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ABSTRACT 
 

Non-coding RNA functions are emerging in the recent years. In this 

thesis we describe a Natural Antisense Transcript (NAT) that 

controls the expression of LEF1 transcriptional factor. This LEF1 

NAT is transcribed from a promoter present in the first LEF1 intron 

and undergoes splicing in mesenchymal cells. In epithelial cells, 

there is no expression of LEF1 NAT. However, in metastable 

epithelial cells, LEF1 NAT is transcribed and a significant part of it 

remains unspliced and, contrarily to the spliced NAT, down-

regulates the main LEF1 promoter and LEF1 mRNA and protein 

expression. Moreover, unspliced NAT also down-regulates cell 

migration and up-regulates E-cadherin expression. Unspliced LEF1 

NAT interacts with LEF1 promoter and physically associates with 

Polycomb Repressive Complex 2 (PRC2) inducing its binding to the 

LEF1 promoter and trimethylating Lysine 27 in Histone 3. Spliced 

LEF1 NAT prevents the binding between unspliced LEF1 NAT and 

LEF1 promoter, inhibiting LEF1 promoter repression. Thus, these 

results indicate that LEF1 gene expression is finely controlled by 

splicing of the LEF1 NAT that, when is not processed, recruits PRC2 

to LEF1 promoter to inhibit it.          
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RESUM  
 

En els darrers anys, les funcions exercides pels ARN no codificants 

estan creixent. En aquesta tesi es descriu un Natural Antisense 

Transcript (NAT) que controla l’expressió del factor de transcripció 

LEF1. Aquest NAT de LEF1 és transcrit des del promotor que es 

troba al primer intró de LEF1 i es processa mitjançant splicing en 

les cèl·lules mesenquimals. En les cèl·lules epitelials no hi ha 

expressió del NAT de LEF1. No obstant, en les cèl·lules epitelials 

que inicien la Transició Epiteli-Mesènquima (EMT), una part 

significativa de NAT no es processa i, contràriament al NAT que ha 

estat processat, fa baixar l’activitat del principal promotor de LEF1 i 

disminueix l’expressió de LEF1, a nivell d’ARN i proteïna. A més, el 

NAT que no ha estat processat també disminueix la migració 

cel·lular i incrementa l’expressió de l’E-caderina. El NAT de LEF1 

interactua amb el promotor de LEF1 i s’uneix físicament amb 

Polycomb Repressive Complex 2 (PRC2) induint-ne la seva unió al 

promotor de LEF1 i trimetilant la Lisina 27 de l’Histona 3. El NAT de 

LEF1 que ha estat processat prevé la unió entre el NAT que no ho 

ha estat i el promotor de LEF1, prevenint la repressió del promotor 

de LEF1. Per tant, aquests resultats indiquen que l’expressió de 

LEF1 està finament controlada pel processament del NAT de LEF1 

que, quan no ha patit splicing, recluta PRC2 al promotor de LEF1 

per inhibir-lo. 
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1. Non-coding RNAs 

The sequencing of the human genome provided quite a surprise to 

many when it was determined that there are only ~20.000 protein-

coding genes, representing <2% of the total genomic sequence 

(International Human Genome Sequencing Consortium 2004). 

Since other less complex eukaryotes have very similar number of 

protein-coding genes, it quickly became clear that the 

developmental and physiological complexity of humans probably 

cannot be explained only by the number of protein-coding genes. 

Alternative pre-mRNA splicing of protein-coding transcripts as well 

as post-translational modifications of proteins increase the 

diversity and functionality of the proteome, likely explaining part of 

this increased complexity. 

The conventional view of gene regulation in biology has centered 

on protein-coding genes via the central dogma of DNA � RNA � 

protein. However, over the past decade, evidence from numerous 

high-throughput genomic platforms suggests that the evolution of 

developmental processes regulating the complexity of the 

organism is mainly due to the expansion of regulatory potential of 

the non-coding portions of the genome1. The recent explosion in 

knowledge demonstrating the importance of non-coding RNAs 

(ncRNAs) in the regulation of multiple major biological processes 

impacting development, differentiation and metabolism have 

brought ncRNAs to one of the main topics of interest of the 

present biomedical research2–4 (Figure I1). 

In contrast to the small ncRNAs such as siRNAs, miRNAs and 

piRNAs, which are highly conserved and involved in transcriptional 

and posttranscriptional gene silencing through specific base pairing 

with their targets, long ncRNAs (lncRNAs) are poorly conserved and 
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regulate gene expression by diverse mechanisms that are not yet 

fully understood5–8.  

 

Figure I1. “Central dogma” in the context of regulatory non-coding 

RNAs
9
. The discovery of a large number of ncRNAs, many of which have the 

capacity to regulate gene expression at transcriptional and translational level, 

have changed the “central dogma” of biology. Here it is complemented with 

aspects of ncRNA functions. As it was first formulated by Francis Crick in 1958: 

“Once information has passed into protein, it cannot get out again. In more 

detail, the transfer of information from nucleic acid to nucleic acid or from 

nucleic acid to protein may be possible, but transfer from protein to protein or 

from protein to nucleic acid is impossible”. 

1.1. Long non-coding RNAs 

The concept of functional long non-coding RNAs (lncRNAs) was first 

introduced over 20 years ago, following the description of the X-

inactive specific transcript (XIST), the gene that is responsible for X-

chromosome inactivation and lacks an open reading frame10. Long 
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 non-coding RNAs (lncRNAs) are described as RNA transcripts which 

can range from 200 nucleotides to multiple kilobases in length, 

that lack an open reading frame and therefore do not encode 

protein9. The majority of lncRNAs are transcribed by RNA 

polymerase II, as evidenced by Pol II occupancy, 5’ caps, histone 

modifications associated with Pol II transcriptional elongation and 

polyadenylation11. Their expression levels are frequently at least 

one order of magnitude lower than mRNAs12–14. Furthermore, 

lncRNAs exhibit poor sequence conservation across species15. 

However, RNA structure is more highly conserved than its 

sequences16, which indicates that conventional sequence 

alignment across species may not reveal functionally conserved 

RNA motifs. Therefore, poorly conserved lncRNAs may still be 

functionally active. 

It has been argued by Mattick15 and others that the numbers of 

lncRNAs increase with evolutionary complexity of the organisms. 

LncRNAs are the biggest class of ncRNAs with approximately 

10.000 lncRNA genes so far annotated in humans12. Although the 

function of most lncRNAs is unknown, the number of characterized 

lncRNAs is growing and many publications suggest they play roles 

in negatively or positively regulating gene expression in 

development, differentiation and human disease4,17–23.  

LncRNAs regulate protein-coding gene expression at both the 

posttranscriptional and transcriptional level. Posttranscriptional 

regulation by lncRNAs could occur by competing with endogenous 

RNAs, like miRNAs do, as well as by modulating mRNA stability and 

translation by homologous base pairing, or promoting nuclear 

retention of mRNAs. Transcriptional regulation by lncRNAs could 

work either in cis or in trans, and could negatively or positively 

control protein-coding gene expression24,25. LncRNAs work in cis 

when their effects are restricted to the chromosome from which 
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they are transcribed, and work in trans when they affect genes on 

the other chromosomes26. 

1.1.1. Regulation in trans 

Some significant examples of lncRNAs that act in trans are those 

that can influence the general transcriptional output of a cell by 

directly affecting RNAPII activity. One example is the 331 

nucleotide 7SK lncRNA, which represses transcription elongation 

by preventing the PTEFβ transcription factor from phosphorylating 

the RNAPII carboxy-terminal domain27 (Figure I2a). Another 

example is the 178 nucleotide B2 lncRNA, a general repressor of 

RNAPII activity upon heat shock28. The B2 lncRNA acts by binding 

RNAPII and inhibiting phosphorylation of its carboxy-terminal 

domain by TFIIH, thus disturbing the ability of RNAPII to bind 

DNA29,30 (Figure I2b). 

Regulation in trans can also be locus-specific. An example of that is 

the HOTAIR lncRNA, that it is expressed from the HOXC cluster and 

represses transcription in trans across 40 kb of the HOXD cluster31 

(Figure I2d). HOTAIR interacts with Polycomb repressive complex 2 

(PRC2) (epigenetic modifiers (EMs) in the figure) and is required for 

repressive histone H3 lysine-27 trimethylation (H3K27me3) of the 

HOXD cluster (pc gene in the figure). Targeting EMs by lncRNAs 

provided a good explanation to explain how EMs gain locus 

specificity (Figure I2d), and it has since been suggested as a general 

mechanism for trans-acting lncRNAs24,32. 

1.1.2. Regulation in cis 

In contrast to trans-acting lncRNAs, which act via their RNA 

product, cis-acting lncRNAs have the possibility to act in two 

fundamentally different modes.  
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Figure I2. Long non-coding RNAs (lncRNAs) act at different levels to 

regulate protein coding gene expression
26

. LncRNAs can inhibit general 

protein-coding (pc) gene expression in trans (a) by preventing transcription 

factor (TF) activity (7SK lncRNA) or (b) by inhibiting RNAPII binding to DNA (B2 

lncRNA). (c) XIST lncRNA is transcribed from the X inactivation center (XIC) and 

inactivates a whole chromosome in cis by recruiting epigenetic modifiers (EM). 

(d) LncRNAs can regulate specific genes, acting in trans like HOTAIR or (e) in cis 

like HOTTIP by directly recruiting epigenetic modifiers to certain genomic loci. (f) 

Transcription of lncRNA can affect protein-coding gene expression in cis 

independent of the lncRNA product, by the transcription process itself.  
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The first mode depends on the lncRNA product. The main example 

is the induction of chromosome X inactivation by the XIST lncRNA 

in female mammals. XIST is expressed from one of the two X 

chromosomes and induces silencing of the whole chromosome by 

recruiting epigenetic modifiers33,34 (Figure I2c).  

As an example of locus-specific regulation it has been proposed 

that enhancer RNAs activate corresponding genes in cis via their 

products35. A well-studied cis-acting lncRNA acting through its 

product is the human HOTTIP lncRNA that is expressed in the HOXA 

cluster and activates transcription of flanking genes (Figure I2e). 

HOTTIP was shown to act by binding WDR5 in the MLL histone 

modifier complex, thereby bringing histone H3 lysine-4 

trimethylation (H3K4me3) to promoters of the flanking genes36. 

Such a mechanism in which a nascent lncRNA transcript binds and 

delivers epigenetic modifiers to its target genes while still attached 

to the elongating RNAPII is generally termed “tethering” and is 

often used to explain cis-regulation by lncRNAs24,37 (Figure I2e). 

In contrast, the second mode of cis regulation by lncRNAs involves 

the process of the transcription itself (Figure I2f). Several lines of 

evidence suggest that the mere process of lncRNA transcription 

can affect gene expression if RNAPII traverses a regulatory element 

or changes general chromatin organization of the locus38. 

1.1.3. Long non-coding RNAs mechanisms of action 

A different way of classifying lncRNAs is depending on how they do 

their action. Their molecular ways of action could be classified in 

signals, decoys, guides and scaffolds39 (Figure I3). 

LncRNAs show cell type-specific expression and respond to diverse 

stimuli, suggesting that their expression is under considerable 

transcriptional control. As such, lncRNAs can serve as molecular 
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 signals, because transcription of individual lncRNAs occurs at a 

very specific time and place to integrate developmental signals, 

interpret cellular context or respond to diverse stimuli. The 

chromatin state can change merely by the expression of the 

associated lncRNAs. The advantage of using RNA as a medium 

suggests that potential regulatory functions can be performed 

quickly without protein translation. Some examples for this way of 

action are KCNQ1ot140, Air41, XIST42, HOTAIR31,43, LincRNA-p2144 

and COLDAIR45.  

Figure I3. Schematic diagram of the four types of lncRNA mechanism
39

. 

Type I: as signals, lncRNA expression can faithfully reflect the combinatorial 

actions of transcription factors (colored ovals) or signaling pathways to indicate 

gene regulation in space and time. Type II: as decoys, lncRNAs can remove away 

transcription factors and other proteins from chromatin, or remove the protein 

factors into nuclear subdomains. Type III: as guides, lncRNAs can recruit 

chromatin modifying enzymes to target genes, either in cis or in trans. Type IV: 

as scaffolds, lncRNAs can bring together multiple proteins to form 

ribonucleoprotein complexes. The lncRNA-RNP may act on chromatin as 

illustrated to affect histone modifications. In other instances, the lncRNA 

scaffold is structural and stabilizes nuclear structures or signaling complexes. 

The pervasive transcription of enhancers and promoters46 hints at 

a central role for lncRNAs in regulating transcription, both 

positively and negatively. A major mechanism to do so is acting as 

molecular decoys. These lncRNAs are transcribed and then bind 
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and remove away a protein target. The RNAs act as a “molecular 

sink” for RNA-binding proteins (RBPs), which are themselves 

transcription factors, chromatin modifiers or other regulatory 

factors. Decoy lncRNAs usually act by negatively regulating an 

effector. Some examples of this way of action are TERRA47 and 

MALAT148. 

The third mechanism is lncRNA acting as a guide. LncRNA binds a 

protein that directs the localization of ribonucleoprotein complex 

to specific targets. LncRNAs can guide changes in gene expression 

either in cis or in trans in a manner that is not easily predicted 

based on lncRNA sequence. In principle, lncRNAs can guide 

chromatin change in cis in a cotranscriptional manner (tethered by 

RNA polymerase) or as a complementary target for small 

regulatory RNAs; guidance in trans can occur by lncRNA binding to 

target DNA as a RNA:DNA heteroduplex, as RNA:DNA:DNA triplex, 

or RNA recognition of complex surface of specific chromatin 

features49,50. Some examples of this way of action are XIST42, Air41 

and COLDAIR45 for guides in cis and HOTAIR31,43 and LincRNA-p2144 

for guides in trans. 

The fourth mechanism is lncRNA acting as a scaffold. LncRNAs can 

serve as central platforms upon which relevant molecular 

components are assembled. In many diverse biological signaling 

processes, the precise control is vital for specificity and dynamics 

of intermolecular interactions and signaling events51. Traditionally, 

proteins were thought to be the major players in various 

scaffolding complexes52. Recent evidence, however, raises the 

possibility that lncRNAs may also play a similar role. For that, 

lncRNAs acting as scaffold possess different domains that bind 

distinct effector molecules. Some examples of this way of action 

are HOTAIR31,43 and ANRIL23,53. 
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 1.1.4. LncRNAs and PRC2 

Many ncRNAs have been linked to Polycomb Repressive Complex 2 

(PRC2) protein complex54–56. The recruitment of PRC2 by lncRNAs 

was first demonstrated for XIST RNA42,57,58, expressed from the X 

chromosome. It mediates the recruitment of PRC2 that in turn 

catalyzes the heterochromatinization of the entire X chromosome. 

It was then extrapolated to Kcnqtlot1, a lncRNA required for 

silencing a cluster of imprinted genes on mouse chromosome 759. 

It was also described for the lncRNA HOTAIR transcribed from the 

HOXD locus on human chromosome 12, required to direct PRC2 in 

trans to the HOXC locus on chromosome 231, as well as for a class 

of short ncRNAs produced at CpG island loci in mammalian cells 

and implicated more widely in PRC2 recruitment to target genes 

throughout the genome60. Finally, a novel ncRNA COLDAIR 

transcribed from an intron in the Arabidopsis thaliana flowering 

control locus FLC has recently been implicated in the control of 

vernalization (regulation of flowering time by periods of cold) 

through direct recruitment of the A. thaliana PRC2 complex45. A 

key concept to emerge from these studies is that of a direct 

biochemical interaction between specific ncRNAs and proteins of 

the PRC2 complex42, an idea that has generated considerable 

excitement in the field.  

1.1.5. Classification of long non-coding RNAs 

Several subclasses of lncRNAs have been catalogued, some of 

which may overlap.  

A Natural Antisense Transcript (NAT) to a particular gene is 

transcribed in the opposite direction, often overlapping with the 

sense RNA and commonly not coding for protein. Several large-

scale analyses have suggested that antisense transcription is very 
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common in the mammalian genome. Notably, the international 

FANTOM Consortium demonstrated that at least 25-40% of 

mammalian protein-coding genes display overlapping 

transcription61,62. 

In contrast to intragenic ncRNAs such as NATs, the term “long 

intergenic non-coding RNAs” (lincRNAs)
63 is used to refer to 

lncRNAs that are located between protein-coding genes. However, 

as it was found that such intergenic RNAs can also be found in 

introns64, so the term “lincRNA” is controversial. Recent 

informatics and experimental approaches have demonstrated that 

these RNA species can be involved in various processes, including 

cell cycle regulation and nuclear factor-κB (NF-κB) signalling11, 

pluripotency  and differentiation20, as well as somatic tissue 

differentiation65; furthermore, some can regulate gene expression 

through their association with chromatin-modifying complexes 

such as PRC263. 

Another subtype of lncRNA are the sense overlapping RNAs, that 

are RNA transcripts that are encoded on the same DNA strand as 

another RNA transcripts but have a different sequence. 

There also exist the sense intronic RNAs that are RNA transcripts 

that are encoded within an intron of a coding gene but does not 

overlap with any exons on the same strand. 

Finally, we must consider that all these subclasses of lncRNAs can 

be processed transcripts (those that are spliced) and/or 

polyadenylated RNAs. 

1.2. Natural Antisense Transcripts 

Natural Antisense Transcripts (NATs) are described as RNA 

transcripts originating from the opposite strand of sense RNA 
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 transcripts with which they share sequence complementarity61,66–

68. The most prominent form of antisense transcription in the 

mammalian genome is a non-protein-coding antisense RNA partner 

of a protein-coding transcript61. It has been demonstrated that a 

large number of transcription units contain antisense transcripts. 

For instance, the FANTOM3 mouse transcriptome sequencing 

consortium identified Natural Antisense Transcripts for more than 

70% of transcription units, most of which represent non-protein-

coding RNAs61. 

1.2.1. Characteristics of antisense RNAs 

Antisense transcripts are not evenly distributed across the 

genome. Both ends of protein-coding genes have a propensity for 

natural antisense transcription69,70; specifically, antisense 

transcription is enriched 250 nucleotides upstream of the 

transcription start site (TSS)71,72 and 1.5 kilobases downstream of 

sense genes71,73. The basal expression levels of sense and antisense 

transcripts in different tissues and cell lines can be either positively 

or negatively correlated61,74. 

Antisense RNAs have a tendency to undergo fewer splicing events 

and typically show lower abundance than sense transcripts69. 

There are a number of proposed mechanisms for antisense-

mediated regulation of sense mRNA. A way of classifying is: 

mechanisms related to transcription (including epigenetic 

interactions), RNA-DNA interactions, RNA-RNA interactions in the 

nucleus and RNA-RNA interactions in the cytoplasm7. Among these 

four mechanisms, RNA-mediated epigenetic modification has 

received and increasing amount of experimental support. 

Antisense transcripts can provide a scaffold for effector proteins to 

interact with DNA and chromatin in a locus specific way. 
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A large portion of NATs could exert their regulatory role by binding 

to chromatin enzymes and recruiting them in cis to their targets 

(Figure I4). In favor of this hypothesis, RNA immunoprecipitation 

(RIP) experiments targeting Ezh2, a subunit of PRC2, coupled with 

directional RNA sequencing (RIP-seq), revealed that the PRC2 

complex associates with almost 10000 RNAs in mouse embryonic 

stem cells55. Almost 3000 of these RNAs are NATs, and around 

1000 are bidirectional transcripts. Interestingly, some NATs linked 

to disease loci were found to immunoprecipitate with Ezh2 such as 

Hspa1α-AS, Bgn-AS, Foxn2-AS and Malat1-AS. Thus, the presence 

of NATs associated with PRC2 suggests the importance of these 

RNA transcripts in mediating the recruitment of chromatin-

modifying complexes.  

 

 

 

 

 

 

Figure I4. Epigenetic regulation induced by NATs
37

. NATs regulate the 

epigenetic landscape of genomic loci from which they are transcribed (cis 

regulation). A specific secondary structure permits the NAT to interact with 

different chromatin-modifying enzymes (green, red and purple shapes), thereby 

coordinating their action and directing specific epigenetic modifications of the 

nearby chromatin (green and red flags). Locus specificity may be achieved 

through sequence-specific interactions between the NAT and the DNA. 

Evidence of a functional interaction between NATs and PRC2 

comes from a study on the cyclin-dependent kinase inhibitor p21, 

another important tumor-suppressor gene. Bidirectional 
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 transcription at the p21 locus generates an antisense transcript 

and p21 mRNA. The p21 NAT represses p21 mRNA in a process 

involving the deposition of the repressive histone mark 

H3K27me375. This mechanism is AGO1-dependent. Thus, 

depending on the cellular context, an imbalanced expression of 

NATs can result in the silencing or activation of partner protein-

coding genes, providing an interesting potential mechanism to 

explain the aberrant up-regulation of silencing of cancer-related 

genes. 

2. Epithelial-to-Mesenchymal Transition (EMT) 

Epithelial-to-Mesenchymal Transition (EMT) is the process that 

includes all the cellular and molecular changes undergone by a 

well-differentiated epithelial cell in order to be converted into a 

mesenchymal-like cell. The process of EMT was originally detected 

at specific stages of embryo development in which epithelial cells 

migrate and invade other territories in order to form new 

structures. However, it has also been described to be crucial in 

pathological situations such as fibrosis and cancer76,77. This process 

is characterized by three major changes in the cellular 

phenotype78,79: 

- Morphological changes from a cobblestone-like monolayer of 

epithelial cells with an apical-basal polarity to a disperse, 

spindle-shaped mesenchymal cells with migratory protrusions. 

- Changes of differentiation markers from cell-cell junction 

proteins and cytokeratin intermediate filaments to vimentin 

filaments and fibronectin. 

- Functional changes associated with the conversion of stationary 

cells to motile cells with the capacity of invasion through the 

extracellular matrix. 
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Epithelial cells are characterized by the presence of the molecular 

marker E-cadherin, a transmembrane protein that plays a crucial 

role in the establishment of adherens junctions. This molecule 

forms homotypic calcium-dependent interactions between 

adjacent cells. Its intracellular domain associates with actin 

cytoskeleton through the catenin family proteins. Adherens 

junctions, together with the tight junctions and desmosomes in the 

apical part of the basolateral membrane, are essential to seal the 

intercellular space between cells and to form the permeability 

barrier80,81. 

On the other hand, mesenchymal cells are characterized for their 

fibroblastic phenotype and low cell-cell contacts. Mesenchymal 

cells have an elongated morphology, with a front-back end 

asymmetry that facilitates motility and locomotion. They also have 

filopodia at the leading edge and are enriched with integrin 

receptor and metalloproteinases that digest the basement 

membrane providing invasive motility82.  

2.1. Importance of EMT 

2.1.1. Physiological EMT 

Physiological EMT takes places at different moments during 

embryonic development in mammals. The formation of the 

mesoderm and neural crest delamination are the two main 

examples where EMT is crucial83. 

In adults, EMT is essential for wound healing. Repair of the dermis 

require the recruitment of active fibroblasts to heal the wound and 

it has been described that at least a significant part of these active 

fibroblasts proceed from EMT84. 
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 Moreover, it is generally accepted that EMT can be reversible in a 

process called Mesenchymal-to-Epithelial transition (MET). This 

process is naturally occurring during development, for example 

during nephron formation in developing kidney85. 

Both EMT and MET processes reflect cell plasticity and suggest that 

interconversion between epithelial and mesenchymal cells is a 

common feature during development. 

2.1.2. Pathological EMT 

 

Figure I5. EMT and MET in tumor progression and metastasis (adapted 

from Peinado et al. 2007
86

). Representation of the process of metastatic 

formation. (1) Advanced stage carcinoma, (2) some cells in the tumor undergo 

EMT and start migrating to other tissues (3) and intravasating. (4) Mesenchymal 

tumor circulating cell (5) arrives to selected organ and extravasates (6) where 

cells undergo MET and start to grow as metastasis (7). 

EMT plays a key role during cancer progression (Figure I5). An 

invasive malignant tumor derived from an epithelial tissue which 

tends to invade other areas is called carcinoma. During carcinoma 

progression, advanced tumor cells frequently show down-

regulation of epithelial markers, loss of cell polarity and reduced 

intercellular adhesions. This process is often accompanied by an 
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increase in cell motility and an up-regulation of mesenchymal gene 

expression. This change of phenotype is EMT and it is associated to 

carcinoma features, such as loss of contact inhibition, altered 

growth control and enhanced invasiveness. EMT correlates with 

poor prognosis of the disease and poor histologic differentiation, 

as well as to destruction of tissue integrity and metastasis. Thus, it 

has been considered a crucial event in tumor progression87–90. 

This data show that EMT underlies critical steps of tumor 

progression and it shows the high relevance of EMT study in cancer 

research. 

2.2. Key molecules in EMT 

2.2.1. E-cadherin 

E-cadherin is the prototypic type I cadherin that mediates 

homophylic intercellular interactions by formation of bonds 

between one or more immunoglobulin domains in the extracellular 

domain. It binds indirectly to actin microfilaments through α-

catenin and β-catenin in the cytoplasm91–93. E-cadherin is present 

in the adherens junctions and is one of the most important 

epithelial markers: its functional loss is considered a hallmark of 

EMT. 

When it is down-regulated, E-cadherin-mediated sequestering of 

β-catenin is abolished, stimulating transcriptional activity through 

LEF/TCF94. Moreover, disruption of E-cadherin contacts allows the 

activation of several signaling pathways involved in EMT such as 

MAPK95, RhoA96, ILK97 and NF-κB98,99. 

Nevertheless, this disruption is not enough to trigger EMT since the 

loss of E-cadherin is not sufficient to achieve the full activation of 

mesenchymal genes100. During tumor progression, CDH1 (E-
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 cadherin) can be functionally inactivated by different mechanisms 

including somatic mutation and promoter methylation, but the 

most important and prevalent mechanism consists in the 

transcriptional repression101. Studies performed on the CDH1 gene 

have identified short bases elements named E-boxes (5’-CACCTG-3’ 

or 5’-CAGGTG-3’) that are responsible for CDH1 transcriptional 

repression in mesenchymal cells102,103. Those E-box elements are 

used as direct targets by several transcription factors acting 

downstream of the different pathways promoting EMT and are 

located in CDH1 promoter. 

2.2.2. Snail1 

Snail transcriptional repressors, and particularly Snail1, are the 

most widely studied effectors of EMT and CDH1 repression. Snail 

family members belong to the Snail superfamily of transcription 

factors, composed by the Snail and the Scratch families104. The 

three vertebrate members belonging to the Snail family are known 

as Snail1 (properly Snail), Snail2 (formerly Slug) and the less 

characterized Snail3 (Smuc). All the family members encode 

transcription factors of the zinc-finger type and all share a similar 

organization with a highly conserved C-terminal domain, which 

contains from four to six C2H2 type zinc fingers responsible for DNA 

binding through the E-boxes referred before. Several studies have 

demonstrated that Snail1 blocks expression of E-cadherin by 

directly binding to the E-boxes present on its promoter105,106. This 

correlates with an increase of the interaction with histone 

deacetilaces 1 / 2  (HDAC 1 / 2) through the Sin3A correpressor101 

and with the recruitment of PRC2 to the CDH1 promoter, and 

posterior trimethylation of the Lysin 27 in the Histone 3 

(H3K27me3), the most typical transcriptional repression mark107. 
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Snail1 pro-metastatic function was strongly highlighted when our 

lab and others reported that transfection of snail1 in epithelial cells 

promotes down-regulation of E-cadherin and is sufficient to trigger 

EMT105,106. Accordingly, Snail1 was also pointed as key factor in 

developmental EMT, as snail1 KO mouse shows defects in 

mesoderm formation due to impaired E-cadherin down-

regulation108. 

Interestingly, Snail1 is also able to stimulate mesenchymal genes 

transcription, although little is known about its mechanism. It has 

been demonstrated that Snail1 is able to increase the levels of 

extracellular matrix proteins such as fibronectin (FN1)106,109,110, 

matrix metalloproteinases111 and cytoskeleton proteins such as 

vimentin106, regulatory proteins like RhoB112 or transcription 

factors such as LEF1 or Zeb1 and Zeb2109,113. Snail1 is also involved 

in survival by down-regulating PTEN, caspases and p53114–117. 

2.2.3. LEF1 

Lymphoid enhancer factor 1 (LEF1) is one of the genes up-

regulated during EMT. It can be up-regulated via different 

pathways, such as TGF-β or Wnt signaling. 

LEF1 mediates Wnt signaling via recruitment of β-catenin to target 

genes118. It has been reported that about 80% of colon tumors 

exhibit aberrant activation of LEF1 gene expression119,120. Genetic 

mutations in the Wnt pathway lead to stabilization of β-catenin, a 

cytoplasmic-nuclear shuttling protein with a potent transcription 

activation domain. Stabilization and subsequent nuclear 

localization of β-catenin produces aberrant, Wnt-independent 

signals to target genes, an activity tightly linked to the genesis of 

colon cancers121. In the nucleus, the transcription factor family of 

LEF1/TCF proteins transmits Wnt signals by binding to β-catenin 

and recruiting it to target genes for activation. 
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 LEF1 is also a key molecule in the EMT triggered by TGF-β (Figure 

I6). TGF-β up-regulates Snail and Slug expression via MAPK 

signaling. Snail and Slug bind to CDH1 promoter and inhibit its gene 

expression, limiting β-catenin substrate binding at the cell 

membrane. β-catenin is then free in the cytosol and can 

translocate to the nucleus, where it binds to TCF4 to form β-

catenin-TCF4 complexes that will promote transcription of 

mesenchymal genes such as LEF1, Fibronectin, Vimentin and α-

SMA. LEF1 is also a substrate for β-catenin and they also form a 

complex that promotes transcription of mesenchymal genes. As 

shown in Figure I6, β-catenin is further stabilized in the cytoplasm 

by the action of TGF-β through PI3K. PI3K can signal molecules 

such as ILK and AKT, which can phosphorylate and inactivate GSK-

3β, a protein that targets both Snail1 and β-catenin for degradation 

through the ubiquitin proteasome pathway. This high amount of 

cytoplasmic β-catenin achieved through GSK-3β phosphorylation 

and CDH1 repression will also promote association with LEF1, upon 

which these β-catenin-LEF1 complexes will translocate to the 

nucleus to promote transcription of mesenchymal genes. 

LEF1 mRNA is generated from chromosome 4 (specifically from 

4q23-q25) from two different Transcriptional Start Sites (TSS). Four 

different transcripts are produced: transcripts 1, 2 and 3 start at 

the position -1189 from the Translational Start Site (from now on: 

position +1. NP_057353.1) (Figure I7), they share the great 

majority of the sequence and they finish differently; transcript 4 

starts at position +969 (after the Translational Start Site) and then 

shares a big part with the other transcripts.  
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Figure I6. Schematic diagram of the signalling mechanism that 

stimulates LEF1
122. TGF-β1 (or TGF-β2) promotes the up-regulation of CDH1 

repressors Snail and Slug via MAPK signaling. Snail and Slug inhibit CDH1 gene 

expression, limiting β-catenin substrate binding at the cell membrane. Through 

this mechanism, β-catenin-TCF4 complexes up-regulate synthesis of genes such 

as LEF1, Fibronectin, Vimentin and α-SMA. LEF1 is also a substrate for β-catenin, 

and together they promote transcription of mesenchymal genes. β-catenin is 

further stabilized in the cytoplasm by the actions of TGF-β1, TGF-β2 and TGF-β3 

through PI3K. Activation of ILK and AKT, which can phosphorylate and inactivate 

GSK-3β, increases the levels of β-catenin. This high amount of cytoplasmic β-

catenin will also promote association with LEF1, upon which these β-catenin-

LEF1 complexes will translocate to the nucleus to promote transcription of 

mesenchymal genes. 

The full length LEF1 mRNAs (transcripts 1, 2 and 3) contain a β-

catenin binding domain at the N-terminus and a DNA-binding 

domain near the C-terminus. This form acts in Wnt signaling as its 

DNA-binding domain recognizes Wnt response elements (WREs) in 
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 target genes and its N-terminal domain recruits β-catenin to those 

target genes for activation. 

Transcript 4 encodes a smaller form of LEF1 missing the β-catenin 

domain. This isoform is a dominant negative of LEF1 as it retains 

the ability to bind to WRE but it cannot recruit β-catenin123. 

Therefore, the dominant negative of LEF1 suppresses Wnt target 

gene activation and opposes the actions of full length LEF1 and 

other LEF/TCF factors. 

Thus, understanding LEF1 gene regulation during EMT is a very 

interesting point in cancer research. 

 

Figure I7. Diagram of the LEF1 DNA locus and the LEF1 mRNA transcripts 

that encodes. In chromosome 4q23-q25, different RNAs are transcribed. The 

5’UTR (from -1189 to +1) is indicated in grey. Exons are indicated in dark grey 

and introns in light grey. 
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2.2.4. LncRNAs and EMT 

Very little is known about how lncRNAs regulate EMT. Previous 

work in our lab has demonstrated that a Natural Antisense 

Transcript (NAT) is required for the expression of Zeb2, a 

transcriptional repressor of CDH1
113. 

During EMT, Snail1 does not affect the synthesis of Zeb2 mRNA, 

but prevents the processing of a large intron located in its 5’-

untranslated region (5’-UTR) (Figure I8). This intron contains an 

internal ribosome entry site (IRES) necessary for the expression of 

Zeb2. Maintenance of 5’-UTR Zeb2 intron is dependent on the 

expression of a NAT that overlaps the 5’ splice site in the intron.  

Ectopic overexpression of this NAT in epithelial cells prevents 

splicing of the Zeb2 5’-UTR, increases the levels of Zeb2 protein, 

and consequently down-regulates E-cadherin mRNA and protein. It 

has been demonstrated a strong association between NAT 

presence and conservation of the 5’-UTR intron in cells that have 

undergone EMT and also in human tumors with low E-cadherin 

expression.  

Thus, this is the unique study published to date relating NATs and 

EMT, where the existence of a NAT capable of activating Zeb2 

expression explains the mechanism involved in this activation and 

demonstrates that this NAT regulates E-cadherin expression. For 

that, we wanted to further study the regulation of other genes 

implicated in EMT by Natural Antisense Transcripts. 
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Figure I8.  A model for the regulation of Zeb2 expression in epithelial 

and mesenchymal cells
113 (Left side) (1) In epithelial cells, transcription of the 

main promoter of Zeb2 gene (in black) generates an RNA composed of a 3-kb 5’-

UTR (in grey) and the ORF (in white). Upon binding of the spliceosome (2), an 

intron corresponding to 2.5 kb is eliminated, generating a processed transcript 

with a 5’-UTR of 481 nucleotides (3). (4) This 5’-UTR contains a sequence that 

inhibits scanning by the ribosomes and therefore prevents translation of Zeb2. 

(Right side) (5) After completion of the EMT, transcription of Zeb2 is 

accompanied by expression of a NAT depending of the activation of a different 

promoter placed 5’ downstream. Expression of this NAT is greater than the long 

transcript and prevents binding of the spliceosome to the 5’ splice site (6) and, 

consequently, the intron present in the 5’-UTR is conserved (7). This intron 

contains an IRES situated close to the start of translation. Binding of the 

ribosomes to this IRES (8) makes the translation of Zeb2 protein possible (9).  
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OBJECTIVES 
 

 

 

The general objective of this PhD thesis was to investigate the 

regulation by Natural Antisense Transcripts of genes involved in 

Epithelial-to-Mesenchymal Transition. 

In particular, we focused on understanding how different isoforms 

of a Natural Antisense Transcript modulate LEF1 gene expression. 
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1. Natural Antisense Transcripts in Epithelial-to-

Mesenchymal Transition 

As mentioned in the introduction, little is known about how 

Natural Antisense Transcripts regulate Epithelial-to-Mesenchymal 

Transition (EMT). 

Using the database NATsDB (http://natsdb.cbi.pku.edu.cn/), where 

NATs are listed and associated with their mRNA partners, we 

looked for NATs corresponding to key molecules in EMT. We 

analyzed these NATs performing semi-quantitative RT-PCRs using 

strand specific oligo for the RetroTranscription. For the PCR 

amplification, the second oligo was added in the reaction. These 

RT-PCRs were named oligo-specific or strand-specific oligo RT-

PCRs. We used RNA extracts of RWP1 cell line (liver metastasis of 

ductal pancreatic adenocarcinoma), with or without stable 

expression of snail1, that induces an EMT. CDH1 and PTEN are 

epithelial genes, whereas Fibronectin 1 (FN1), LEF1 and Twist are 

mesenchymal. As observed in Figure R1, NATs corresponding to 

these genes are regulated during EMT. CDH1 NAT is more 

expressed in mesenchymal than in epithelial cells, so CDH1 NAT 

and mRNA have an inverse correlation. This may indicate that 

CDH1 NAT could have a negative effect of the E-cadherin 

expression. PTEN NAT is more expressed in epithelial cell, as PTEN 

mRNA; thus it can have a positive effect of it. FN1, LEF1 and Twist 

NATs are more expressed in epithelial cells, although in the case of 

Fibronectin 1 (FN1) the down-regulation during EMT is weak, 

whereas their mRNAs partners are expressed in mesenchymal 

cells. Thus, we could say that these NATs might have a negative 

effect on the expression of their mRNA partners. 

Several NATs such as PTEN, Twist and LEF1 were candidates to play 

a relevant role in the regulation of their partner mRNA. In these 
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cases, the overlapping sequence with the partner mRNA was 

completely different from one to each other. In the case of PTEN 

and LEF1, the overlapping was between the 5’ ends of both 

transcripts, whereas for Twist, the overlapping was between the 

3’ends of the transcripts. This suggested that the possible NAT 

mechanism of regulation would be different in each case. 

 

Figure R1. NATs of various genes are regulated during EMT. Total RNA 

extracts of RWP1 control (CT) and RWP1 snail1 (SNA) cell lines were extracted 

and analyzed by semi-quantitative RT-PCR using specific oligos in order to detect 

the NAT of the diverse genes. Picture shows the results of one of three 

experiments performed. 

2. LEF1 locus drives sense and antisense 

transcription 

LEF1 NAT was chosen for further analysis. As explained in the 

introduction, LEF1 mRNA is generated from chromosome 4 (4q23-

q25) from two different Transcriptional Start Sites (TSS). The full-

length LEF1 mRNA starts at the position -1189 from the 
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Translational Start Site (position +1)124 (Figure R2), whereas a 

dominant negative form starts at position +969 (not shown in 

Figure R2). This protein retains the ability to bind to Wnt response 

elements (WRE) but it cannot recruit β-catenin. Moreover, the full-

length LEF1 mRNA has different exons and it is processed by 

splicing before being translated into LEF1 protein.  

 

Figure R2. LEF1 locus contains sense and antisense transcription. In 

chromosome 4q23-q25, different RNAs are transcribed. LEF1 mRNA (sense) 

starts at position -1189 and presents a big 5’UTR (dark grey). The exons are 

indicated in black and introns in light grey. LEF1 mRNA is spliced and translated 

into LEF1 protein. LEF1 NAT (antisense) starts at position +243 and finishes at 

position -8660. The different transcripts are indicated. 
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From the same DNA locus, antisense transcription also occurs. In 

NCBI, different antisense transcripts for LEF1 gene are described. 

Besides the unspliced form of the Natural Antisense Transcript, 

detected in our analysis presented in Figure R1, LEF1 NAT can 

undergo alternative splicing. Transcript 1 contains exons B, C and 

D; and transcript 2 contains exons A, C and D (Figure R2). 

Transcript 1 does not overlap with LEF1 mRNA, so that is why we 

focused our view on transcript 2 (spliced LEF1 NAT). LEF1 NAT 

starts at the position +243 (from the Translational Start Site) in the 

opposite strand of the LEF1 mRNA and extends to up to 9 kb. It 

overlaps with the first exon, the 5’UTR and the promoter of LEF1 

mRNA. We detected by RT-PCR both the unspliced and spliced 

NAT. For the spliced NAT, we detected the transcript 2 (+243/-68, -

5652/-5753, -8016/-8660) and also a shorter form 2’ (+243/-68, -

5652/-5753, -8523/-8660) (Figure R2). 

We analyzed the expression pattern of the transcripts generated in 

this locus. We used total RNA extracts from the RWP1 cell line with 

or without stable snail1 transfection. As observed in Figure R3A, in 

cells expressing snail1, E-cadherin levels were down-regulated and 

LEF1 mRNA levels up-regulated as expected. In Figure R3B, we 

determined the relative amount of the different forms of the NAT 

between RWP1 control and RWP1 snail1 cells. For that, we 

performed strand-specific oligo RT-PCRs. As shown in Figure R3B, 

spliced and unspliced NAT show opposite patterns. Spliced NAT 

was clearly detected in RWP1 snail1 cells whereas unspliced NAT 

was detected in RWP1 control cells. When looking to the global 

levels of NAT (PCR product +213/+60 that is common for the 

spliced and unspliced NAT), we observed that there is more NAT in 

RWP1 control cells, indicating that there is more unspliced NAT in 

RWP1 control cells than spliced NAT in RWP1 snail1 cells.  
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Figure R3. Unspliced LEF1 NAT is expressed in RWP1 cells whereas 

spliced NAT is in RWP1 snail1. A. RNA extracts form the indicated cell lines 

were analyzed by RT with Random Hexamer Primer (RHP) and qPCR with oligos 

for E-cadherin and LEF1 mRNA. The RNA levels are corrected for the levels of 

Pumilio. Results show the average ± standard desviation of two experiments 

performed in duplicate. B. Oligo-specific RT-PCRs were performed in order to 

detect spliced, unspliced and total NAT. The products were sequenced in order 

to confirm them. The spliced NAT product -11/-8596 is 252bp long and consists 

of -11/-68, -5652/-5753 and 8523/-8596 (transcript 2’). C. LEF1 NAT fragments 

were analyzed in RNA from RWP1 cell line. In the left, RT with RHP followed of 

qPCR was performed. +3864/+4048 fragment was amplified as negative control 

of expression. In the right, oligo-specific RT-PCR was performed in order to 

detect bigger products of the NAT.  

Using Rapid Amplification cDNA 5’end technique we verified that 

the Transcription Start Site (TSS) is located at position +243 (data 

not shown). Performing RT with Random Hexamer Primer (RHP) 
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and qPCRs in RNAs form RWP1 cell line, we were able to detect 

that LEF1 NAT extended to at least position -7933 (Figure R3C left). 

By oligo-specific semi-quantitative RT-PCR, bigger fragments of the 

NAT were also detected (Figure R3C right). This suggested the 

continuity of LEF1 NAT transcript as we detected more than 1kb 

long fragments overlapping between them (+4/-953, -769/-1856 

and -1562/-3057). 

In order to determine if the unspliced LEF1 NAT was 

polyadenylated or not, we performed RetroTranscription with 

Random Hexamer Primer (RHP) or with oligo dT in RWP1 RNAs. We 

then performed qPCR for the NAT (region -1562/-1688) and also 

HPRT to normalize. Calculating the coefficient oligo dT/RHP for 

each transcript, we could estimate the percentage of 

polyadenylation of the transcripts. As shown in Figure R4, HPRT 

was equally amplified after RetroTranscription with oligo dT and 

with RHP, as it is 100% polyadenylated. With this method, we 

observed that polyadenylation of unspliced LEF1 NAT was 34%, as 

we amplified it better when RetroTranscription was performed 

with RHP than with oligo dT. We could conclude that unspliced 

LEF1 NAT is not extensively polyadenylated. 

 

Figure R4. Unspliced LEF1 NAT is not extensively polyadenylated. RNA 

extracts from RWP1 cells were analyzed. RT was performed with RHP or Oligo 

dT, and qPCR with LEF1 NAT oligos -1562/-1688 and HPRT. The coefficient oligo 

dT/RHP was performed and 100% was given to HPRT. Results show the average 

± standard desviation of two experiments performed in duplicate.  
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We then separated nuclei from cytoplasms from RWP1 cells. We 

extracted RNA from both fractions and analyzed the levels of 

unspliced LEF1 NAT and HPRT (Figure R5). As expected, HPRT was 

clearly enriched in the cytoplasmic fraction, as it is exported there 

for translation. Unspliced LEF1 NAT was clearly enriched in the 

nuclear fraction, where we could detect 93.5% of the unspliced 

LEF1 NAT in the cell. Thus, unspliced LEF1 NAT is mainly localized in 

the nucleus. 

 

Figure R5. Unspliced LEF1 NAT is enriched in the nucleus. Nuclei and 

cytoplasms from RWP1 cells were separated and RNA was extracted from both 

fractions. RT was performed with RHP and qPCR with LEF1 NAT oligos -1562/-

1688 and HPRT. The percentage of each RNA specie in each fraction was 

calculated. Results show the average ± standard desviation of three experiments 

performed in triplicate. 

We analyzed the LEF1 NAT levels in two different cell lines in order 

to determine if it was also differently expressed in epithelial versus 

mesenchymal cells. We used HT29 M6 (colon adenocarcinoma) 

with or without stably transfected snail1 and SW480 (colon 

adenocarcinoma) with or without stably transfected CDH1. SW480 

is an epithelial cell line but with an intermediate morphology. At 

low confluence, it presents low E-cadherin levels and as it has a 

truncated APC, it has the β-catenin/TCF pathway highly active. 

Thus, SW480 control cells express high levels of LEF1 mRNA. 

Therefore, SW480 with stably-transfected CDH1 cells have an 

epithelial phenotype. 
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In SW480 cells, when overexpressing E-cadherin, E-cadherin levels 

were highly increased and LEF1 levels decreased, as expected 

(Figure R6). We analyzed the LEF1 NAT levels and found that both 

total NAT and unspliced NAT were only present in SW480 control 

cells. 

 

Figure R6. LEF1 NAT is present in SW480 control cells. RNA extracts from 

SW480 E-cadherin and SW480 control cells were analyzed. RT with RHP was 

performed for qPCR of E-cadherin, LEF1 mRNA and Pumilio. Oligo-specific RT 

was performed for total LEF1 NAT and unspliced LEF1 NAT analyses. The RNA 

levels were normalized to Pumilio. Results show the average ± standard 

desviation of the values of the experiment.  

We then analyzed RNAs from HT29 M6 cell line. As shown in Figure 

R7A, E-cadherin levels were down-regulated with snail1 

overexpression and LEF1 mRNA levels up-regulated, as expected. 

When analyzing the LEF1 NAT levels, we also found that both total 

NAT and unspliced NAT were up-regulated in snail1 expressing 

cells.  
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Figure R7. LEF1 NAT is present in snail1 expressing cells for HT29 M6. 

RNA extracts from HT29 M6 control and HT29 M6 snail1 cells were analyzed. A. 
RT with RHP was performed for qPCR of E-cadherin, LEF1 mRNA and Pumilio. 

Oligo-specific RT was performed for total NAT and unspliced NAT analyses. The 

RNA levels were normalized to Pumilio. Results show the average ± standard 

desviation of the values of the experiment. B. Oligo-specific RT-PCRs were 

performed in order to detect spliced and unspliced NAT. Pumilio is shown as 

loading control. 
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We analyzed more carefully the expression of spliced NAT and 

unspliced NAT by oligo-specific semi-quantitative RT-PCR (Figure 

R7B). We detected all LEF1 NAT species in HT29 M6 snail1 cells and 

not in HT29 M6 control cells. 

The results of LEF1 NAT expression in SW480 and HT29 M6 cells 

were not the expected, as we estimated that unspliced LEF1 NAT 

and LEF1 mRNA would have an inverse correlation like in RWP1 

cells. 

SW480 control cells also expressed more spliced NAT than SW480 

E-cadherin. We wondered which of the two species of the LEF1 

NAT was more abundant for these cell lines where the spliced and 

unspliced NAT coexist. For that, we designed a semi-quantitative 

RT-PCR with 3 oligonucleotides (Figure R8). We used two reverse 

oligos [one retrotranscribing the spliced NAT (-8596) and the other 

retrotranscribing the unspliced NAT (-113)] and a forward oligo, 

common for both NATs (-11). For the retrotranscription process, 

the two reverse primers were added to the reaction. When the 

PCR cycles started, the common forward primer was added. In that 

way, both spliced and unspliced NAT competed for being amplified 

and we could observe the relative abundance between them. 

In our positive control, equal amounts of DNA (pcDNA3 spliced 

NAT and pcDNA3 +243/-1856 NAT) were amplified. We observed 

that the smaller band, corresponding to the unspliced NAT, was 

more easily amplified. We used the oligos -11/-113/-8596, where 

the unspliced NAT product weights ~100bp and the spliced NAT 

~250bp. (Figure R8). 

We could observe that in HT29 M6 snail1 cells and SW480 control 

cells, the upper band, corresponding to the spliced NAT, was 

clearly more abundant (even that the efficiency of the oligos would 

favor the lower band). Thus, when the unspliced and spliced NAT 
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coexist in snail1 expressing cells, the spliced form of the NAT is 

clearly more abundant than the unspliced one. 

 

Figure R8. Spliced NAT is more abundant than unspliced NAT in HT29 

M6 snail1 and SW480 control cells. RNA extracts from the indicated cell 

lines were analyzed. Semi-quantitative RT-PCRs with 3 oligos were performed as 

explained in the text (to detect spliced and unspliced NAT at the same time). In 

the RT-PCR -11/-113/-8596, the upper band corresponds to the spliced NAT and 

the lower to the unspliced NAT. Pumilio is shown as loading control. 

3. LEF1 NAT promoter is down-regulated during 

EMT 

As shown in Figure R3, in RWP1 cells, total LEF1 NAT levels were 

down-regulated during EMT. We analyzed the region preceding the 

NAT and that could be the element controlling its expression. We 

isolated the DNA fragment +66/+857 and inserted it into pGL3 

vector in antisense direction in order to perform luciferase 

reporter assays.  

As observed in Figure R9, this fragment presented promoter 

activity in RWP1 control cells, and it was down-regulated in cells 

with stable expression of snail1, correlatively with LEF1 NAT 

expression. This promoter sequence is located at the first intron of 

the mRNA sequence, something usual in NATs promoters125. 



 
 

42 
 

R
E

S
U

LT
S

 

 

Figure R9. LEF1 NAT promoter is down-regulated during EMT. pGL3 NAT 

promoter +857/+66 was transfected in RWP1 control and snail1 cells and 

luciferase activity was measured after 48 hours of transfection. Firefly Luciferase 

was standardized to the value of Renilla Luciferase. The HES1 promoter was 

used as a negative control of a promoter not being altered by EMT. Results show 

the average ± standard desviation of three experiments performed in triplicate. 

4. LEF1 NAT represses LEF1 promoter activity 

We wanted to determine if LEF1 NAT had any effect on LEF1 

mRNA. For that, we cloned the LEF1 NAT fragment (+58/-1856) in 

pBabe vector and overexpressed unspliced LEF1 NAT in RWP1 

snail1 cells. 

We first tested if unspliced LEF1 NAT affected LEF1 mRNA stability. 

For that, we treated RWP1 snail1 cells, with or without NAT, with 

Actinomycin D, an antibiotic that inhibits transcription. As shown in 

Figure R10, both cell lines degraded LEF1 mRNA equally. We could 

conclude from this experiment, that LEF1 NAT does not affect LEF1 

mRNA stability.  
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Figure R10. LEF1 NAT does not affect LEF1 mRNA stability. RWP1 snail1 

cells were transfected with pBabe LEF1 NAT (+58/-1856) or empty pBabe and 

selected with puromycin for 48 hours. Cells were supplemented with 

actinomycin D (2 µg/mL) to inhibit transcription. RNA was collected at the 

indicated times after actinomycin D addition and LEF1 mRNA levels were 

determined by RT-qPCR. The relative amount of this RNA with respect to the 

initial time is shown. The results are representative of two experiments. 

We thought that as the first part of the LEF1 NAT overlapped with 

the 5’UTR and the promoter region of the LEF1 gene, the NAT 

could be acting on the LEF1 promoter (diagram in Figure R11A). 

We cloned LEF1 promoter -1856/+58 into pGL3 plasmid to perform 

luciferase assays. LEF1 promoter activity was increased in snail1 

cells compared to the control in both cell lines tested (Figure 

R11B). When LEF1 NAT (+58/-1856) was overexpressed, LEF1 

promoter activity in snail1 cells was inhibited. 

On the other hand, spliced LEF1 NAT was unable to do it (Figure 

R12B). When we overexpressed it in RWP1 snail1 cells, the 

luciferase activity of LEF1 promoter did not change. On the 

contrary, spliced LEF1 NAT stimulated LEF1 promoter activity in 

RWP1 cells as shown in the left part of Figure R12B, suggesting 

that spliced LEF1 NAT is “pro-mesenchymal”. 
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Figure R11. LEF1 promoter is repressed by LEF1 NAT. A. Diagram of LEF1 

locus where LEF1 promoter and LEF1 NAT overlapping can be observed. B. pGL3 

LEF1 promoter -1856/+58 was transfected in control and snail1 expressing cells 

transfected with pBabe NAT (+58/-1856) or empty pBabe. Luciferase activity was 

measured after 48 hours of transfection. Firefly Luciferase was standardized to 

the value of Renilla Luciferase. Here we show the average ± standard deviation 

of three experiments performed in triplicate. 

But which part of the unspliced NAT is the most important for the 

repression of LEF1 promoter activity? For answering that, we 

performed luciferase assays on RWP1 snail1 cells transfecting 

different fragments of the NAT (diagram Figure R12A) cloned in 

pcDNA3 vector. As shown in Figure R12B, both the +58/-1856 and 

+1/-1463 inhibited LEF1 promoter activity to a similar extent than 

the +243/-1856 LEF1 NAT. A +1/-879 NAT also significantly 

repressed the promoter whereas shorter fragments, with 

elimination in 5’ or 3’ sequences, were not active. Therefore, the 

+1/-1463 NAT contains all the elements required for LEF1 

promoter inhibition.  
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Figure R12. Spliced NAT does not inhibit LEF1 promoter activity and 

+1/-1463 NAT contains all the elements required for LEF1 promoter 

inhibition. A. Diagram of LEF1 NAT fragments cloned in pcDNA3 used for 

inhibiting LEF1 promoter activity. B. pGL3 LEF1 promoter -1856/+58 was 

transfected in RWP1 and RWP1 snail1 expressing cells together with different 

constructs of pcDNA3 LEF1 NAT (fragments of it). Luciferase activity was 

measured after 48 hours of transfection. Firefly Luciferase was standardized to 

the value of Renilla Luciferase. Here we show the average ± standard deviation 

of three experiments performed in triplicate. 
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5. LEF1 NAT regulates LEF1 levels 

We wondered if the repression of LEF1 promoter by unspliced LEF1 

NAT was accompanied also with a regulation of LEF1 expression. 

For that, we overexpressed +58/-1856 LEF1 NAT in RWP1 and HT29 

M6 stably transfected with snail1. As observed in Figure R13, 

exogenous unspliced NAT expression repressed LEF1 mRNA (Figure 

R13A).  

 

 

Figure R13. LEF1 NAT down-regulates LEF1 expression. A. RNA was 

obtained from RWP1 control and snail1 stably transfected cells, from HT29 M6 

snail1 cells and from the snail1 cells transfected with pBabe LEF1 NAT (+58/-

1856).  LEF1 mRNA and total LEF1 NAT levels were analyzed by RT-PCR and HPRT 

was analyzed to normalize RNA levels. B. Total lysates from the same cells as in 

A were obtained and Western Blot was performed with LEF1 antibody. Anti-HA 

antibody was used to detect snail1 presence. Pyruvate kinase was analyzed as 

loading control. 
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Similar results were observed at the protein level in both cell lines 

tested (Figure R13B). The levels of this ectopic expression were 

comparable to the NAT levels detected in epithelial cells (without 

snail1) and they significantly decreased LEF1 mRNA and protein 

levels. 

We analyzed the relevance of this inhibition. For that, we 

performed migration assays with the same cells used in Figure R13.  

We seeded cells at high confluence and once the cells were 

attached, we performed a scratch. Images were taken each two 

hours and the changes of position of cell frontline were analyzed. 

As shown in Figure R14A, snail1 cells overexpressing exogenous 

NAT migrate less than snail1 cells. This difference was seen faster 

in HT29 M6 snail1 cells than in RWP1 snail1 cells. So we can say 

that unspliced LEF1 NAT overexpression reduces cell migration. 

We performed microarrays with the RNAs from RWP1 snail1 + 

pBabe empty and RWP1 snail1 + pBabe NAT in order to detect 

genes up-regulated and down-regulated by the unspliced LEF1 

NAT. The analysis were performed substracting the genes 

expressed in RWP1 snail1+empty from the ones expressed in 

RWP1 snail1+NAT (RWP1 snail1+NAT – RWP1 snail1+empty). In 

Figure R14B we show a list of genes up-regulated by LEF1 NAT and 

that are implicated in reducing cell migration. We also show that 

LEF1 mRNA levels were down-regulated when LEF1 NAT was 

overexpressed, as expected. 
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Figure R14. LEF1 NAT down-regulates cell migration. A. Migration assays 

were performed with HT29 M6 snail1 and RWP1 snail1 cells transfected with 

pBabe LEF1 NAT (+58/-1856) or an empty vector and selected with Puromycin. 

Cells were seeded at high confluence in 24-well plate. Once cells were attached, 

a scratch was performed. Three high definition phase contrast image of the 

same area were taken each two hours. Changes of position of cell frontline were 

analyzed in each image and represented as average of three different replicates 

respect to each time point. Error bars depict standard error of the mean. B. 

RNAs purified from RWP1 snail1+pBabe LEF1 NAT (+58/-1856) and RWP1 

snail1+pBabe empty cells were used to perform microarray analysis on Human 
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Gene 1.0 ST (Affymetrix®). Here we show a set of genes up-regulated by 

unspliced LEF1 NAT and implicated in down-regulating cell migration. We also 

show that LEF1 mRNA is down-regulated when unspliced LEF1 NAT is 

overexpressed. 

We then performed proliferation assays with the same cells than in 

Figure R14. Cells were seeded at low confluence and images were 

taken each two hours to calculate confluences. As shown in Figure 

R15, cells overexpressing snail1 do not change their proliferation 

when overexpressing the unspliced LEF1 NAT. 

 

Figure R15. LEF1 NAT does not change cell proliferation. Proliferation 

assays were performed with HT29 M6 snail1 and RWP1 snail1 cells transfected 

with pBabe LEF1 NAT (+58/-1856) or an empty vector and selected with 

Puromycin. Cells were seeded at low confluence in 96-well plate. Three high 

definition phase contrast image of the same area were taken each two hours. 

Images were analyzed for calculating average confluence in each image and 

represented as average of three different replicates respect to each point. Error 

bars depict standard error of the mean.   

As shown in Figure 14B, E-cadherin mRNA was up-regulated by 

LEF1 NAT expression. For validating this up-regulation of the E-

cadherin expression with unspliced LEF1 NAT overexpression, we 

performed luciferase assays on CDH1 promoter cloned in pGL3. We 

transfected it in RWP1 control or overexpressing snail1, and with 
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or without LEF1 NAT. In the results shown in Figure R16, we can 

observe that snail1 repressed CDH1 promoter as expected and that 

LEF1 NAT slightly increased CDH1 promoter activity. Thus, LEF1 

NAT increases CDH1 promoter activity in RWP1 snail1 cells. 

 

Figure R16. LEF1 NAT increases CDH1 promoter activity in RWP1 snail1 

cells. pGL3 CDH1 promoter was transfected in RWP1 control and snail1 cells, 

overexpressing pBabe LEF1 NAT (+58/-1856) or empty pBabe. Luciferase activity 

was measured after 48 hours of transfection. Firefly Luciferase was standardized 

to the value of Renilla Luciferase. Results show the average ± standard 

desviation of three experiments performed in triplicate. 

We had seen up-regulation of E-cadherin with LEF1 NAT 

overexpression with promoter activity experiments and at mRNA 

level. We wondered if the E-cadherin up-regulation was also 

occurring at the protein level, so we performed Western Blot with 

E-cadherin antibody. As shown in Figure R17, E-cadherin protein is 

up-regulated when the LEF1 NAT is overexpressed. Thus, unspliced 

NAT up-regulates E-cadherin expression both at mRNA and protein 

level. In Figure R17 we could also observe that LEF1 NAT also 

down-regulated LEF1 protein, as previously demonstrated. 
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Figure R17. LEF1 NAT up-regulates E-cadherin protein expression. Total 

protein extracts of RWP1 snail1+pBabe empty and RWP1 snail1+pBabe +58/-

1856 LEF1 NAT cells were used to perform Western Blot. Pyruvate kinase was 

used as loading control. Anti-HA antibody was used to detect the stable 

transfected snail1.  

6. LEF1 NAT associates to LEF1 promoter 

We performed Chromatin Isolation by RNA Purification (ChIRP) in 

order to test if LEF1 NAT associated to LEF1 promoter. Biotinylated 

in vitro synthesized LEF1 NAT (+58/-1856) and pGL3 LEF1 promoter 

were transfected to RWP1 cells. Cells were crosslinked with 

formaldehyde and NAT was precipitated from total extracts using 

an anti-biotin antibody. As shown in Figure R18, sequences 

corresponding to the proximal LEF1 promoter (-1806/-1626, -

1306/-1188 and -904/-703) were enriched in these complexes 

indicating that NAT binds to these elements. Very little interaction 

was detected with another amplicon corresponding to luciferase of 

pGL3 (+570/+744). The specificity of the NAT binding to LEF1 
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promoter was further demonstrated by the absence of binding 

detected with two irrelevant RNAs to LEF1 promoter and the 

absence of binding of LEF1 NAT to another different co-transfected 

promoter, CDH1 promoter. 

 

Figure R18. LEF1 NAT binds to LEF1 promoter. RWP1 cells were seeded in 

150mm plates. After 24 hours, cells were transfected with 17.5µg pGL3 LEF1 

promoter (-1856/+58) plasmid and either 14µg in vitro synthesized biotinylated 

NAT (+58/-1856) or an irrelevant RNA, corresponding to Cre (IrrRNA1) and a 

fragment of pcDNA3 empty (IrrRNA2). CDH1 promoter was alternatively 

transfected when indicated. After 24 hours, cells were fixed with formaldehyde 

as described for the ChIP assays and chromatins were prepared as in ChIP with 

RNAse out to do RNAse free chromatins. Extracts were incubated with an anti-

biotin antibody and immunoprecipitated with protein A-agarose. Presence of 

the indicated amplicons was carried out by qPCR as described in Methods. 

Results show the average ± standard desviation of three experiments performed 

in triplicate. 

We then performed the same experiment but using two fragments 

of the biotinylated NAT. pGL3 LEF1 promoter was cotransfected 

with +1/-1463 or -387/-1856 in vitro synthesized biotinylated NAT 

to RWP1 cells. The rest of the experiment was performed as in 
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Figure R18. As shown in Figure R19, +1/-1463 NAT was able to bind 

to LEF1 promoter whereas -387/-1856 NAT did not. This result is in 

accordance with Figure R12, where +/-1463 NAT was the one 

having the capability to inhibit LEF1 promoter activity. Thus, the 

fragment +1/-1463 of LEF1 NAT binds to LEF1 promoter to inhibit 

it. 

Figure R19. +1/-1463 LEF1 NAT binds to LEF1 promoter. RWP1 cells were 

seeded in 100mm plates. After 24 hours, cells were transfected with 5µg pGL3 

LEF1 promoter (-1856/+58) plasmid and either 6µg in vitro synthesized 

biotinylated NAT fragment (-1/-1463 or -387/-1856) or an irrelevant RNA, 

corresponding to a fragment of pcDNA3 empty. After 24 hours, cells were fixed 

with formaldehyde as described for the ChIP assays and chromatins were 

prepared as in ChIP with RNAse out to do RNAse free chromatins. Extracts were 

incubated with an anti-biotin antibody and immunoprecipitated with protein A-

agarose. Presence of the indicated amplicons was carried out by qPCR as 

described in Methods. Results show the average ± standard desviation of three 

experiments performed in triplicate. 

We also analyzed binding to the endogenous LEF1 promoter; for 

that we just transfected the in vitro synthesized biotinylated NAT 

(+58/-1856) in RWP1 cells. Cells were crosslinked with 
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formaldehyde and NAT was precipitated from total extracts using 

an anti-biotin antibody. As shown in Figure R20, sequences 

corresponding to the proximal LEF1 promoter were enriched 

indicating that LEF1 NAT binds to them. Very little interaction was 

detected with another amplicon corresponding to a downstream 

region of LEF1 sense (+3864/+4048). An irrelevant antibody was 

used in order to detect unspecific binding of biotin. 

 

Figure R20. Endogenous LEF1 NAT binds to LEF1 promoter. RWP1 cells 

were seeded in 100mm plates. After 24 hours, cells were transfected with 9.5µg 

in vitro synthesized biotinylated NAT. After 24 hours, cells were fixed with 

formaldehyde as described for the ChIP assays and chromatins were prepared as 

in ChIP with RNAse out to do RNAse free chromatins. Extracts were incubated 

with an anti-biotin antibody or an irrelevant antibody and immunoprecipitated 

with protein A-agarose. Presence of the indicated amplicons was carried out by 

qPCR as described in Methods. Results show the average ± standard desviation 

of three experiments performed in triplicate. 

Amplicon       -1806/-1628   -1306/-1188    -904/-703  +3864/+4048 
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As we had seen in Figure R12 that spliced NAT does not inhibit 

LEF1 promoter activity, we wondered if the spliced NAT affected 

unspliced NAT binding to LEF1 promoter. For that, we synthesized 

in vitro spliced NAT (not biotinylated) and in vitro unspliced NAT 

(biotinylated). We also synthesized an in vitro irrelevant RNA (not 

biotinylated). We performed the experiment with endogenous and 

exogenous LEF1 promoter, as indicated. Cells were crosslinked 

with formaldehyde and unspliced NAT was precipitated from total 

extracts using an anti-biotin antibody. As shown in Figure R21, 

LEF1 promoter sequences binding to biotinylated unspliced NAT 

was markedly inhibited by spliced NAT but not by an irrelevant 

RNA. The same result was observed for endogenous LEF1 promoter 

(Figure R21A) and exogenous LEF1 promoter (Figure R21B). Thus, 

we can say that spliced NAT prevents unspliced LEF1 NAT binding 

to LEF1 promoter. 
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Figure R21. Spliced NAT prevents unspliced LEF1 NAT binding to LEF1 

promoter. RWP1 cells were seeded in 100mm plates. After 24 hours, cells were 

transfected with 1µg pGL3 LEF1 promoter (-1856/+58) plasmid in panel B, with 

1.5µg in vitro synthesized biotinylated unspliced LEF1 NAT and either 3µg in vitro 

synthesized not biotinylated spliced NAT or an irrelevant RNA, corresponding to 

a fragment of pcDNA3 empty. After 24 hours, cells were fixed with 

formaldehyde as described for the ChIP assays and chromatins were prepared as 

in ChIP with RNAse out to do RNAse free chromatins. Chromatins were sonicated 

with Biorruptor (Diagenode). Extracts were incubated with an anti-biotin 

antibody and immunoprecipitated with protein A-magnetic beads. Presence of 

the indicated amplicons bound to unspliced LEF1 NAT was carried out by qPCR 

as described in Methods. Results show the average ± standard desviation of two 

experiments performed in duplicate. 
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7. LEF1 NAT targets PRC2 to LEF1 promoter 

We then performed Chromatin Immunoprecipitation (ChIP) against 

the methylation marks present in histones since they reflect the 

activation or repression status of the promoter. We determined 

the presence of two marks in LEF1 promoter; dimethylation of Lys4 

of Histone 3 (H3K4me2) and trimethylation at Lys27 in Histone 3 

(H3K27me3), which are associated with promoter activation or 

repression, respectively126. In these assays we amplified sequences 

corresponding to the LEF1 promoter (-931/-750 amplicon), the NAT 

promoter (+266/+435 amplicon), or a control DNA (+3864/+4048). 

As seen in Figure R22, the H3K4me2 mark was present at the LEF1 

promoter to a much greater extent in RWP1 snail1 cells than in 

RWP1 cells, as LEF1 promoter is active in mesenchymal cells. 

Conversely, H3K4me2 was detected at the NAT promoter to a 

greater degree in RWP1 than in RWP1 snail1 cells, correlating with 

a higher expression of the NAT in these cells. Expressing NAT in 

RWP1 snail1 cells reversed this pattern to a similar to that 

observed in RWP1 cells. Therefore, the presence of the NAT down-

regulated H3K4me2 mark at the LEF1 promoter and up-regulated it 

at the NAT promoter, indicating that the NAT activates its own 

promoter. As expected, no changes in methylation marks were 

found in amplicon +3864/+4048 that corresponds to control DNA. 

The opposite results were obtained when the promoters were 

analyzed for H3K27me3. LEF1 NAT overexpression increased the 

presence of this repressive mark at the LEF1 promoter and 

decreased it at the NAT promoter (Figure R23). Since methylation 

of Lys27 is a consequence of the catalytic activity of the Polycomb 

Repressive Complex 2 (PRC2)127, we investigated the binding of 

subunits of this complex to these two promoters. Both of the core 

subunits of this complex, named Suz12 and Ezh2, displayed a 

binding pattern similar to the pattern obtained with the H3K27me3 

mark (Figure R23). Therefore, expression of NAT up-regulates the 
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association of Suz12 and Ezh2 to the LEF1 promoter. In agreement 

with what we found for activation marks, H3K27me3 levels in LEF1 

NAT promoter (amplicon +266/+433) and also PRC2 binding were 

down-regulated in RWP1 snail1 cells when the LEF1 NAT was 

overexpressed. No changes in methylation marks were observed in 

amplicon +3864/+4048. 

Therefore, our results clearly show that LEF1 NAT represses the 

LEF1 promoter increasing the presence of the PRC2 on it and 

subsequently up-regulating the repressive mark H3K27me3. 

 

Figure R22. LEF1 NAT decreases the activation mark H3K4me2 in LEF1 

promoter and increased it in NAT promoter. ChIP assays were carried out 

with chromatin obtained from RWP1, RWP1 snail1 and RWP1 snail1 cells 

transfected with pBabe LEF1 NAT (+58/-1856). The immunoprecipitations were 

performed with antibody against H3K4me2 or with an irrelevant IgG. The 

presence of amplicons corresponding to the LEF1 promoter (-931/-750), the NAT 

promoter (+266/+433) or an irrelevant DNA sequence (+3864/+4048) was 

determined. Results were quantified relative to the input amount. The results 

show the average ± standard deviation of three experiments performed in 

triplicate. 
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Figure R23. LEF1 NAT increases the repressive mark H3K27me3 and 

PRC2 presence in LEF1 promoter. ChIP assays were carried out with 

chromatin obtained from RWP1 snail1 and RWP1 snail1 cells transfected with 

pBabe LEF1 NAT (+58/-1856). The immunoprecipitations were performed with 

the indicated antibodies and with an irrelevant IgG. The presence of amplicons 

corresponding to the LEF1 promoter (-931/-750), the NAT promoter (+266/+433) 

or an irrelevant DNA sequence (+3864/+4048) was determined. Results were 

quantified relative to the input amount. The results show the average ± standard 

deviation of three experiments performed in triplicate. 

We also checked whether the presence of the NAT can promote 

PRC2 binding to LEF1 promoter using two in vitro assays.  For this, 

we synthesized a biotinylated DNA corresponding to LEF1 

promoter (-1856/+58). A cell extract, prepared in RNAse free 

conditions from RWP1 snail1 cells transfected with empty pBabe or 

pBabe LEF1 NAT plasmids, was incubated with biotinylated LEF1 

promoter or a fragment of the same size of the Fibronectin 1 

promoter as control. As shown in Figure R24A, binding of PRC2 

component Suz12 was only detected to LEF1 promoter and in NAT-

expressing cells. Finally, a cell extract from RWP1 snail1 cells was 

incubated with biotinylated LEF1 promoter in the presence of in 

vitro synthesized LEF1 NAT or an irrelevant RNA. As shown in 

Figure R24B, PRC2 component Ezh2 interacted with the LEF1 
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promoter only when the NAT was present, indicating that the NAT 

facilitates the recruitment of PRC2 to this promoter. 

 

Figure R24. LEF1 NAT is necessary for the recruitment of PRC2 in LEF1 

promoter. Biotinylated Oligo Pull-down Assays (BOPA) using biotinylated LEF1 

promoter (-1856/+58) were performed. A. RWP1 snail1 cells were transfected 

with empty pBabe or pBabe LEF1 NAT (+58/-1856). Cells were lysated in RNAse 

free conditions with Polysomal Lysis Buffer. Cell extracts were incubated with 

biotinylated LEF1 promoter or a fragment of the same size of FN1 promoter. 

Immunoprecipitation was performed with anti-biotin antibody, the pull-down 

with protein G-agarose, and the presence of Suz12 in the precipitate was 

analyzed by Western Blot. B. Cell extracts from RWP1 snail1 cells were incubated 

with biotinylated LEF1 promoter. When indicated, in vitro synthesized NAT 

(+58/-1856) or an irrelevant RNA (YBX1) was added. Samples were incubated 

with an anti-biotin antibody, biotinylated probes were pulled-down with protein 

G-agarose, and the presence of Ezh2 in the precipitate was analyzed by Western 

Blot.  
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8. LEF1 NAT binds to the PRC2 complex 

It has been described that PRC2 can directly bind to RNAs42,63. 

Therefore, we checked its putative interaction with LEF1 NAT using 

RNA Immunoprecipitation assays (RIP) coupled to RT-PCR. Total 

extracts of RWP1 snail1 transfected with LEF1 NAT (+58/-1856) 

were incubated with anti-Suz12 antibody. After 

immunoprecipitation, total RNA was extracted and semi-

quantitative RT-PCR was performed to detect transcripts 

coimmunoprecipitated with Suz12. As shown in Figure R25A, LEF1 

NAT was effectively coimmunoprecipitated with anti-Suz12 but not 

by an irrelevant control antibody.  

The assay was repeated using quantitative PCR and pretreating the 

immunocomplexes with different nucleases in order to elucidate 

which nuclease structure is needed for LEF1 NAT binding to PRC2 

(Figure R25B). 

When samples were not treated with nucleases, both Ezh2 and 

Suz12 antibodies immunoprecipitated LEF1 NAT. DNAse Turbo 

hydrolyses double strand DNA (dsDNA); when added, PRC2 was 

still able to immunoprecipitate LEF1 NAT, indicating that LEF1 NAT 

binds to PRC2 independently of the presence of LEF1 promoter. In 

order to determine if PRC2 binding required DNA-RNA 

heteroduplexes, as that generated in the Transcriptional Start 

Sites, RNAse H was added as it hydrolyses the RNA in these 

hybrids. RNAse H did not affect PRC2-LEF1 NAT 

immunoprecipitation, indicating that the NAT-PRC2 binding does 

not require DNA-RNA heteroduplex. We also checked if dsRNA 

structures were needed for the LEF1 NAT-PRC2 interaction. For 

that we used RNAse VI, which hydrolyses dsRNA. This treatment 

affected the binding, indicating that NAT forms secondary 

structures with itself or it needs another RNA in order to interact 
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with PRC2. Finally, RNAse A1, that hydrolyses ssRNA, was used as a 

negative control, as LEF1 NAT is hydrolyzed in this condition. 

Therefore, these RIP assays reveled that LEF1 NAT binding to PRC2 

is independent of any DNA and that a secondary structure of 

dsRNA is needed for this binding. 

 

Figure R25. LEF1 NAT binds to PRC2 and needs a dsRNA structure. A. 
RNA Immunoprecipitation (RIP) with Suz12 antibody was performed in RWP1 

snail1 cells transfected with pBabe LEF1 NAT (+58/-1856). From the RNA 

extracted, LEF1 NAT was amplified by oligo-specific RT-PCR with oligos 

corresponding to +213/+60 sequence. Pumilio primers were used to detect 

unspecific binding. B. RIP with Suz12 and Ezh2 antibodies was performed in 

RWP1 snail1 cells transfected with pBabe LEF1 NAT (+58/-1856). Treatment with 

DNAse and RNAses was performed when indicated. LEF1 NAT binding was 

analyzed by RT-qPCR. RT was performed with LEF1 NAT antisense oligo 

corresponding to +60/+80 sequence. qPCR was performed with oligos 

corresponding to LEF1 NAT sequence +213/+60. Results were quantified relative 

to the input amount. Results show the average ± standard deviation of three 

experiments performed in triplicate. 
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We also looked to LEF1 NAT-PRC2 interaction in vitro. For that, 

biotinylated-oligo pull-down (BOPA) assays were also performed 

using in vitro synthesized biotinylated LEF1 NAT. RNAse free cell 

extracts were incubated with biotinylated LEF1 NAT (+58/-1856). 

No RNA or a biotinylated irrelevant RNA were used as negative 

controls. We immunoprecipitated with anti-biotin antibody, pulled 

down with protein G-agarose and performed Western Blot against 

PRC2 subunits. The PRC2 component Suz12 copurified with LEF1 

NAT (+58/-1856) when it was incubated with cell extracts (Figure 

R26A). The presence of the LEF1 promoter did not up-regulate 

Suz12-NAT binding, supporting our finding that DNA is not required 

for this association. 

We next mapped the element in LEF1 NAT required for PRC2 

binding. The NAT +243/+1 sequence was not required for the 

inhibition of LEF1 promoter, suggesting that this segment did not 

contain the binding element. RNA-BOPA assays confirmed this 

conclusion since Ezh2 coprecipitated with the +1/-1463 segment of 

LEF1 NAT (Figure R26B). Progressive deletion of elements 

downstream in the NAT affected the interaction, since Ezh2 did not 

bind as efficiently to the +1/-879 and +1/-405 fragments as it did to 

+1/-1463. No association was observed between PRC2 and -754/-

1856 or -387/-1856 sequences. Therefore, we conclude that 

binding requires an element located between +1 and -405, 

although other sequences situated downstream are also necessary 

to maximize the interaction. 
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Figure R26. LEF1 NAT binds to PRC2 by +1/-405 NAT sequence. RNA BOPA 

assays were performed. HT29 M6 cells were lysated in RNAse free conditions 

with Polysomal Lysis Buffer. A. Cell extracts were incubated with 6 µg of in vitro 

synthesized biotinylated LEF1 NAT, biotinylated irrelevant RNA or with no RNA. 

pGL3 LEF1 promoter was added in the reaction when indicated. 

Immunoprecipitation was performed with anti-biotin antibody, the pull-down 

with protein G-agarose, and the presence of Suz12 in the precipitate was 

analyzed by Western Blot. B. Cell extracts were incubated with in vitro 

synthesized biotinylated fragments of the LEF1 NAT, as indicated. 

Immunoprecipitation was performed with anti-biotin antibody, the pull-down 

with protein G-agarose, and the presence of Ezh2 in the precipitate was 

analyzed by Western Blot. 
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Binding of LEF1 NAT to Polycomb Repressive 

Complex 2 

In recent years, the function of long non-coding RNAs has started 

to be unveiled. The broad functional repertoire of these RNAs 

includes roles in high-order chromosomal dynamics, telomere 

biology and subcellular structural organization2,128. One major 

theme emerging is the involvement of these ncRNAs in regulating 

the transcription of neighbor protein-coding genes7. In this thesis 

we have characterized a Natural Antisense Transcript that 

depending on the splicing process, it inhibits its partner expression.  

The almost 9kb-long LEF1 NAT is expressed in epithelial cells such 

as RWP1 using a promoter located in the first intron of the LEF1 

gene, a feature common to most NATs. It overlaps the 5’UTR 

region of the LEF1 mRNA and it is not extensively polyadenylated. 

We did not expect polyadenylation in LEF1 NAT as it would not give 

a significant advantage to it because it is not translated and is not 

exported to the cytoplasm since it makes its function in the 

nucleus.  

Although LEF1 NAT extends to almost 9kb, we have determined 

that the functional action of LEF1 NAT is confined to the first 2kb; 

ectopic expression of this transcript down-regulates LEF1 mRNA 

and protein.  

As we have described, LEF1 NAT decreases the activity of the LEF1 

promoter by binding to this element and promoting the 

recruitment of the Polycomb Repressive Complex 2 complex 

(PRC2). Recent reports have demonstrated that non-coding RNAs 

can direct PRC2 binding to promoters. This is the case for 

HOTAIR31,43, XIST42, Kcnq1ot140 and Gtl255. Perhaps the most 

prominent example is silencing of the inactive X-chromosome by 

the ncRNA XIST. To normalize the copy number of X-chromosome 
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between male and female cells, XIST RNA from one of the two 

female X-chromosome recruits PRC2 to trimethylate H3 at lysine 

27 (H3K27me3), rendering the chromosome transcriptionally 

silent57. More specifically, a 1.6kb ncRNA (RepA) within XIST is 

responsible for the PRC2 interaction, with Ezh2 serving as the RNA-

binding subunit42. Another example is HOTAIR, a long intergenic 

RNA transcribed from the HOXC cluster that represses genes in the 

HOXD cluster by binding to the PRC2 complex31. ChIRP-seq results 

indicate that HOTAIR also recruits PRC2 to many other genes, 

suggesting that it participates in the mechanism of repression by 

this complex43. Moreover, HOTAIR also interacts with LSD1 (lysine-

specific demethylase 1)129, thus assembling PRC2 with the 

LSD1/CoREST/REST complex, and maybe with other proteins 

associated with LSD1, such as the Snail1 transcriptional 

repressor130. 

As explained, LEF1 NAT is an example of another long non-coding 

RNA capable of interacting with PRC2. The fact that more than the 

90% of unspliced LEF1 NAT is localized in the nucleus is in 

accordance to that because it is in the nucleus where it performs 

its action. Furthermore, the binding element to PRC2 in LEF1 NAT 

has been investigated in this work using luciferase assays with NAT 

fragments, ChIRP assays to identify the NAT region binding to LEF1 

promoter, and RNA-BOPA assays for localizing the NAT sequence 

that binds to PRC2. According to our results, optimal interaction 

requires a long sequence corresponding to the +1/-1463, although 

a significant binding was detected with +1/-405 element. 

Therefore, it is possible that several elements scattered through 

this sequence are required for high affinity binding. 

Our results also suggest that PRC2 binds to a double strand RNA 

structure in the NAT. It is possible that this corresponds to a highly 

structured region in the NAT. However, the double strand RNA 

might be generated through the interaction of the NAT and short 
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fragments of the sense RNA. Recent studies carried out in 

embryonic stem cells have revealed that PRC2 is also physically 

associated with a short non-coding LEF1 RNA60. This non-coding 

RNA, shorter than 200bp, was detected with a probe 

corresponding to -341/-402 and therefore belongs to the 5’-UTR of 

LEF1 mRNA. The complementary sequence of this short ncRNA is 

included within the region of the LEF1 NAT involved in PRC2 

binding (-1/-405). We have not been able to detect this short sense 

RNA in an experiment similar to ChIRP. It could be that the 

experiment conditions should be optimized, that the PCR product 

amplified is too short (-403/-353) or that in RWP1 cell line this 

short sense RNA is not present as in embryonic stem cells is. 

Another option for the double strand RNA structure needed for the 

interaction between NAT and PRC2 might be the requirement of 

LEF1 mRNA. In this case, we propose that LEF1 mRNA would be 

expressed in low levels, less than LEF1 NAT, but sufficient to be 

part of this complex. In cells where LEF1 protein is not expressed 

(this is the case for RWP1 cells), low levels of LEF1 mRNA in the 

nucleus would bind to LEF1 NAT and form the double strand RNA 

structure required for PRC2 binding to LEF1 NAT. As the short LEF1 

RNA -403/-353 is contained in LEF1 mRNA, this hypothesis could be 

only possible if the experiment conditions of the variation of the 

ChIRP were not the appropriate, making impossible the detection 

of the sense LEF1 RNA.  

The interaction between ncRNAs and the PRC2 subunits might be 

alternatively due through a double RNA hairpin42. We performed 

bioinformatics analysis in LEF1 NAT with mFold
131 looking for 

structures similar to those present in RepA, which are necessary to 

interact with PRC2. We identified a possible binding sequence 

doing a double hairpin in -195/-225.  However, more experiments 

have to be performed in order to experimentally demonstrate this 
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result. One possibility would be to mutate this region in order to 

try to avoid PRC2 binding to the mutated RNA. 

As our results show, no DNA is needed for NAT-PRC2 interaction. 

RNA-BOPA assays show that the presence of LEF1 promoter does 

not increase NAT-PRC2 interaction and RIP assays with nucleases 

show that the removal of DNA does not affect to NAT-PRC2 

binding. These results suggest that first occurs the binding of PRC2 

to LEF1 NAT and then this complex binds to LEF1 promoter. As in 

other cases occurs (HOTAIR31,43, XIST42, Kcnq1ot140 or Gtl255), the 

lncRNA serve as a guide for PRC2 to localize in the proper place 

where to perform its action. 

What is still unclear is whether the binding between LEF1 NAT and 

PRC2 is direct or indirect. Our in vitro experiments are all 

performed with cell extracts and not with purified protein; so we 

cannot discard that other proteins would be needed for the 

binding of PRC2 to LEF1 NAT. The involvement of Argonaute (AGO) 

proteins in this complex could be a possibility. Corey’s group have 

observed that Argonaute 2 (AGO2) binds to duplexes of RNA and 

promotes trimethylation of Lysine 27 in Histone 3 in the 

corresponding DNA sequence132. They studied the Progesterone 

Receptor locus, more than 100kb long, and they detected the same 

pattern of AGO2 binding in the 3’UTR of the gene than to the 

promoter, suggesting that the gene would be folded approximating 

the two regions (Figure D1). Gene looping has also been observed 

at the X-inactivation center133. We could test if, in RWP1 cells, RIP 

with anti-AGO2 immunoprecipitates LEF1 NAT, in order to see if 

this critical component in the RNAi pathway for the miRNA 

biogenesis is involved in our model.  
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Figure D1. Model for modulation of transcription by AGO in 

Progesterone gene
132 A. 100.000 bases separate the genomic locations of the 

promoter and 3’ terminal regions of the PR gene. B. Gene looping juxtaposes the 

5’ promoter and 3’ terminator, bringing DNA sequences into close proximity. A 

small RNA (3’ agRNA) recruits AGO2 to the 3’ non-coding transcript. The arrival 

of AGO2 may affect other proteins (here shown as unlabeled spheres) at the 

gene promoter and alter regulation of transcription. The proximity of 3’ and 5’ 

non-coding transcripts allows them to co-immunoprecipitate during RIP with 

anti-AGO antibodies. CDS, coding sequence. 

It is also still unclear if the binding between LEF1 NAT and LEF1 

promoter is mediated by intermediaries or is direct. In the case of 

XIST RNA, it has been described that YY1 protein is needed for the 

RNA interaction with the chromatin134. YY1 is a “bivalent” protein, 

capable of binding both RNA and DNA through different sequence 

motifs. Specific YY1-to-RNA and YY1-to-DNA contacts are required 

to load XIST particles onto X-chromosome. The authors propose 
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that YY1 acts as an adaptor between regulatory RNA and 

chromatin targets. In the case of LEF1, it is tempting to think that 

complementarity of sequences between LEF1 NAT and LEF1 

promoter might be enough for the binding between them. 

Matching of the sequences could give the specificity of this 

binding. 

Which subunit of PRC2 is interacting with lncRNAs is still unclear. In 

2008 and also in 2010, Lee’s group proposed that Ezh2 served as 

the RNA-binding subunit of PRC2 to the double hairpin of RepA42 

and also to many RNA-protein interactions55. In 2010, Jenner’s 

group60 proposed that Suz12 interacts most strongly with both 

XIST-RepA and short RNA stem-loops. Both possibilities could be 

occurring in our model, so further experiments should be 

performed to elucidate which subunit of PRC2 is interacting with 

LEF1 NAT.  

It has to be mentioned that a controversial paper has been 

recently published by Cech and colleagues where they affirmed 

that the binding of RNA to PRC2 is promiscuous135. They say that 

the binding of human PRC2 to various RNAs is the same than to 

irrelevant transcripts from ciliates and bacteria. They also 

demonstrate that PRC2 binding is size dependent, with lower 

affinity for shorter RNAs. In vivo, they observe PRC2 predominantly 

on repressed genes, but also PRC2 is associated with active genes 

that are not regulated by PRC2. Based on our results, LEF1 NAT-to-

PRC2 binding would not be unspecific for several reasons. LEF1 

NAT binding to PRC2 is not size dependent as demonstrated in the 

RNA-BOPA of Figure R26, where a longer RNA (-387/-1856) does 

not bind to PRC2 whereas shorter ones (+1/-405 and +1/-879) do. 

Moreover, in the ChIPs for PRC2 of Figure R23, PRC2 subunits only 

bind to repressed promoters and not to the active ones. Thus, 

PRC2 binding to LEF1 locus is specific for repressing promoter 

regions. In RIP and BOPA assays we also have demonstrated that 
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PRC2 does not bind to irrelevant RNAs such Pumilio and others. 

These evidences suggest that binding between LEF1 NAT and PRC2 

is more specific than other RNA-to-PRC2 interactions. 

Regulation of LEF1 NAT expression 

LEF1 NAT overlaps a zone corresponding to the first exon, the 

5’UTR and the main promoter of LEF1 gene. We have determined 

that the region +857/+66 has promoter activity and is active in 

RWP1 cells. We wondered how this promoter region is regulated. 

Snail1, as a repressive transcriptional factor, could be inhibiting 

LEF1 NAT promoter activity. Although canonical E-boxes were not 

located in this promoter, ChIP experiments were performed in 

order to detect snail1 bound to the NAT promoter in RWP1 snail1 

cells. Results were negative. However, NAT promoter contains 

binding sequences for several transcription factors such as Twist1 

or Wilms Tumor 1 protein. We expect that Twist1 would bind to 

LEF1 NAT promoter in snail1 expressing cells and repress it, and 

that Wilms Tumor 1 would bind LEF1 NAT promoter in RWP1 cells 

and activate it. Further experiments should be performed to 

determine if some of these proteins control LEF1 NAT expression. 

A ChIP-Sequencing for Snail1 in SW620 cells (a human colon 

adenocarcinoma cell line with high levels of Snail1) was performed 

in our lab by Alba Millanes-Romero and Sandra Peiró. Two Snail1 

binding sites on the LEF1 locus were found in this ChIP-Seq: -519/-

481 and -1159/-981. Both regions correspond to the LEF1 NAT 

transcript, not to the promoter region, confirming that absence of 

Snail1 in LEF1 NAT promoter obtained in our ChIP. It is possible 

that these two regions where Snail1 binds could be acting 

negatively, repressing LEF1 NAT promoter.  
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An additional possibility would be that Snail1 is regulating splicing 

of LEF1 NAT. It has been described that transcription factors can 

regulate splicing and that methylation marks change in splicing 

regions136,137. In particular, Snail1 has also been seen to favor 

splicing during EMT by repressing Epithelial Splicing Regulatory 

Protein 1 (ESRP1)138. Both binding regions in ChIP-Seq for Snail1 in 

LEF1 NAT correspond to the first intron, so it is tempting to 

speculate that the presence of Snail1 in the first NAT intron would 

modify the presence of splicing factors on it increasing splicing of 

this intron. This would explain that for all three cell lines tested, in 

the presence of Snail1, spliced NAT is the most predominant form. 

Thus, further experiments should be performed to better 

understand what Snail1 is doing in the DNA region corresponding 

to the first intron of LEF1 NAT.  

Another point to be discussed referred to LEF1 NAT regulation is 

the fact that when we overexpress the 2kb LEF1 NAT (+58/-1856), 

the epigenetic methylation marks in LEF1 NAT promoter change. 

As we have showed in the ChIPs of methylation marks, LEF1 NAT 

up-regulates H3K4me2 on its own promoter and removes PRC2 

and H3K27me3 from it. It could be that a mutual repression 

between LEF1 mRNA and LEF1 NAT exists, where in RWP1 snail1 

cells, LEF1 mRNA is transcribed and inhibits LEF1 NAT promoter. 

When LEF1 NAT is overexpressed, it inhibits LEF1 mRNA 

transcription so LEF1 mRNA cannot repress LEF1 NAT promoter, 

leading to a positive feedback.  

Relevance of LEF1 NAT 

In this thesis we have widely demonstrated that LEF1 NAT can 

regulate LEF1 gene expression. It is also interesting that LEF1 NAT 

can regulate also other genes as shown in the microarray, such as 

CDH1. E-cadherin is a key molecule in Epithelial-to-Mesenchymal 
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Transition (EMT) and its expression affects the migration and 

invasion capacity of tumor cells. We propose the following 

mechanism for E-cadherin regulation: LEF1 NAT down-regulates 

LEF1 protein levels decreasing β-catenin-LEF1 complexes. Zeb1 is a 

direct target of β-catenin complexes139; thus, Zeb1 protein levels 

are reduced and CDH1 is derepressed. The ability of the LEF1 NAT 

to up-regulate E-cadherin expression at RNA and protein level gives 

to this lncRNA a very interesting potential for cancer treatment. 

From the cited microarray, more information could be extracted, 

suggesting other important genes implicated in cancer that are 

affected by LEF1 NAT. 

As explained in the beginning of this thesis, other possible NATs 

from genes implicated in EMT were analyzed by RT-PCR. It would 

be very interesting to go into detail with them and see if other 

NATs can regulate EMT genes like LEF1 and Zeb2
113 NATs do. 

LncRNAs are being involved in many processes and crucial 

functions are assigned to them. Maybe regulating EMT is also one 

of these big challenges to them.  

It would be very interesting to examine what happen in other 

cellular models; if the expression pattern of LEF1 NATs is like in 

RWP1 cells or like in HT29 M6 and SW480. In vivo experiments 

could also be performed to give more relevance to the work. We 

would like to determine if LEF1 mRNA and both LEF1 NATs are 

present in human tumor samples where different levels of E-

cadherin and Snail1 are present. On the one hand, we would 

expect that unspliced LEF1 NAT would be found in the low-Snail1-

expressing tumors, with high levels of E-cadherin. On the other 

hand, spliced NAT and LEF1 mRNA would be expected to have a 

similar pattern and be found in tumors with high expression of 

Snail1 and low expression of E-cadherin. 

As discussed in this thesis, one of the best-described functions of 

NATs and other lncRNAs is the regulation of chromatin states37. 
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Specifically, many can regulate negatively their sense (protein-

coding) partners. Strategies for therapeutic manipulation are 

arising and targeting the NATs is a promising strategy for those 

that have oncogenic functions. In our case, it would be interesting 

to target spliced LEF1 NAT or LEF1 mRNA. It would be also possible 

to overexpress unspliced LEF1 NAT as a therapeutic strategy. To 

specifically inhibit the functions of NATs, single-stranded 

oligonucleotides can be designed to strand-specifically block the 

interaction of the antisense transcript with the sense gene mRNA 

or with the corresponding DNA.  

This approach was originally introduced in 2005 by Wahlestedt and 

collegues61,140 and has since been demonstrated by various 

investigators using different systems. Oligonucleotides that are 

designed to inhibit NAT functions in this manner have been named 

“antagoNATs”141. As with other single-stranded therapeutic 

oligonucleotides, a number of beneficial characteristics should 

ideally be built into an antagoNAT to enable its potential in vivo 

applications. These include introducing chemical modifications to 

promote metabolic stability and minimizing the length of the 

oligonucleotide to aid cellular uptake, while maintaining selectivity 

to minimize off-target activities.  

As previously mentioned, in our case it would be interesting to 

down-regulate spliced LEF1 NAT. If we targeted spliced NAT with 

an antagoNAT, it would not block unspliced NAT binding to LEF1 

promoter, permitting the inhibition of LEF1 promoter by unspliced 

LEF1 NAT (Figure D2).  

There are many advantages of targeting long non-coding RNAs. By 

utilizing strategies that are not applicable to protein targets, we 

can hope to modulate disease pathways that have previously been 

considered to be intractable. Also, by targeting a regulatory ncRNA 

it may be possible to change the expression of an endogenous 

gene in a natural manner. The fact that NATs act in cis and gene-
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locus specific is a clear advantage to gain specificity. Finally, a 

possible advantage of targeting lncRNAs is their relatively low 

abundance compared to mRNA. It would be easier to down-

regulate their expression. 

 

Figure D2. Hypothetical model of targeting spliced NAT with 

antagoNAT. As observed in the upper part of the figure, spliced NAT prevents 

the binding between unspliced NAT and LEF1 promoter. Thus, LEF1 promoter is 

active and LEF1 mRNA and protein are produced. As shown in the lower part of 

the figure, if we introduced an antagoNAT for the spliced NAT (it could be 

targeting the sequence between exon A and C), spliced NAT would be blocked or 

degraded. Therefore, it would not block the binding between unspliced NAT and 

LEF1 promoter and PRC2 would be recruited there for repressing it.  
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Promising results are being obtained when targeting ncRNAs141,142, 

so we encourage future studies on cancer treatment to try to 

down-regulate spliced LEF1 NAT and LEF1 mRNA, or to introduce 

systemically unspliced LEF1 NAT in order to block LEF1 protein 

expression and also E-cadherin expression.  

Current model of regulation of LEF1 mRNA by 

LEF1 NAT 

In this work, we have analyzed the complex locus of LEF1 gene and 

the transcripts that it encodes. As explained in this thesis, different 

species of a Natural Antisense Transcript regulate LEF1 mRNA 

expression. The splicing of this Natural Antisense Transcript is 

crucial for the regulation of LEF1 mRNA expression, as the different 

species of NATs have different functions. The situation is also 

variable regarding the phenotype of the cell lines. 

When LEF1 NAT is transcribed and does not suffer splicing, this 

long non-coding RNA binds to Polycomb Repressive Complex 2 

(PRC2), responsible for the epigenetic repressive mark H3K27me3. 

LEF1 NAT associates to PRC2 and recruits it to LEF1 promoter, 

inhibiting it. In consequence, LEF1 mRNA is not transcribed; so 

LEF1 protein is not produced. 

When LEF1 NAT undergoes splicing, the low amount of unspliced 

NAT is not sufficient to inhibit LEF1 mRNA promoter. Spliced NAT 

act as a dominant negative of the unspliced NAT as it can bind to 

LEF1 promoter but it cannot inhibit it as it lacks the necessary 

sequence for that. As consequence, LEF1 mRNA promoter is active; 

LEF1 mRNA is transcribed and translated into LEF1 protein. 

We have observed three different situations. In epithelial cells, 

such as HT29 M6 Control and SW480 E-cadherin cells, both LEF1 
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mRNA and LEF1 NAT promoters are silenced and no transcripts are 

produced in this locus in these cell lines (Figure D3).  

 

Figure D3. Proposed model for epithelial cells. In epithelial cells, no 

transcripts are synthesized from LEF1 locus as both promoters are silenced. 

In metastable epithelial cells (epithelial cells that have initiated 

EMT and have an intermediate phenotype), such as RWP1 control 

cells, LEF1 NAT is transcribed and does not suffer splicing. This long 

non-coding RNA binds to Polycomb Repressive Complex 2 (PRC2) 

and recruits it to LEF1 promoter, inhibiting it (Figure D4). In 

consequence, LEF1 mRNA is not transcribed. 

 

Figure D4. Proposed model for metastable epithelial cells. In epithelial 

cells with an intermediate phenotype, unspliced NAT is produced; it binds to 

PRC2 and recruits it to LEF1 promoter, inhibiting it.   

Finally, in mesenchymal and snail1 expressing cells; such as in HT29 

M6 snail1, SW480 Control cells and RWP1 snail1; both LEF1 mRNA 

and LEF1 NAT promoters are active. LEF1 NAT is transcribed, but 

most of it undergoes splicing. The low amount of unspliced NAT is 

not sufficient to inhibit LEF1 mRNA promoter, and the spliced NAT 

act as a dominant negative of the unspliced NAT, allowing the 

activation of LEF1 mRNA promoter in these cell lines. LEF1 mRNA is 
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transcribed, and translated into LEF1 full-length protein (Figure 

D5). 

 

Figure D5. Proposed model for mesenchymal cells. In mesenchymal cells, 

more spliced NAT than unspliced NAT is produced, enabling LEF1 mRNA to be 

synthesized and LEF1 protein is translated. 

As we have observed, spliced NAT is “pro-mesenchymal”. In Figure 

R12, when spliced NAT is transfected in epithelial RWP1 cells, LEF1 

promoter activity is increased. We have suggested that spliced NAT 

prevents unspliced NAT binding to LEF1 promoter acting as a 

dominant negative transcript. Spliced and unspliced NAT share the 

first part of the sequence (+243/-68), so probably both can bind to 

this region in LEF1 DNA locus because of the complementarity of 

sequences. However, only the unspliced NAT contains the 

sequence necessary for the binding to PCR2 as seen in Figure R26 

and necessary for the LEF1 promoter repression as seen in Figure 

R12 (fragment +1/-1463). In snail1 expressing cells, the abundance 
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of more spliced NAT in comparison to unspliced NAT, would make 

that the spliced NAT preferentially binds to LEF1 DNA locus and 

does not permit to PRC2 to bind to this region. 
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Conclusions 

1. A LEF1 Natural Antisense Transcript is expressed in LEF1 locus, 

starting from the first intron of LEF1 mRNA, and it undergoes 

alternative splicing. 
 

2. Transcription of LEF1 NAT changes during EMT. In epithelial 

cells, there is no expression of LEF1 NAT. Unspliced LEF1 NAT is 

expressed in metastable epithelial cells whereas spliced LEF1 

NAT is present in mesenchymal cells. 
 

3. Unspliced LEF1 NAT down-regulates LEF1 promoter activity 

whereas spliced NAT does not. It also down-regulates LEF1 

expression both at mRNA and protein level.  
 

4. Unprocessed LEF1 NAT decreases cell migration. It up-regulates 

E-cadherin expression both at mRNA and protein level. 
 

5. Unspliced LEF1 NAT binds to LEF1 promoter. Sequence +1/-1463 

is needed for this binding and also contains all the elements 

required for LEF1 promoter inhibition. Spliced LEF1 NAT 

prevents the binding between unspliced LEF1 NAT and LEF1 

promoter, blocking LEF1 promoter inhibition.  
 

6. Unprocessed LEF1 NAT recruits Polycomb Repressive Complex 2 

(PRC2) to LEF1 promoter to inhibit it. It changes methylation 

marks of LEF1 promoter and of its own promoter. In LEF1 

promoter, it decreases the activation mark H3K4me2 and 

increases the repressive mark H3K27me3. In LEF1 NAT 

promoter, it increases H3K4me2 and decreases H3K27me3.  
 

7. Binding between PRC2 and unspliced LEF1 NAT requires a 

double strand RNA structure. LEF1 NAT binds to PRC2 by 

sequence +1/-405 but sequence +1/-1463 is necessary to 

maximize the interaction. 
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1. Cell Culture 

All cells were grown in Dulbecco’s modified Eagle’s medium 

(DMEM, Invitrogen), which were grown in Roswell Park Memorial 

Institute (RPMI) 1640 medium (Invitrogen). Media were 

supplemented with glucose 4.5 g/L (Life Technologies), glutamine 2 

mM, penicillin 100 U/mL, streptomycin 100 µg/mL and 10% fetal 

bovine serum (FBS, GIBCO). Cells were maintained at 37ºC in a 

humid atmosphere containing 5% CO2 and 95% air. 

1.1. RWP1 

This cell line comes from a human pancreatic carcinoma and 

present epithelial morphology and well-formed intercellular 

junctions. 

Stable RWP1 mmsnail1-hemagglutinin (HA) clones were generated 

in our laboratory143. Stable expression of snail1 was maintained 

with the antibiotic G418 (500 µg/mL) (Gibco). Expression of HA tag 

was confirmed by Western Blot.  

RWP1 snail1 cells were transfected with pBabe LEF1 NAT using 

Lipofectamine Plus kit (Gibco) according to the manufacturer’s 

instructions. Transfected cells were selected in medium containing 

500 µg/mL G418 (Gibco) and 2.5 ng/mL Puromycin (Gibco).  

Transitory transfections were performed on RWP1 and RWP1 

snail1 cells using Lipofectamine Plus kit (Gibco) according to the 

manufacturer’s instructions. 
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1.2. HT29 M6 

This cell line comes from human colon adenocarcinoma. It presents 

epithelial morphology, high E-cadherin levels and it grows forming 

compact colonies. HT29 M6 cells are a subpopulation of HT29 cells 

selected with methotrexate 10-6M that present mucosecretor 

phenotype. 

Stable HT29 M6 clones for mmsnail1-HA were generated144 and 

maintained in our laboratory. Stable expression of snail1 was 

conserved with the addition of 500 µg/mL G418 (Gibco) to the 

culture medium. 

Generation of HT29 M6 snail1 LEF1 NAT stable expression was 

performed transfecting pBabe LEF1 NAT using Lipofectamine Plus 

reagents (Gibco) according to manufacturer instructions. 

Transfected cells were grown in medium supplemented with 500 

µg/mL G418 (Gibco) and 1.5 ng/mL Puromycin (Gibco). 

1.3. SW480 

This cell line comes from human colon adenocarcinoma and it has 

intermediate morphology. At low confluence presents low E-

cadherin levels, phenotype reverted at high confluence. This cell 

line has a truncated APC, therefore it has the β-catenin/TCF 

pathway highly active. 

SW480 cells were kindly provided by Dr. Alberto Muñoz (Instituto 

de Investigaciones Biomédicas “Alberto Sols”, Consejo Superior de 

Investigaciones Científicas – Universidad Autónoma de Madrid, 

Madrid, Spain). For the generation of E-cadherin transfectant 

clones, SW480-ADH (adherent) cells were transfected with CDH1 

cDNA in the eukaryotic vector pBATEM2 (kindly provided by M. 

Takeichi, Kyoto University, Kyoto, Japan)145. Stable transfectants 
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were obtained after selection with 2 mg/mL G418 and screened by 

Western Blot and immunofluorescence. The clones with higher E-

cadherin expression were selected. 

2. Plasmid construction 

Unless otherwise specified, a general cloning protocol was used to 

perform the constructions detailed here: 

i. Production of the linear insert (a linear piece of the desired 

DNA sequence was obtained either from PCR using Pfx 

Platinium polymerase (Invitrogen) from genomic DNA of HT29 

M6 or RWP1 cells lines. 

ii. Cutting the insert (if needed) and target vector with 

appropriate restriction enzymes 

iii. Ligating the linearized vector and insert together 

iv. Transformation of the completed vector and screening (in the 

DH5α strain of E.coli) 

All linearized vectors were dephospholylated using calf intestine 

phosphatase (CIP) from New England Biolabs (NEB) for one hour at 

37ºC and ligation was performed with T4 ligase (NEB) o/n on 

melting ice. Positive DNAs were confirmed by sequencing. For PCR 

fragments cloned blunt, phosphorylation was performed with T4 

kinase and Forward buffer (Invitrogen) for one hour at 37ªC. If fill-

in was needed, Klenow fragment (NEB) was used, fifteen minutes 

at 37ºC. When needed, DNA was purified either from solution or 

agarose gel (0.5, 1 or 2% depending on the size of the DNA) using 

the GFX PCR DNA and Gel Band Purification kit (GE Healthcare). All 

constructs were verified by enzyme digestion and sequencing (Big 

Dye from Life Technologies). 
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LEF1 constructs 

Sequence of LEF1 locus is attached in Annex 1 (LEF1 locus -

2000/+1000). All numeration is referred to the Translational Start 

Site of the full-length protein (position +1. NP_057353.1). 

Oligonucleotides used for cloning are shown in Table M1. 

Construct LEF1 NAT 

fragment 

+enzymes 

Oligonucleotide 

(5’-3’) 

pGL3 

LEF1 NAT 

promoter 

+857/+66 
HindIII 

S CCCAAGCTTGCTCTCCGGAGGAGGTGGCGG 

AS CCCAAGCTTGGCCTGATCCGGTCCCAAACCC 

pGL3 LEF1 

promoter 
-1856/+58 
KpnI/SmaI 

S ATGCGGTACCCTTGTCTCCAAAGAGCG 

AS TGGCGCAGAGTTCCGG 

pBabe 

LEF1 NAT 
+58/-1856 

EcoRI 

S TGGCGCAGAGTTCCGG 

AS ATGCGGTACCCTTGTCTCCAAAGAGCG 

 

 

pcDNA3 

LEF1 NAT 

+58/-1856 
EcoRV 

S TGGCGCAGAGTTCCGG 

AS ATGCGGTACCCTTGTCTCCAAAGAGCG 

+243/-1856 
HindIII/KpnI 

S ACCAAAGCTTCTCTCGGAACTGGGGCAG 

AS ATGCGGTACCCTTGTCTCCAAAGAGCG 

pcDNA3 

spliced NAT 

+213/-8660 
KpnI/XhoI 

S CATTGGTACCCTCGTGTCCGTTGCTGGC 

AS GTTTCTCGAGGATGCTCTAGGTTGGTTTATTTAC 

 

 

 

 

 

 

 

pcDNA3 

NAT 

fragments 

-1459/-1856 
EcoRV 

S CCACCGAAAGGCACGC 

AS ATGCGGTACCCTTGTCTCCAAAGAGCG 

-754/-1856 
EcoRV 

S GATCTCGAGTTGCCAAGAATAAAGTTTTTGCC 

AS ATGCGGTACCCTTGTCTCCAAAGAGCG 

-387/-1856 
EcoRV 

S GGTTCTGGAGGGAGCACG 

AS ATGCGGTACCCTTGTCTCCAAAGAGCG 

+1/-405 
HindIII/EcoRV 

S TTTAAGCTTCCCGGCGGCTCTG 

AS CGTGCTCCCTCCAGAACC 

+1/-879 
HindIII/EcoRV 

S TTTAAGCTTCCCGGCGGCTCTG 

AS CTTACGCGTCCGGGCAGAGGCATTT 

+1/-1463 
EcoRV 

S TTTAAGCTTCCCGGCGGCTCTG 

AS GTGGGTTATAAGCAGCCCCG 

Table M1. Oligonucleotides used for cloning LEF1 constructs. S: Sense, 

AS: Antisense 
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• LEF1 NAT promoter +857/+66 was cloned using 

oligonucleotides corresponding to the sequences +841/+857 

and +66/+82 both provided with a HindIII sites. The fragment, 

after digestion with HindIII, was inserted in pGL3109, previously 

digested with HindIII. Correct direction of the insert was 

checked by sequencing. 
 

• LEF1 promoter -1856/+58 was cloned using oligonucleotides 

corresponding to the sequences -1837/-1856 and +37/+58 that 

contained restriction sites for KpnI and SmaI enzymes, 

respectively. The fragment was inserted in pGL3, in KpnI/SmaI 

sites. 
 

• The expression plasmid pBabe LEF1 NAT was obtained by 

inserting the +58/-1856 amplification product in the EcoRI site 

of pBabe-Puro (Addgene) (previously re-filled to have blunt 

ends). Correct direction of the insert was checked by 

sequencing. 
 

• The pcDNA3 LEF1 NAT +58/-1856 vector was obtained with 

+58/-1856 amplification product in the EcoRV site in pcDNA3 

vector. Correct direction of the insert was checked by 

sequencing. 
 

• The pcDNA3 LEF1 NAT +243/-1856 vector was cloned using 

oligonucleotides corresponding to sequences +243/+225 and -

1837/-1856 that contained restriction sites for HindIII and KpnI, 

respectively. The fragment was inserted in pcDNA3, in 

HindIII/KpnI sites. 
 

• The expression plasmid pcDNA3 spliced NAT +213/-8660 was 

cloned from RNA of SW480 control cells. Oligonucleotides for 

the sequences +213/+195 with KpnI site and -8660/-8636 with 

XhoI site were used of semi-quantitative RT-PCR. Different 

length products were obtained and the shorter one was used as 



 
 

94 
 

M
A

T
S

&
M

E
T

H
S

 

it was the more abundant when detected by RT-PCRs. The 

product was 517 bp long, corresponding to +213/-68, -5652/-

5753 and -8523/-8660 (checked by sequencing). The insert and 

pcDNA3 vector were digested with KpnI and XhoI for cloning. 
 

• The different NAT deletions were constructed using 

oligonucleotides corresponding to the sequences -18/+1, -369/-

387, -754/-769, -1439/-1459 as sense oligos; and -1837/-1856, -

1463/-1445, -879/-859, -405/-382 as reverse oligos. 

Amplification products were obtained using high-fidelity Pfx 

Platinium polymerase (Invitrogen), isolated and inserted in a 

pcDNA3 vector digested with EcoRV. In the case of constructs 

+1/-405 and +1/-879, inserts where digested with HindIII and 

pCDNA3 vector, opened with EcoRV and HindIII. 

Other vectors 

pGL3 CDH1 promoter and pcDNA3 snail1 vectors were cloned as 

described in Batlle et al. (2000)105. pGL2 HES1 promoter vector was 

obtained from Alain Israel lab146. 

TK Renilla (pRL-TK, Promega, E2241) and SV40 Renilla (pRL-SV40, 

Promega, E2231) were used as internal controls of transfection in 

luciferase assays. 

Solutions 

Luria-Bertani (LB): 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl 

LB-agar: LB, 1.5% agar (w/v) 

Antibiotics: 0.05 mg/mL ampicillin 

TAE: 40 mM Tris pH 7.6, 9.4 mM acetic acid, 1mM EDTA 

Sample buffer for DNA (10x): 16.7 mM Tris-HCl pH 7.5, 83.3 mM EDTA, 
16.7 Ficoll 400, 0.6 % orange green 
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3. Transcript analysis 

RNA was extracted with TrizolTM method and treated with Turbo 

DNAse-free
TM kit (Ambion) (DNAse treatment was for at least 30 

minutes). RNA was quantified using Thermo Scientific NanoDropTM 

1000 Spectophotometer.  

For semi-quantitative analysis 250 ng to 1 µg of RNA were used in 

reactions performed with One Step RT-PCR kit (Qiagen) and 

oligonucleotides corresponding to sequences described in Table 

M2. Expression levels of transcripts were also calculated by RT-

qPCR. Retrotranscription was performed with Transcriptor First 

Strand cDNA Synthesis Kit (Roche) and quantitative PCR with SYBR 

Green (Roche Diagnostics). RNA levels were determined 

quantitatively in triplicate using the indicated primers (Table M2) 

on a LightCycler®480 Real-Time PCR System (Roche). All 

quantifications were normalized to an endogenous control 

(Hipoxanthine-guanine phosphoribosyl transferase, HPRT; or 

Pumilio). The relative quantification value for each target gene 

compared with the calibrator for that target is expressed as 2^(Ct-

Cc) (Ct and Cc are the mean threshold cycle differences after 

normalizing to HPRT or Pumilio). Products from both semi-

quantitative RT-PCRs and RT-qPCRs were loaded in 2% agarose gels 

to check that fragment size was that expected and the identity of 

the amplified fragments was verified by sequencing. 

Figure Gene Position in 

LEF1 locus 

Oligonucleotide  

(5’-3’) 

 
 
 

1 

CDH1 NAT  S CACACGCTGACCTCTAAGG 

AS GGTCGGGAGTTTGGGAC 

PTEN NAT  S GGGGGCTTTAACTGTAGTATTTGG 

AS GGGATGAGGCATTATCCTGTACAC 

FN1 NAT  S CCACTATTTACTATTCTGAATGTCAC 

AS GAATGTTAATTGCCCAATTGAG 

Twist NAT  S GCAGGAGAGAGTAAGAGATGAAGAG 

AS GCATGCATTCTCAAGAGGTC 
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Figure Gene Position in 

LEF1 locus 

Oligonucleotide  

(5’-3’) 

 HPRT  S GGCCAGACTTTGTTGGATTTG 

AS TGCGCTCATCTTAGGCTTTGT 

Pumilio  S CGGTCGTCCTGAGGATAAAA 

AS CGTACGTGAGGCGTGAGTAA 

3,6,7 CDH1 mRNA  S GAACGCATTGCCACATACAC 

AS ATTCGGGCTTGTTGTCATTC 

3,6,7, 
10,13 

LEF1 mRNA +132/+2614 
* 

S CGAAGAGGAAGGCGATTTAG 

AS GTCTGGCCACCTCGTGTC 

3 LEF1 sense +3864/+4048 S CATCTGGTTTGCTGCTAAGCTA 

AS CAATGATGCACTGACTTCCCTTT 

3,7,8  
 
 
 
 
 
 
 
 
 
 
 

LEF1 NAT 

-11/-8596 S TCTGTAATCTCCGCTCCGCT 

AS CACTGTGCCTGTGTAGGATGTG 

3,7 -11/-391 S TCTGTAATCTCCGCTCCGCT 

AS GCGTGCTCCCTCCAGAA 

 
3 
 

-769/-1856 S TTGCCAAGAATAAAGTTTTTGCC 

AS GTACCCTTGTCTCCAAAGAGCG 

+4/-953 S TCCCGGCGGCTCTG 

AS GCCGGCGAGCCAGG 

1,3,6,7,
13,25 

+213/+60 S CCTCGTGTCCGTTGCTG 

AS GACGAGATGATCCCCTTCAAG 

 
 
 
 
 
 

3 

-1562/-3057 S CACTCCTTTTCCTCTGCCAGTC 

AS CTGCATTTTCCACTTGTTTTCC 

-4004/-4850 S CAATTGCTAGGGGCTGGCT 

AS CCGAGCTACAGACGCCAA 

-2097/-2205 S AAAGGACTCAGGAGAGCAAAGC 

AS GGAGACTGGGGAATTTTTGAGG 

-2950/-3057 S CAGAGAGGTGAACGTGTAGCTG 

AS CTGCATTTTCCACTTGTTTTCC 

-5790/-5911 S AGCTGGATCTGAAATGTGAATTGA 

AS CACAGAAAAGAGTCAAAGGGAGC 

-6738/-6872 S GGGACAGTGTTACGCTCTCG 

AS ACGAGTTAAGGCACATTCACCC 

-7831/-7933 S GGTCTCAAATTTCAAACCTCAGG 

AS GGACATTTGGGAAAAGGTACATTG 

4,5 -1562/-1688 S CACTCCTTTTCCTCTGCCAGTC 

AS CTCCCCACTGTCAGAGCATCT 

7 -251/-384 S GAGGCCGAAGGGCACT 

AS TTCTCCGCGCGCAAAT 

6,7,8 -11/-113 S TCTGTAATCTCCGCTCCGCT 

AS GCACGAACCCTTCCAACTCT 

Table M2. Oligonucleotides used for transcript analysis. *Note that LEF1 

mRNA oligonucleotides correspond to the following sequences: +132/+151 for 

the sense oligo and +206/+216_+2603/+2614 for the antisense oligo (two exons 

are overlapped).  
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For oligo-specific semi-quantitative RT-PCRs, the reverse 

oligonucleotide was added at the beginning of the reaction, for the 

retrotranscription. Just before the PCR cycles started, the forward 

oligonucleotide was added to the reaction. 

Nuclear/cytoplasmic RNA extraction 

Cells were washed twice with PBS and scrapped in 200 µl of Soft 

Lysis Buffer (see ChIP buffers). Extracts were centrifuged at 3000 

rpm for 10 minutes at 4ºC. Supernatant (cytoplasm) was separated 

in a new eppendorf and Trizol was added to extract cytoplasmic 

RNA. Pellet was resuspended again with 200 µl of Soft Lysis Buffer, 

centrifuged again and supernatant was discarded. Trizol was added 

to the pellet to extract nuclear RNA.  

RNA stabilization (Actinomycin D treatment) 

RWP1 snail1 cells were transfected with pBabe LEF1 NAT or an 

empty vector. 24 hours after transfection actinomycin D was added 

at 2 µg/mL concentration and cells lysed for RNA extraction at 2, 5, 

8 and 12 hours after the addition of the drug. A sample was taken 

without addition of actinomycin D as control. RNA was extracted 

with Trizol method. 

4. Luciferase reporter assays 

Reporter assays were performed using 100-400 ng of the indicated 

constructs containing the different reporter vectors pGL3*109  

plasmid (named pGL3 in all thesis). Transfections were performed 

using Lipofectamine Plus kit (Gibco) according to the 

manufacturer’s instructions. 10 ng pRenilla-TK luciferase or 1 ng 
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pRenilla-SV40 was also cotransfected to control efficiency of 

transfection. Expression of Firefly and Renilla luciferases was 

analyzed 48 hours after transfection according to the 

manufacturer’s instructions (Promega).  

5. Western Blot 

Total cell extracts were prepared by homogenizing cells in 1% SDS 

buffer after two washes with phosphate buffered saline (PBS). 

After passing cell extracts through a 20-gauge syringe, extracts 

were centrifuged at 20000 g for 5 minutes. Protein concentration 

from supernatants was determined by Lowry (Bio-Rad DC
TM 

Protein Assay). 

Protein was loaded in sodium dodecyl sulfate 10% polyacrylamide 

gel electrophoresis (SDS-PAGE) and gels were run in TGS buffer 

(see Western Blot solutions). Proteins were transferred to a 

nitrocellulose membrane (Protran) for 75 minutes using Transfer 

Buffer (TB). Membranes were blocked with 5% non-fat milk in TBS-

T buffer (25mM Tris-HCl pH 7.5, 137 mM NaCl, 0.1% Tween20) for 

one hour. Primary antibody was added to fresh blocking solution 

and incubated o/n at 4ºC. Antibodies used are listed in Table M3. 

Protein detected Commercial Provider Code 

LEF1 Cell Signalling 2230S 

Pyruvate Kinase Chemicon  AB1235 

HA Roche/Sigma H6908 

E-cadherin BD-Biosciences 612131 

Ezh2 Hybridome Supernatant 107 

Suz12 Hybridome Supernatant 107 

Table M3. Antibodies used for Western Blot. 
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After three ten minutes washes with TBS-T, secondary antibody 

peroxidase-combined (HRP) was incubated (in fresh blocking 

solution) for one hour at Room Temperature. Three more ten 

minutes washes were performed with TBS-T. Membranes were 

developed using substrate for HRP Enhanced ChemiLuminiscene, 

ECL, either incubating PIERCE® ECL Western Blotting substrate for 

one minute or Supersignal® West Dura Extended Duration 

substrate for five minutes. Membranes were exposed on Agfa-

Curix autoradiographic films.  

Solutions 

1% SDS lysis buffer: 1% SDS, 10 mM EDTA, 50 mM Tris pH 8.0 

TGS: 25 mM Tris pH 8.3, 192 mM Glycine, 5% SDS 

Transfer Buffer: 50 mM Tris, 386 mM Glycine, 0.1% SDS 

Sample buffer for proteins (Laemmli, 1x): 60 mM Tris-HCl pH 6.8, 2% 
SDS, 5% β-mercaptoethanol, 0.005% Bromophenol blue, 5% Glycerol 

TBS: 25 mM Tris-HCl pH 7.5, 137 mM NaCl 

TBS-T: TBS, 0.1% Tween20 

Ponceau: 0.5% Ponceau (w/v), 1% Glacial acetic acid 

SDS-PAGE recipie Resolving Stacking 

% polyacrylamide 10 4 

H2O 4.9 mL 6 mL 

Tris-HCl 1.5M pH 8.8 2.5 mL - 

Tris-HCl 0.5M pH 6.8 - 2.5 mL 

10% SDS 100 µl 

Acrylamide/bisacrylamide 

(37.5:1) 

2.5 mL 1.4 mL 

10% APS 40 µl 

TEMED 20 µl 

Final volume 10 mL 

Table M4. Reagents used to prepare polyacrylamide gels.  
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6. Chromatin Immunoprecipitation (ChIP) 

Cells seeded in 150-mm-diameter plates were washed twice with 

phosphate buffered saline (PBS) pre-warmed at 37ºC and 

crosslinked with 1% formaldehyde in DMEM for 10 minutes at 

37ºC. Reaction was stopped by adding 250 µL of glycine 2.5 M 

(0.125 M final concentration) and incubating for 2 more minutes. 

Cells were washed twice with cold PBS and 1 mL of Soft Lysis Buffer 

(with Protease inhibitor cocktail, Complete Mini, Roche) was added 

to the plates on ice. After scrapping, lysates were centrifuged for 

15 minutes at 3000 rpm at 4ºC. Supernatant was discarded, pellet 

resuspended in SDS lysis buffer and sonicated to generate 

fragments of DNA from 200 to 500 bp (40% amplitude in Bransol 

DIGITAL Sonifier® UNIT Model S-450D sonicator, 10 pulses of 10 

seconds). 

Lysates were incubated for 20 minutes on ice and centrifuged at 

maximum speed for 10 minutes. Protein concentration was 

determined by Lowry (Bio-rad) and the desired amount of protein 

per immunoprecipitation (IP) was diluted in Dilution Buffer (1:10). 

Pre-clearing was performed to reduce background with IgGs 

(Dako), salmon sperm (Ambion) and BSA (bovine serum albumin) 

blocked protein A or G (Upstate) for 3 hours at 4ºC and agitation. 

Samples were then centrifuged at 2000 rpm, input was stored at 

4ºC and samples for IP divided and incubated either with specific 

antibody (Table M5) or irrelevant antibody of the same specie 

overnight at 4ºC and agitation. 

Antibody against Commercial Provider Code 

H3K4me2 Millipore 07-030 

H3K27me3 Diagenode Ls-069-100 

Suz12 Hybridome supernatant107 

Ezh2 Hybridome supernatant107 

Table M5. Antibodies used for ChIP analyses. 
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Blocked beads were added to each sample and incubated for one 

more hour at 4ºC. 

Five washes were performed with each Low Salt Buffer, High Salt 

Buffer, LiCl Buffer and TE Buffer (see below). Samples were eluted 

after centrifuging them to eliminate all traces of buffer and 

incubating the remaining beads with Elution Buffer at 37ºC for 30 

minutes. DNA was recovered by centrifugation (5 minutes at 2000 

rpm). Decrosslinking was performed incubating samples at 65ºC 

overnight. After one hour digestion with proteinase K (Roche), DNA 

was purified by the GFX PCR DNA and Gel Band Purification kit (GE 

Healthcare). DNA fragments were analyzed using quantitative PCR. 

Promoter regions were detected by qPCR with LightCycler®480 

Real-Time PCR System (Roche), using the oligonucleotides in Table 

M6. Data collection was performed with the LightCycler®480 

System. The ChIP results were quantified relative to the input 

amount. 

DNA amplified Amplicon Oligonucleotide (5’-3’) 

LEF1 promoter -951/-750 CTCGAGCCGGGAACAAAGA 

GGGAAGAGAAAGAGAAGTTTGCC 

NAT promoter +266/+433 CAGAGAGGGAGGAAGGGAAC 

CCCCTCTACCTCCCATCCTA 

Control 

sequence 

+3864/+4048 CATCTGGTTTGCTGCTAAGCTA 

CAATGATGCACTGACTTCCCTTT 

Table M6. Oligonucleotides used to analyze the DNA fragments in ChIP 

experiments. 

Solutions 

Soft Lysis Buffer: 50 mM Tris pH 8.0, 10 mM EDTA, 0.1% Nonidet P-40, 
10% glycerol, Protease inhibitor cocktail (Complete Mini, Roche), 
Phosphatase Inhibitors (20 mM sodium fluoride phosphatase (NaF), 0.5 
mM sodium orthovanadate (NaOV) and 2.5 mM sodic butyrate) 

SDS Lysis Buffer: 1% SDS, 10 mM EDTA, 50 mM Tris pH 8.0 
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Dilution Buffer: 0.01% SDS, 1.1% Triton X-100, 16.7 mM Tris pH 8.0, 1.2 
mM EDTA, 167 mM NaCl 

Low Salt Buffer: 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris pH 
8.0, 150 mM NaCl 

High Salt Buffer: 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris pH 
8.0, 500 mM NaCl 

LiCl Buffer: 250 mM LiCl, 1% Nonidet P-40, 1% Sodium deoxycholate 
(NaDOC), 1 mM EDTA, 10 mM Tris pH 8.0 

Elution Buffer: 100 mM Na2CO3, 1% SDS  

7. Chromatin Isolation by RNA Purification 

(ChIRP) 

RWP1 cells were transfected with pGL3 LEF1 promoter when 

indicated and in vitro synthesized biotinylated NATs or irrelevant 

RNAs. pGL3 CDH1 promoter105 was alternatively transfected as 

control when indicated. Cells were crosslinked with formaldehyde 

as for the ChIP assays and chromatins were prepared with ChIP 

buffers with RNAse out (Fermentas) for preserving RNAse free 

conditions. Fragmentation of the chromatin was performed with 

Bransol DIGITAL Sonifier® UNIT Model S-450D sonicator as in ChIP 

in Figures R18, R19 and R20. In Figure R21, fragmentation of the 

chromatin was performed with Biorruptor (Diagenode). 

Anti-biotin antibody (Sigma) and protein A-agarose were used to 

immunoprecipitate biotinylated RNAs.  Samples were washed with 

ChIP buffers with RNAse out (Fermentas), treated with elution 

buffer and purified as for ChIP assays. The presence of the 

amplicons -1806/-1626, -1306/-1188 and -904/-703 (corresponding 

to LEF1 promoter), +3864/+4048 (corresponding to a downstream 

region in LEF1 mRNA, when endogenous LEF1 promoter was 

detected) and +570/+744 (corresponding to Luciferase, when 

exogenous LEF1 promoter was detected) was measured by qPCR. 
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The sequence of the Luciferase amplicon corresponds to 

+483/+657 with respect to Luciferase translation start site. 

DNA amplified Amplicon Oligonucleotide (5’-3’) 

 

 

LEF1 promoter 

-1806/-1626 AACTCTCTTTTCCTTGTCCTTCTG 

GCAGAGGGAGGAAGATGAAA 

-1306/-1188 AGACTCGTCCTACAGGATCTGG 

CGCTGAAAAGCTACCCACTT 

-904/-703 ACTGAGTGTGTGTGTCGGCT 

ATCTGCTAGAGAAGGAGGAGGAG 

Control 

sequence 

+3864/+4048 CATCTGGTTTGCTGCTAAGCTA 

CAATGATGCACTGACTTCCCTTT 

Luciferase +570/+744 GCACATATCGAGGTGGACATC 

CGCAACTGCAACTCCGAT 

CDH1 

promoter 

 AACCCTCAGCCAATCAGCGG 

GTTCCGACGCCACTGAGAGG 

Table M7. Oligonucleotides used to analyze the DNA fragments in 

ChIRP experiments. 

8. RNA Immunoprecipitation (RIP) 

RWP1 snail1 LEF1 NAT cells were washed with cold PBS and lysed 

with Polysomal Lysis Buffer (see below). When indicated, cell 

extract (500 µg) was treated with 400 units of the nucleases DNAse 

Turbo, RNAse H, RNAse V1 or RNAse A1 (Ambion), in a final volum 

of 1 mL. Cell extracts were pre-cleared with irrelevant IgGs, and 

protein G-magnetic beads previously blocked with salmon sperm (1 

mg/mL), poly dI-dC (1 µg/mL) and BSA (100 µg/mL). 

Immunoprecipitation was carried out with hybridome 

supernatants from Suz12 and Ezh2 and with irrelevant 

immunoglobulin G (Sigma/DAKO) o/n at 4ºC with agitation. Binding 

was performed with protein G-magnetic beads for one hour at 4ºC 

with agitation. After 5 washes with NT2 Buffer (see below), RNA 

was extracted using Trizol (Invitrogen) method. Transcripts were 
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analyzed by RT-PCR of RT-qPCR using procedures described in the 

Transcript analysis section. RIP results were quantified relative to 

the input amount. 

Solutions 

Polysomal Lysis Buffer:  100 mM KCl, 5 mM MgCl2, 10 mM Hepes pH 7.0, 
0.5% Nonidet P-40, 1 mM DTT, 100 units/mL RNAse out (Fermentas), 
Protease inhibitor cocktail (Complete Mini, Roche) 

NT2 Buffer: 50 mM Tris HCl pH 7.4, 150 mM NaCl, 1 mM MgCl2, 0.1% 
Nonidet P-40, 100 units/mL RNAse out (Fermentas), Protease inhibitor 
cocktail (Complete Mini, Roche) 

9. In vitro transcription 

pcDNA3 LEF1 NAT plasmids were linearized using XbaI, located at 

the end of the polylinker. pcDNA3 Cre plasmid was also linearized 

using XbaI. pcDNA3 YBX1 plasmid was linearized using XhoI, also at 

the end of the polylinker. pcDNA3 empty vector was linearized 

with SmaI to generate a RNA fragment of 900 bp.  

Transcription reactions were performed using T7MEGAscript kit 

(Ambion). When indicated, RNAs were biotinylated adding 30% 

biotin 16-UTP (Ambion) to the reaction. 

10. Biotinylated Oligo Pull-down Assay (BOPA) 

Biotinylated-DNA pull-down assays (DNA-BOPA) were carried out 

using a biotinylated DNA fragment corresponding to the LEF1 

promoter (-1856/+58). It was generated by high fidelity Pfx 

polymerase (Invitrogen) PCR using the corresponding DNA as 

template with the same specific oligonucleotides used for cloning, 

with a 5’-biotin label on the sense primer. PCR products were 
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loaded in 1% agarose gels and purified using GFX PCR DNA and gel 

band purification kit (Amersham). 

In Figure R24A, RWP1 snail1 cells were transfected with pBabe 

empty or pBabe LEF1 NAT. Cells were lysed with Polysomal Lysis 

Buffer (see RIP assays) and diluted in binding buffer (20 mM Hepes 

pH 7.6, 150 mM KCl, 3 mM MgCl2, 10% glycerol, 3 mg/ml BSA, 0.2 

Triton X-100, 20 µg/ml poly dI-dC, 1 mM DDT, plus protease and 

RNase inhibitors). Pre-clearing was performed by incubating with 

protein G-agarose blocked with salmon sperm (1 mg/mL) and 

mouse IgG (10 µg/mL). After pre-clearing, samples (500 µg) were 

incubated 4 hours in binding buffer with the DNA-biotinylated 

probes (2 µg) and antibody against biotin (20 µg/mL) in a final 

volume of 1 mL. Samples were pulled-down with protein G-

agarose, washed with binding buffer supplemented with 0.1% 

Tween-20 and analyzed by Western Blot for Suz12. 

In Figure R24B, RWP1 snail1 cells were lysed with Polysomal Lysis 

Buffer and diluted in binding buffer. Pre-clearing was performed by 

incubating with protein G-agarose blocked with salmon sperm (1 

mg/mL) and mouse IgG (10 µg/mL). After pre-clearing, samples 

(500 µg) were incubated 4 hours in binding buffer with the DNA-

biotinylated probes (2 µg), in vitro synthesized RNA (4 µg), and 

antibody against biotin (20 µg/ml) in a final volume of 1 mL. 

Samples were pulled-down with protein G-agarose, washed with 

binding buffer supplemented with 0.1% Tween-20 and analyzed by 

Western Blot for Ezh2. 

RNA-BOPA was performed using biotinylated LEF1 NAT, generated 

by in vitro transcription adding biotin16-UTP (Ambion) to the 

reaction. HT29 M6 cells were lysed with Polysomal Lysis Buffer. Cell 

extracts were incubated with 6 µg of biotinylated NAT, biotinylated 

irrelevant RNA or with no RNA. pGL3 LEF1 promoter was added in 

the reaction when indicated. The procedure was as described for 

DNA-BOPA. Immunoprecipitation was performed with anti-biotin 
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antibody, the pull-down with protein G-agarose and the presence 

of PRC2 subunits was analyzed by Western Blot. 

11. Migration assays 

HT29 M6 snail1 and RWP1 snail1 cells were transfected using 6 µg 

of pBabe LEF1 NAT or empty vector according to Fugene HD 

manufacturer’s instructions and selected for stable expression 

using Puromycin (Life Technologies). 

Two dimension (2D) cell migration assays were performed seeding 

cells at high confluence in 24-well plate. Once cells were attached, 

a scratch was performed using Essen 24-well wound maker (Essen 

Bioscience). Cells were washed three times with PBS and plate was 

incubated with complete media in Incucyte Essen (Essen 

Bioscience) where three high definition phase contrast image of 

the same area were taken each two hours. Using Incucyte Essen 

software images were analyzed measuring changes of position of 

cell frontline in each image and represented as average of three 

different replicates respect to each time point. Error bars depict 

standard error of the mean. 

12. Proliferation assays 

HT29 M6 snail1 and RWP1 snail1 cells were transfected using 6 µg 

of pBabe LEF1 NAT or empty vector according to Fugene HD 

manufacturer’s instructions and selected for stable expression 

using Puromycin (Life Technologies). 

Proliferation assays were performed seeding equal amount of cells 

at low confluence in a 96 well plate. Once cells were attached, 

plate was incubated in Incucyte Essen (Essen Bioscience) where 
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three high definition phase contrast image of the same area were 

taken each two hours. Using Incucyte Essen software, images were 

analyzed for calculating average confluence in each image and 

represented as average of three different replicates respect to 

each time point. Error bars depict standard error of the mean. 

13. Microarrays 

RWP1 snail1 cells were transfected using 6 µg of pBabe LEF1 NAT 

or empty vector according to Fugene HD manufacturer’s 

instructions and selected for stable expression using Puromycin 

(Life Technologies). RNA extraction was performed using Trizol 

(Invitrogen) and samples were treated with DNAse Turbo (Ambion) 

to avoid DNA contamination. RNA integrity was analyzed with 

Bioanalyzer 2100. Microarrays were performed on Human Gene 

1.0 ST (Affymetrix®). Samples were processed according to Manual 

Ambion® WT Expression (P/N 4425209 Rev.B 05/2009) 

(Ambion/Applied Biosystems, Foster City, CA, USA) and to Manuals 

of Affymetrix WT Terminal Labeling and Hybridization User Manual 

(P/N 702808 Rev.1) and Expression Wash, Stain and Scan User 

Manual (P/N 702731 Rev. 3) (Affymetrix Inc., Santa Clara, CA, USA).  
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LEF1 locus (-2000/+1000) 

-2000 CACAACTCTCCGTACATCCCGTGGTGAGAACAGAATGAAAGATATATTGT -1951  

-1950 TTAAAAAGCAATAATTAAAATCTAGTCTTCAGTTCCTTCTTCCTCGTCAT -1901 

-1900 ATTTTTTCTCCGTAAGCCTAGAGATTTTATTTTCACTAGTGTGTTCCCTT -1851 

-1850 GTCTCCAAAGAGCGTGTGTGTGATATTATATTCGGGAAAGCTACAACTCT -1801 

-1800 CTTTTCCTTGTCCTTCTGTTCTCTCTTAATAGTTGAGCAATGTCTGTTAT -1751 

-1750 ATTTTCCCCTTTTCCTTTTTTTCTCAGTCCCAGATTCCCGCCTCTCCCCA -1701 

-1700 CTGTCAGAGCATCTATCAATGTGGTGTCCATCACAGCGGCAGCGGCTTTC -1651 

-1650 TCTTTCATCTTCCTCCCTCTGCCAGAGCCAGGGAGGGAGAGTGGGAGGCG -1601 

-1600 TCAAGGAGGTAGGGGAGAGACTGGCAGAGGAAAAGGAGTGGGTGGGTGGG -1551 

-1550 GGCCAAGTAAATAGATACTTAGATGATGAAGTCAAGCCACTGCGGCAATG -1501 

-1500 TTTCTTGTCAGTTTCACGCGGGCAAAGCGTGCCTTTCGGTGGGTTATAAG -1451 

-1450 CAGCGCCCGGTCCTTCCTTCTCTCGCCAAGTTGCCTGATCCTTCCCTCCA -1401 

-1400 GGCGCGCGCGCACACACCACACTCACACACCCCAAAACCAAGACTCGTCC -1351 

-1350 TACAGGATCTGGGAAAAGAAAAAGAAAAAAAAGCCCTCAATCACCACCTC -1301 

-1300 CTTCTCGCCGACTCCCCCTCACCCCCCGCCTCCCCTCCAGCGGGCAGCCA -1251 

-1250 AGGAGAGCTAGAGGCGGGGGAGGGGAGAGGGAGGAGAAGCGACGCAAGTG -1201 

-1200 GGTAGCTTTTCAGCGCCGGCGAGGCGCGGGAGGAGGAGAAGCAGTGGGGA -1151 

-1150 GGCGCAGCCGCTCACCTGCGGGGCAGGGCGCGGAGGAGGGACCCGGGCTG -1101 

-1100 CGCGCTCTCGGGCCGAGGAACCAGGACGCGCCCGGAGCCTCGCACGCGGC -1051 

-1050 CAAGCTCGGGGCGTCCCCTCCCCTCGGCCGGGCGAACTCAAGGGGCGCAG -1001 

-1000 CTCTTTGCTTTGACAGAGCTGGCCGGCGGAGGCGTGCAGAGCGGCGAGCC -951 

-950  GGCGAGCCAGGCTGAGAAACTCGAGCCGGGAACAAAGAGGGGTCGGACTG -901 

-900  AGTGTGTGTGTCGGCTCGAGCTCCGGGCAGAGGCATTTGGGCCCGAGGCC -851 

-850  CCCGCTGTGACTCCCCGAGACTCCGCAGTGCCCTCCACTGCGGAGTCCCC -801 

-800  GCGCTTGCCGGCAAAAACTTTATTCTTGGCAAACTTCTCTTTCTCTTCCC -751 

-750  CTCCTCCTCGGCCCCCATCTTCTGCTCCTCCTCCTTCTCTAGCAGATTAA -701 

-700  ATGAGCCTCGAGAAGAAAAACCGAAGCGAAAGGGAAGAAAATAAGAAGAT -651 

-650  CTAAAACGGACATCTCCAGCGTGGGTGGCTCCTTTTTCTTTTTCTTTTTT -601 

-600  TCCCACCCTTCAGGAAGTGGACGTTTCGTTATCTTCTGATCCTTGCACCT -551 

-550  TCTTTTGGGGCAAACGGGGCCCTTCTGCCCAGATCCCCTCTCTTTTCTCG -501 

-500  GAAAACAAACTACTAAGTCGGCATCCGGGGTAACTACAGTGGAGAGGGTT -451 

-450  TCCGCGGAGACGCGCCGCCGGACCCTCCTCTGCACTTTGGGGAGGCGTGC -401 

-400  TCCCTCCAGAACCGGCGTTCTCCGCGCGCAAATCCCGGCGACGCGGGGTC -351 
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-350  GCGGGGTGGCCGCCGGGGCAGCCTCGTCTAGCGCGCGCCGCGCAGACGCC -301 

-300  CCCGGAGTCGCCAGCTACCGCAGCCCTCGCCGCCCAGTGCCCTTCGGCCT -251 

-250  CGGGGGCGGGCGCCTGCGTCGGTCTCCGCGAAGCGGGAAAGCGCGGCGGC -201 

-200  CGCCGGGATTCGGGCGCCGCGGCAGCTGCTCCGGCTGCCGGCCGGCGGCC -151 

-150  CCGCGCTCGCCCGCCCCGCTTCCGCCCGCTGTCCTGCTGCACGAACCCTT -101 

-100  CCAACTCTCCTTTCCTCCCCCACCCTTGAGTTACCCCTCTGTCTTTCCTG -51 

-50   CTGTTGCGCGGGTGCTCCCACAGCGGAGCGGAGATTACAGAGCCGCCGGG -1 

+1    ATGCCCCAACTCTCCGGAGGAGGTGGCGGCGGCGGGGGGGACCCGGAACT +50 

+51   CTGCGCCACGGACGAGATGATCCCCTTCAAGGACGAGGGCGATCCTCAGA +100 

+101  AGGAAAAGATCTTCGCCGAGATCAGTCATCCCGAAGAGGAAGGCGATTTA +150 

+151  GCTGACATCAAGTCTTCCTTGGTGAACGAGTCTGAAATCATCCCGGCCAG +200 

+201  CAACGGACACGAGGTGAGCGGGCCGCTGCCCCAGTTCCGAGAGGCGTGGC +250 

+251  GGGTCCCTGGGAAACTCAGAGAGGGAGGAAGGGAACGAAGGCGCCCGGCC +300 

+301  GCCCGGCTGAGGGTCCCGAGTAGATCCCTCGTTTGTTTTGGGGTGTGTGC +350 

+351  GTAGCTGGGCCCCCGGTCCGCAGTGTGTGTGTGTGTGTGTGTGTGTGTGT +400 

+401  GTGTGTGTGTGTGTGTAGGATGGGAGGTAGAGGGGCAGGGTAACTTATTC +450 

+451  CAAATGGATCAGTTTAGGGGGTTCGGTGGCTGAACGGTTGGTTCGCGGGC +500 

+501  AGGAACCCACAATGTTTCGCCTTCGGTCTTTTTGTTGGGCTGAGGGGTGC +550 

+551  CGTGCTTTAAAGCGAGTAGGGCTGAATAACGCTACTGATAAATTCTTCCG +600 

+601  TGGGACGGAAAACAAAGTGCACACGCTATCTCTTGGTAGATGTCTCTGCA +650 

+651  AAAGTGCGTTAAACCACCAAAGGCTTAGGTGGAGACGAGCAGAGCCACAG +700 

+701  GCGGGAGGAAGGGGAGGCGGGCGTGGGCTGGGGCAGGCGGGGCCGTCCCT +750 

+751  ACCACCGGTGAGCCGGGCCGCGGGGAGCAGGCCGGCCGATGGGGCGCGCA +800 

+801  CCCGGGCTGCGGGGGCGGTGCGGGGTTCAGTCCCTGCGGCCCCAGCGCCT +850 

+851  GGGCTAGCAGCTGGGAGCTGTGGGTGCGCCGAGCCGACCCACCGCAAGGG +900 

+901  TACACCCTGGCTGTACCGCCCCCAACTCTAGTTTTCTCCAACCGCCATCA +950 

+951  CTTGGAAACAAACCCACAACTTTTATTTGGGGTTTGGGACCGGATCAGGC +1000 

 

 

A  LEF1 mRNA Transcription Start Site  -1189      

 

A LEF1 Translational Start Site   +1                         

 

G    LEF1 NAT Transcription Start Site      +243                                 


