Therefore, the same FPKM cut-off value would be more stringent on 

the blastocyst-expressed genes than the maternal genes. While lower counts of 

expressed lncRNAs in later preimplantation stages could be explained by the 

different depth, it does not explain the difference between the numbers of 

maternally and zygotically expressed lncRNAs. A 2-cell zygote contains 

approximately four times more total mRNA than a GV oocyte (Piko and Clegg 

1982), thus, RNA-Seq data from 2-cell zygotes should have a larger relative depth. 

Yet, there are much less 2-cell specific lncRNAs than maternal lncRNAs. A partial 

explanation of higher count of maternal lncRNA can be provided by an order of 

magnitude higher number of transcriptionally active LTR promoters discovered in 

GV oocytes (Franke et al. 2017).  

While this project was in progress, Gavin Kelsey's lab also published lncRNA 

annotation from oocytes and zygotes (Veselovska et al. 2015). This work provided 

a much more comprehensive analysis of OET lncRNAs compared to Zhang et al 
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and hamazaki et al. They had a much deeper maternal RNA-Seq data, which gave 

them longer transcript models with more splicing variants. Comparison of our 1600 

OET clusters, revealed 70% overlap of our lncRNAs with their data, although we 

had much lower depth compared to their RNA-Seq data. Taken together, we 

successfully developed a bioinformatic pipeline for de novo assembly and 

annotation of lncRNAs and we produced a list of 1600 high-quality reliable maternal 

and zygotic lncRNAs expressed during OET. 

Evolutionary origin of OET lncRNAs 

LncRNAs exhibit characteristic features that distinguish them from protein 

coding genes. LncRNAs transcripts are generally shorter length, which is due to 

lower number of exons in their transcript compared to mRNAs. (Kapusta et al. 

2013), which was also observed in OET lncRNAs. They also have low and very 

tissue specific expression. The expression analysis of OET lncRNAs revealed a 

very stage restricted expression pattern compared to protein coding genes. Most of 

the OET lncRNAs exhibited either maternal expression or zygotic expression 

pattern, whereas, protein coding genes predominantly exhibited a maternal-zygotic 

pattern of expression. These results are consistent with a recent study in human 

MII stage and cleavage stages embryos, where similar expression dynamics 

between stages was reported (Bouckenheimer et al. 2018). This implies that 

expression of the bulk of OET lncRNA clusters is driven by either oocyte- or ZGA-

specific transcription factors, because only a minority of OET lncRNA clusters is 

ubiquitously expressed, i.e. presumably controlled by ubiquitous transcription 

factors. But why would lncRNAs adapt their expression to tissue or stage-specific 

transcription factors? A possible explanations could be that the local transcription 

factors provide less selective pressure on these random lncRNA transcription 

compared to ubiquitous transcription factor regulated genes, which are under 

stronger selective pressure. 

LncRNAs are also less conserved compared to mRNAs and are among one 

of the most actively evolving genes. A study showed only ~92% of human intergenic 

lncRNAs were also detected as expressed in chimpanzee or bonobo and only ~72% 

were expressed in macaque, whereas more than 98% of conservation in expression 
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was observed for protein-coding genes, for all primates (Necsulea et al. 2014). 

LncRNA evolution studies in tetrapods shows that testis has a stronger specificity 

for young lncRNAs (55%) than for old lncRNAs, which is probably due to permissive 

testis chromatin, which favors new gene origination (Soumillon et al. 2013; 

Necsulea et al. 2014). Similar permissive chromatin might exist in the female 

germline.  

The poor conservation of lncRNAs is probably because of emergence of 

lncRNAs from random transcription with low selective pressure. Such lncRNA 

transcripts, most of the time fail to acquire a function, and would therefore disappear 

from the genome at a much rapid pace compared to protein coding genes. This 

process may be enhanced in germline due to the permissive chromatin, which 

activates retrotransposons and retrotransposon driven specific and nonspecific 

gene transcription (Franke et al. 2017, Vasiliauskaite, 2018).  

 Interestingly, most of the novel OET lncRNA clusters were found associated 

with retrotransposons especially to their 5’exon. Retrotransposons have been 

previously shown to make a strong contribution to lncRNA sequences. Over two 

thirds of lncRNA sequences (75% and 68% of human and mouse, respectively) 

have at least a partial retrotransposon insertion in their sequence (Kapusta et al. 

2013). This is more than other type of RNA sequences, such as protein coding 

sequences, small RNAs or untranslated regions (Kapusta et al. 2013) The high 

content of retrotransposon in lncRNA sequences is one of the likely contributing 

factor to their sequence diversification and high complexity.  

Retrotransposons could contribute to lncRNAs by providing (as explained in 

the introduction)– internal part of an exon, transcription start sites (TSS), 

polyadenylation (poly(A)) site, splice donor or acceptor.(Kapusta et al. 2013). There 

are lncRNAs, which are almost completely made of retrotransposon sequences. 

For example, lncRNA UCA1, is enriched in bladder carcinomas and is conserved 

only in a few primate species (Wang et al. 2008a). In addition, many annotated 

lncRNAs share a significant proportion of their sequence with retrotransposons, for 

example XIST (Elisaphenko et al. 2008), lincRNA-RoR (Loewer et al. 2010) 

,lncRNA BORG, etc.  
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Although all four major retrotransposon types contribute to lncRNA exons, 

ERV LTR retrotransposon family, were found to be the most enriched 

retrotransposon families in mouse and human lncRNAs (Kapusta et al. 2013). In 

mouse oocyte and zygotes, ERVL and ERVL/MaLR LTR retrotransposon families 

significantly contribute to TSS of several mRNAs and lncRNAs (Peaston et al. 2004, 

Franke, 2017). Interestingly, most of the ERVL/MaLR insertions in the mouse are 

solo LTR insertions (Franke et al. 2017). Solo ERVL/MaLR LTRs typically provided 

lncRNAs with retrotransposon-derived promoter, TSS, and often also with splice 

donors (SD). Thus a solo LTR insertion can yield a novel lncRNA where the LTR 

splicing donor will splice with a downstream splicing acceptor(s), hence will facilitate 

lncRNA genesis. Remarkably, 333 lncRNA clusters in mouse oocytes and zygotes 

were products of solo LTR insertions, exclusively in their 5’exons.  

Altogether, almost half of the novel lncRNAs in oocyte and zygotes are 

products of retrotransposon activation by permissive chromatin, yielding poorly 

conserved and rapidly evolving lncRNA genes. At the same time, this raise the 

question of what fraction of lncRNAs would be functional and what fraction would 

represent result of opportunistic transcription from cryptic promoters (Kim et al. 

2016). 

Function(s) of OET lncRNAs 

There has been a long standing debate regarding functionality of lncRNAs. 

Although thousands of lncRNAs have been discovered in vertebrates, very few 

have their biological function documented. One possible reason for why it is difficult 

to identify functionally important lncRNAs, could be their unique features, such as 

low conservation, lack of functional domains, low expression, which makes it 

technically difficult to investigate lncRNA functions. Especially in model systems 

where in vitro studies are not feasible. Alternatively it is also possible that most of 

the lncRNAs expressed are products of cryptic promoters, which have not acquired 

a function.  

To study OET lncRNA functions, five OET lncRNAs were selected. The 

selection was solely based on different features of lncRNAs; such as, their 

expression levels in oocytes and zygotes, their expression profile during OET, their 
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genomic conservation and the promoter sequence. We aimed at conserved or 

partially conserved intergenic lncRNAs, which would be well expressed and would 

have a single annotated promoter in the oocyte.  

There are few experimental strategies that have been frequently employed 

to gain insights into lncRNA mechanisms and functions. For example, fluorescence 

in situ hybridization technique, is used to detect lncRNA localization within a cell, 

which could distinguish lncRNA function from nuclear chromatin regulation from 

cytoplasmic post transcriptional regulation. Likewise, RNA-immunoprecipitation or 

RNA affinity pulldown techniques can provide insights into possible lncRNA 

interaction with proteins, RNA and/or DNA. However, several of these in vitro 

techniques are inaccessible for model systems like oocytes and zygotes, where it 

is difficult if not impossible, to acquire enough starting material for biochemical 

analyses and their architecture complicates the use of FISH for detecting specific 

localization of a chosen RNA. Unlike cell culture and in vitro model systems, 

oocytes and zygotes severely restrict options for a preliminary functional analysis. 

Considering the model system and the funding window, we thus opted to directly 

produce loss of function mouse models of selected lncRNAs using CRISPR-Cas9 

mediated deletions of promoters and first exons. The idea was to eliminate 

transcription at the lncRNA locus rather than eliminating mature RNA levels. The 

intrinsic issue of the CRISPR-Cas9 system is off-targeting (Cho et al. 2014). 

However, this issue is not a major problem in mice because off-targets effects of 

CRISPR-Cas9 could be eliminated by several back crossing events. A more 

problematic issue was the presence cryptic promoters in the locus. Deletion of just 

promoters and first exon was in some cases not sufficient to knock-out the lncRNA 

transcription completely. In two of the mouse models, alternative transcription start 

sites were observed. In fact, in one of the cases lncRNA was overexpressed and 

reached two times higher levels than normal. Therefore, an optimal strategy for 

analyzing a lncRNA in vivo would be deletion of the entire lncRNA locus instead of 

just the annotated transcription start site, which would be combined with suitable 

rescue experiments. 

All mutant mice models were subjected to breeding analysis, histology, 

expression analysis by qPCR and RNA-Seq, to examine possible lncRNA functions. 
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All five lncRNA mutant mice model were viable and fertile, suggesting that selected 

lncRNAs were functionally insignificant. However, a few interesting observations 

were made. The most significant concerned two mouse models, which revealed two 

oocyte-specific lncRNA features. 

During expression analysis we identified 100 maternal OET lncRNAs with 

antisense pseudogene insertions. Interestingly, many of these lncRNAs could base 

pair with their respective mRNAs and form dsRNAs. Mapping of small RNA-Seq 

data revealed 21-23 nt small RNAs produced from these lncRNAs. LncRNA-OET-

06-154 and lncRNA-OET-07-157, represent two validated examples of endo-siRNA 

producing lncRNAs. LncRNA-OET-06-154 carries Eef1g antisense pseudogene 

sequence and LncRNA-OET-07-157, carries antisense pseudogene insertion for 

Elob gene. Even though, upregulation of target mRNAs could be observed, mouse 

loss of function models of these lncRNAs were viable and fertile. This is probably 

because, RNAi mediated Eef1g and Elob expression is not critical for the oocyte 

development. None the less, these lncRNAs represent a unique class of maternal 

lncRNAs, which provide substrate to the endo-RNAi machinery in mouse oocytes.  

Another interesting class of lncRNAs was observed while analyzing 

polyadenylation status of OET lncRNAs. 91 maternal lncRNAs displayed an 

increased level during meiotic maturation. Many of these lncRNAs carried putative 

cytoplasmic polyadenylation elements (CPEs) in their 3’UTRs. CPEs have been 

shown to suppress mRNA translation in growing oocytes and mediate translational 

activation during meiotic maturation through cytoplasmic polyadenylation 

(Charlesworth et al. 2004). Cytoplasmic polyadenylation activity in oocytes was 

always thought to be coupled with protein coding genes. Surprisingly, our study for 

the first time identified lncRNAs exhibiting the same cytoplasmic polyadenylation as 

mRNAs. LncRNA-OET-07-157 is one of the most expressed RNAs in the oocyte, 

which carries an Elob antisense pseudogene in its 5’exon also contains four CPEs 

in its 3’UTR. LncRNA-OET-07-157 shows increased levels in poly(A)-selected RNA 

during meiotic maturation. To validate the CPE functionality, we designed a 

luciferase assay with mutant lncRNA-OET-07-157 3’ end, and used CcnB1 3' UTR 

as a positive control. Interestingly, loss of CPEs in mutant reporters correlated with 

reduced luciferase activity in meiotically matured eggs, while reporters with wild 
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type (WT) lncRNA-OET-07-157 3' end showed an increased luciferase activity. This 

analysis demonstrated that CPE sequences in lncRNAs are functional. As 

described earlier, loss of function mouse model of lncRNA-OET-07-157 was viable 

and fertile. Nonetheless, a more detailed examination of oocyte maturation in 

lncRNA-OET-07-157 mutant mice is required to completely understand its CPE 

functionality. In any case, these results define a novel class of lncRNAs: dormant 

maternal lncRNAs, which undergo cytoplasmic polyadenylation during meiotic 

maturation. We predict that, instead of translation, CPEs in lncRNAs might regulate 

their stability or localization. 
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Conclusions 

My PhD project “Long non-coding RNAs in Oocyte-to-Embryo Transition”, yields a 

comprehensive analysis of OET lncRNAs in during OET in mice. The key 

conclusions are:  

 

 1600 highly reliable non-redundant lncRNA loci were identified and 

annotated; majority of the annotated lncRNAs were novel.  

 Expression analysis revealed shorter length, low conservation, and 

restricted expression of OET lncRNA. 

 A half of novel OET lncRNA loci in mice oocytes and zygotes utilizes LTR 

promoters. 

 Two oocyte specific lncRNA features were identified:  

LncRNAs serving as endo-siRNA substrates. 

Dormant maternal lncRNAs, which undergo cytoplasmic polyadenylation. 

 Five CRISPR mediated lncRNA loss of function mouse models were 

produced with no phenotype concerning fertility. 

 LncRNA endo-siRNA activity and lncRNA cytoplasmic polyadenylation were 

validated in two of the loss-of-function mouse models 

 

LncRNAs identified by our annotation provides an overview of maternal and 

zygotic lncRNA expression, regulation and evolution in oocytes and zygotes. Our 

data highlights the contribution of retrotransposons to the evolution of lncRNAs. 

And,   two unique lncRNAs types were identified and characterized, which are 

associated with molecular mechanisms essential for oocyte development and 

oocyte-to-embryo transition. 
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Table 1

 

 

PCR primers
name sequence note
006-154-GP1.fwd GGCCACCATTTCTTCATTCAGA 
006-154-GP1.rev ACAAGGTCAAGGAGTTTTGTGG 
006-154-GP1M.fwd TAGAAGCTTCCTGTGTTCCCTT 
006-154-2.fwd AAACTGACCAGATTCACGAAGATC
006-154-2.rev TGTGAGTCTATTGATCTCTCCTCC 
006-154-7.fwd GGACATGAAACAGTTCATGACTTC
006-154-7.rev GTGTTAAAGATGCGATCTCTCAGG
019-199-GP1.fwd CGCTGAGAGGCTAGCTATCA
019-199-GP1.rev AGGGCTTTGTGGTGAAGAGT
019-199-GP1M.fwd TAGTCTGACGGGGAAAAGGC
019-199-1.fwd GTCTATACTTACGGCTTCCCAACT
019-199-1.rev CTTTCCTGGGCTTCTAGTCAGTTT
019-199-2.fwd CCTCAACTTAAGACTTGTGGACTC
019-199-2.rev CTGGAACACTGTCTCTAGCTGA
019-199-4.fwd GTGTGCAGGGGTTTGTTGAC
019-199-4.rev CGAATGGCCTGTTCTCACTTG
007-157-GP1.fwd CTGCACTTTCATCAATAACCTCAC
007-157-GP1.rev TAGGTCCATCTCATGCATACTTTC
007-157-GP1M.fwd CTTGATCACTGAAAGTTTCTCCG
007-157-1. fwd CTCCAGTGACCAGCATCAAGTA
007-157-1. rev GTCTGTAGGCCTATCTTGAGTCC
007-157-2. fwd CAGCTTATGCAATAGCTACACACC
007-157-2. rev CTTCTAGCTACCTTCACAGCTACC
T7.fwd CTTTATAATACGACTCACTAT
sg.rev AAAAAGCACCGACTCGGTGCC

guide RNAs for CRISPR-mediated deletion
name

lncRNA-OET-006-154 
CR1 3'

lncRNA-OET-006-154 
CR3 5'

lncRNA-OET-019-199 
CR1 3' 

lncRNA-OET-019-199 
CR4 5'

lncRNA-OET-007-157 
CR1 3' 

lncRNA-OET-007-157 
CR4 5'

TAATACGACTCACTATAGGTCTCAGCACAGCATCTTCGTTTAAGAGCTATGCTGGA
AACAGCATAGCAAGTTTAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCAC

CGAGTCGGTGCTTTTT

TAATACGACTCACTATAGGCGTCTTGAAGATCAGACTGTTTAAGAGCTATGCTGGA
AACAGCATAGCAAGTTTAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCAC

CGAGTCGGTGCTTTTT

lncRNA-OET-007-157 expression analysis

lncRNA-OET-007-157 knock-out genotyping

TAATACGACTCACTATAGGGCACAGAAATACATCTGGGTTTAAGAGCTATGCTGGA
AACAGCATAGCAAGTTTAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCAC

CGAGTCGGTGCTTTTT

TAATACGACTCACTATAGGGTTTCCCATGTGACATGCGTTTAAGAGCTATGCTGGA
AACAGCATAGCAAGTTTAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCAC

CGAGTCGGTGCTTTTT

TAATACGACTCACTATAGGGCAAGTGACTCCCCTCTGGTTTAAGAGCTATGCTGGA
AACAGCATAGCAAGTTTAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCAC

CGAGTCGGTGCTTTTT

TAATACGACTCACTATAGGGACCTTAGTCTATACTTAGTTTAAGAGCTATGCTGGA
AACAGCATAGCAAGTTTAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCAC

CGAGTCGGTGCTTTTT

sequence

lncRNA-OET-006-154 knock-out genotyping

lncRNA-OET-006-154 expression analysis

lncRNA-OET-019-199 knock-out genotyping

lncRNA-OET-019-199 expression analysis

Guide RNA template amplification
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