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Abstract 

 
Long noncoding RNAs have been shown to regulate many signalling pathways and their expression 

has been linked to the development of many cancers. Here we assess the involvement of the long 

noncoding RNA TGFß2-AS1 in the regulation of the TGFß signalling pathway, specifically its 

involvement in the TGFß induced process of EMT. In this study, we found that TGFß treatment induced 

the expression of TGFß2-AS1, and furthermore, TGFß2-AS1 has an inhibitory effect on the expression 

of the TGFß target genes SERPINE1/PAI-1, CDH2/N-cadherin and Fibronectin. Moreover, our data 

indicates that TGFß2-AS1 expression has a pro-mitotic effect, that is regulated by PRC2-mediated 

repression of p15, in HaCaT cells. In conclusion, we show that several EMT markers are differentially 

regulated by TGFß2-AS1 in response to TGFß and that TGFß2-AS1 plays a role in regulating 

proliferation.  
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CAM  Cell Adhesion Molecule 
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E-cadherin Epithelial-cadherin 
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1 Introduction  

1.1 Cancer 
Cancer is a disease that affects a large portion of the population. The development of cancer usually 

results in diffuse observable symptoms, such as: abnormal bleeding, a prolonged cough, blood in the 

urine or changes in bowel movement. Most indicative of the development of cancer is the appearance 

of a lump, though it often cannot be observed (NHS, 2014). Risk factors for cancer include tobacco 

use, obesity, a poor diet, excessive alcohol use, lack of physical activity, exposure to environmental 

pollutants or radiation, or certain viral infections (Anand et al, 2008). Only a small portion of cancers, 

5-10% approximately, are caused by inherited genetic defects (American Cancer Association, 2018). 

Cancer causes close to 9 million deaths per year and accounts for roughly 16% of all deaths worldwide 

(GBD, 2016).  

Cancer involves aberrant and accelerated cell growth resulting in the development of an excess of 

cells in the tissue: a growth, or a diffuse cell population, that is disconnected from normal cell and 

tissue regulation. The growths that result from cancer are called a tumour and they -due to them being 

disconnected from normal regulatory functions- can be described as a self-parasitizing growths. These 

tumours can be both benign or malicious, meaning that they can be contained and enclosed within 

themselves or have the potential to invade and spread, respectively (Weinberg, 2007; NCI, 2015) 

In fact, cancer is not a single disease, but rather a group of related diseases. More than 100 types of 

cancer can affect humans (NCI, 2015). The different types of tumours that cancer can cause are often 

classified by the body part or tissue that they arose in, however, most organs consist of multiple cell 

types and tissues. Therefore, classification by cell type that the cancer arose from is regarded to be a 

more precise way. Some of the most common types of cancers are: carcinomas; arising from epithelial 

cells, sarcomas; arising from mesenchymal cells, and lymphomas; arising from lymphocytes. 

Additionally, blastomas and germ line cancers are recognized in this classification (Weinberg, 2007). 

As previously mentioned, for a 

cell to develop into a cancer cell, 

it must acquire accelerated 

growth and be released from 

normal regulation. Over the 

years, scientists have identified 

8 key factors that are required 

for a normal cell to develop into 

a cancer cell: the hallmarks of 

cancer. Hannahan and 

Weinberg (2000) established six 

core hallmarks and, with 

progressing research, several 

more have been proposed and/or added (Fig. 1). The six hallmarks of cancer include, firstly, self-

sufficiency of growth signals. Normal cells are dependent on growth signals to initiate cell division, 

cancer cells must acquire self-sufficiency in growth signals to become independent of their 

environment. Second, healthy cells halt cell cycle progression in response to anti-growth factors, 

cancer cells must become unresponsive to these factors to sustain their accelerated cell growth. Third, 

in response to cell damage, normal cells induce their programmed cell-death program: apoptosis. 

Cancer cells acquire the ability to avoid initiating the program of apoptosis in order to survive 

regardless of the amount of damage they accumulate. Fourth, non-cancer cells are able to undergo a 

limited number of replications before the ageing process renders them non-replicative, cancer cells 

Figure 1 – Schematic representation of the hallmarks of Cancer (Wikipedia) 
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are released from these boundaries and possess a stem cell-like ability; limitless replicative potential, 

thus possibly generating an unlimited number of descendants. Fifth, during cell division in healthy 

tissues, the descendants of dividing cells replace the cells that have previously been there but died. In 

cancer tissue, however, continuous division and accelerated growth generates ´´new´´ tissue. This 

newly developed tissue, in contrast to healthy tissue, has no previously established nutrient supply. 

In order to acquire nutrients and sustain growth, cancer cells must induce angiogenesis. And last, 

cancer cells, unlike most normal cells, possess a propensity to invade neighbouring tissues and initiate 

new ´´colonies´´ of cancer cells in distant tissues. This key process in cancer progression, termed 

metastasis, is facilitated by morphological changes and a transition in gene expression profiles from 

an epithelial phenotype to a mesenchymal phenotype (EMT) (Hannahan & Weinberg, 2000). A later 

chapter will further elaborate on this process.  

Other hallmarks have since emerged, including, amongst others: a deregulated metabolism that 

largely relies on anaerobic metabolism in the cytoplasm -known as the Warburg effect- or evasion of 

the immune system. Furthermore, several contributing factors to cancer development, so called 

enabling factors, including genome instability and an inflammatory environment, have been identified 

(Hannahan & Weinberg, 2011).  

As mentioned before, only a small proportion of cancers arise from inherited genetic defects from 

parents. The great majority of cancers, consequently, are acquired through environmental exposure 

and lifestyle and random chance. This notion begs the question: how do healthy, normal functioning 

cells acquire the properties that allow them to develop into a tumour and ultimately cancer? The 

answer lies in the development of somatic mutations. Mutations are defined as changes in the 

genomic content of the DNA. These changes are variable in nature, for example, they can be a single 

nucleotide being altered, thus changing the reading frame of the gene or translation of the resulting 

mRNA. On the other hand, large scale deletions resulting in the loss of several or numerous genes, or, 

genomic translocations such as crossing-over events that are able to combine parts of two different 

genes, can change the genomic content. In conclusion, mutations alter the genomic sequence of DNA 

and, in some cases, causes its gene products to lose or gain functions (Weinberg, 2007; NCI, 2015).  

In the past decades, genetic research and, later, genomic sequencing, have enabled the identification 

of a large number of genes and specific mutations in these genes that are associated with cancer. 

These cancer-related genes are broadly classified into two categories: tumour suppressor genes and 

oncogenes. The first category, tumour suppressor genes, is a group of genes that only share their 

ability to prevent tumours to grow. The latter group, oncogenes, are genes that have the potential to 

cause cancer. Although both tumour suppressor and oncogenes can be found across numerous 

families and groups of genes and are highly diverse by nature, they share commonality in the sense 

that they function in mechanisms that regulate the cell-cycle, cell death, proliferation, recognition by 

the immune system and DNA-damage and repair, amongst others. In effect, these genes play crucial 

roles in connecting cell behaviour to environmental signals and controlling the rate and accuracy of 

cellular division, in other words, maintaining homeostasis. In normal healthy cells, these genes are 

always present and function normally, however, when mutations disturb their functioning, normal 

cells become at risk to develop into cancer cells (Weinberg, 2007; NCI, 2015). Some genes have the 

ability to both function as a tumour suppressor gene and as an oncogene. An example of such a gene 

is TGFß. The next Chapter will elaborate on this molecule.  

1.2 TGFb Signalling 
The vertebrate genome contains more than 30 different loci that code for ligands that belongs to the 

diverse TGFß family. These ligands include: Transforming growth factor beta (TGFβ), Bone 

Morphogenetic Proteins (BMPs), Growth differentiation factors (GDFs), Anti-Müllerian hormone 

(AMH), Activins, Inhibins and Nodal (Akhurst et al, 2012). Proteins from the TGFß family are classified 
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as cytokines; small signalling proteins that are neither hormones nor growth factors. The function of 

cytokines is to facilitate communication between cells through autocrine and paracrine signalling.  The 

specific effects and functions of cytokines are diverse and difficult to pinpoint due to pleiotropy and 

redundancy (Zhang & An, 2007).  

Humans possess three highly homologous isoforms of TGFß: TGFß1, TGFß2 and TGFß3. These 

cytokines share their receptors and signalling pathways, although their expression levels vary 

depending on the tissue or cell type. Furthermore, studies in knock-out mice show that their roles are 

distinct. The role of the TGFßs can be broadly described as the dynamic regulation and maintenance 

of tissue homeostasis. They play a role in many cellular processes such as: cell migration, epithelial-

to-mesenchymal transition, invasion, proliferation, cell death, immune suppression and extracellular 

matrix synthesis (Akhurst, 2012; Hata & Chen, 2016). 

TGFß ligands are secreted as latent precursors that form homodimers and interact with the Latency-

associated protein (LAP). This complex can be secreted as such (small latent complex), however, more 

commonly, the complex will be joined by a covalently attached latent TGFß-binding protein (LTBP) and 

thus be called the large latent complex (LLC). The LTBP functions to bind the latent complex to the 

extracellular matrix and the LAP ensures the latency of the complex. This bound TGFß, in its inactive 

form, can generally be found to be stored in the extracellular matrix. The release of the active form of 

TGFß is governed by conformational changes in the LLC that can be caused by a variety of factors, for 

example: proteases, such as Thrombin or Matrix-Metallo Proteinases, sheer force, integrins, or by 

direct interaction of proteins, such as Thrombospondin-1, with the LAP (Akhurst et al, 2012; Verrecchia 

&Mauviel, 2002). The active TGFß, now released from its LAP, is able to bind to its receptor.  

The TGFß receptors are classified in two categories, receptor type I (TGFßRI) and receptor type II 

(TGFßRII), based on sequence similarity. The cytoplasmic tail of TGFß receptors contain a dual 

specificity kinase domain that is able to phosphorylate both Serine and Threonine residues. 

Furthermore, at endogenous levels, most of the TGFßRII exist in the form of monomers that, upon 

binding of the dimeric ligand, form dimeric TGFßRII complexes that subsequently recruit two TGFßRI 

monomers, thus forming heterotetrameric complexes. The association of the heterotetrameric 

complex allows the constitutively active kinases on the cytoplasmic domain of the type II receptors to 

phosphorylate the juxta-membrane regions of the cytoplasmic domains of the type I receptor, thus 

activating the type I receptor kinases. The now fully activated TGFßR is able to consequently act on 

cytoplasmic effector molecules, thus relaying the TGFß signal (Zhang et al, 2009).   

TGFßR activation is commonly associated with the activation of Smads; the Smad pathways are 

presently recognized as central mediators of TGFß signalling (Moustakas & Heldin, 2005). The Smad 

family of transcription factors consists of two subtypes of Smads; several receptor-associated Smads 

(R-Smads), such as Smad2 and Smad3, and a single common Smad (Co-Smad), Smad4. Following the 

docking, a dimeric R-Smad complex, the active TGFßRI phosphorylates two Serines in the SSXS motif 

of Smads that causes dissociation from the receptor complex and allows the co-Smad to associate and 

form a heterotrimeric complex (Hata & Chen, 2016; Wrana, 2013). The receptor/co-Smad complexes 

accumulate in the nucleus and can directly bind the DNA through association with the Smad-binding 

element (SBE), however, this interaction is insufficient to activate gene promoters. Therefore, Smad 

complexes cooperate with other DNA-binding transcription factors to regulate gene expression with 

enhanced selectivity (Ikushima & Miyazomo, 2012).  

Besides activating the Smad pathway, TGFß signalling has been implicated to affect a variety of cellular 

signalling pathways. Prior to the discovery of Smads as mediators of TGFß signalling, the small GTPase 

RAS, mitogen-activated protein kinases (MAPKs) ERKs, p38 and c-Jun N-terminal kinases (JNKs) have 

been recognized to respond to TGFß signals. Furthermore, TGFßR signalling has been shown to affect 

cytoskeletal dynamics and cell-cell junction integrity via the Rho family of small GTPases. Interestingly, 
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signalling via non-Smad pathways is often associated with modulation of Smad signals. These findings 

show that TGFß signalling functions though a complex network of interconnected signalling pathways 

(Moustakas & Heldin, 2005). 

As previously mentioned, TGFß can both act as a tumour suppressor gene and an oncogene. This 

duality stems from its ability to both activate the anti-proliferative Smad pathway and pro-mitotic 

pathways, such as the ERK MAP kinase pathways. Under normal conditions, the Smad pathway is the 

preferred mode of action for TGFß signalling, however, many cancers are characterized by mutations 

that disable Smad signalling and thus amplify the signalling effects of non-Smad pathways, which 

results in accelerated growth. Another scenario involves disruption of the TGFßR by mutations, hence 

obliterating the anti-proliferative and modulatory effects of TGFß signalling on other mitogenic 

pathways altogether (Massagué, 2008). 

1.3 EMT and Methastasis 
The cells of the human body can be grouped into roughly 200 different cell types. Even though this 

large variation, cells can be roughly categorized in four categories: mesenchyme, epithelium, muscle 

tissue and nervous tissue. 

The cells in epithelial tissues, such as the cells in the lining of the skin or the gut, organize themselves 

in highly organized sheets with basal/apical polarity. These cells are dependent on the connection of 

the basal pole to a thin basal lamina and are closely held together by strong cell-cell adhesion 

molecules that form the cell junctions. Four main types of cell junctions can be distinguished: 

Anchoring junctions tether the cells together or to the matrix, occluding junctions close gaps between 

cells to make the cell sheet impermeable, channel-forming junctions link the cytoplasm of 

neighbouring cells and gap junctions allow signals to be relayed across their plasma membranes 

(Alberts et al, 2008). This organization allows epithelial cells to work together and maintain the 

structural integrity of the tissue.  

The anchoring junctions that epithelial cells possess, are further specified into desmosomes, hemi-

desmosomes and adherence junctions. This last one, the adherence junction, is mainly constructed 

out of a group of proteins called Cell Adhesion Molecules (CAMs). The CAMs of a specific subtype 

preferably cluster together with CAMs of the same type on neighbouring cells and thus connect the 

cells together. In epithelial tissues, the main type of CAM is epithelial-cadherin (E-cadherin) protein 

that is expressed from the CDH1 gene.  

Mesenchymal cells and their matrix form the connective tissues. These tissues are distinctly differently 

organized than the epithelial tissues. Instead of having an apical basal polarity, these cells are generally 

unpolarized and they don’t form sheets and strong connections through cell adhesion but are 

generally loosely organized and sparsely distributed in an abundant extracellular matrix that consists 

mostly of collagen fibres but also other components, such as Fibronectin. The mechanical stresses in 

these tissues are born by the extracellular matrix rather than the cytoskeleton and the anchoring 

connections that mesenchymal tissues make are rather with the extracellular matrix than 

neighbouring cells (Alberts et al, 2008). Due to their loose organization and lack of strong adhesion to 

other cells, these cells are able to become motile and migrate. 

The distinct epithelial and mesenchymal cell types are not fixed; cells can lose their epithelial 

characteristics and acquire mesenchymal characteristics. EMT is the process whereby epithelial cells 

will change their phenotypes by changing their gene expression profiles and transform into 

mesenchymal cells. This transformation is an essential process in embryonic development, wound 

healing or tissue repair. The reverse process, called mesenchymal-epithelial transition (MET), is the 

process whereby mesenchymal cells transform into epithelial cells. Both of these processes are key to 

normal physiological functioning and homeostasis; they play an essential role in maintaining and 
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repairing damaged tissues and embryonic development, consequently dysregulation will often drive 

diseases such as fibrosis or tumour progression and metastasis in cancer (Saitoh, 2015).  Here we will 

only focus on the process of EMT in the context of cancer. 

EMT is a process that requires cells to go through several phenotypic changes, in other words; it is a 

distinct program that follows a common and conserved process with hallmarks. In order for EMT to 

take place, epithelial cells degenerate their distinct epithelial cell-cell junctions, i.e. by downregulating 

E-cadherin expression, and lose their apical-basal polarity through cytoskeletal reorganization. 

Instead, they start to express the neuronal CAM molecule N-cadherin that allows cells to acquire a 

front-rear polarity and a more spindle-like cell shape that is characteristic of motile and migratory 

cells. Besides differentially regulating CAM expression, the expression of many other genes is 

modulated: cells undergoing EMT downregulate their epithelial gene expression signature and shift to 

the activation of mesenchyme associated genes which induce the transition to the previously 

described mesenchymal phenotype (Nelson, 2009; Lamouille et al, 2014). Although it may appear as 

if EMT and MET are two processes that drive cells towards the binary states of epithelial and 

mesenchymal phenotype, in actuality, amounting evidence suggests that EMT may be better 

described as a more fluid process with a spectrum of partial EMT states (Gonzalez & Medici, 2015).  

As mentioned in the previous chapter, TGFß is involved in the process of EMT. To be more precise, 

TGFß initiates and sustains the process. Activation of Smad2 and Smad3, through TGFßR activation or 

otherwise, has been shown to induce a number of transcription factors that play key roles in shifting 

the gene expression patterns in epithelial cells to a mesenchymal program. These transcription factors 

include the Snail family (e.g. Snail1, Snail2, Slug), the ZEB family (ZEB1 and ZEB2) and the bHLH family 

of transcription factors (e.g. Twist and Ids). Besides inducing the expression of mesenchymal genes, 

such as N-cadherin, Fibronectin and Matrix Metallo-Proteinases (MMPs), these transcription factors 

simultaneously repress the expression of epithelial genes, such as E-cadherin, Claudin, and ZO (Xu et 

al, 2009). Gene repression, for example in the case of E-cadherin, is achieved through direct binding 

of the transcription factor complex to enhancer-box sites in its promoter, thus blocking transcription 

of the gene (Saitoh, 2005). Although these EMT transcription factors have some level of specificity, 

most of them function redundantly and in concert with each other.   

The final stage of cancer progression is characterized by tumour invasion and metastasis. Metastasis 

and their progressive growth are found to be responsible for roughly 90% of all cancer-related deaths 

(Hannahan & Weinberg, 2000). The process of EMT and the resulting mesenchymal and 

epithelial/mesenchymal hybrid phenotypes allow cancer stem cells to gain migratory potential, detach 

from and degrade the basal membrane (i.e. through MMP expression) and extravasate into the 

bloodstream. Once in circulation, these invading cells, with extremely low probability, can bind to the 

blood vessel wall and attach firmly, followed by migration across the blood vessel wall. The cancer 

stem cells can now nest in the new location and establish a new tumour due to its limitless mitogenic 

potential (Padua & Massagué, 2009; Garg, 2017). 

1.4 lncRNA 
RNA was first discovered by Friedrich Mieschner in 1869. While he termed it Nuclein, it sparked an 

interest in the nature and functions in this molecule (Dahm, 2005). The now recognized main function 

of RNA, to serve as a template for protein synthesis, mRNA, was discovered by Jacob and Monod in 

1961. The recognition of mRNA and the observation that the vast majority of DNA is transcribed into 

RNA, although only a small portion is translated into protein, lead to the notion of random 

transcription and junk DNA (loosely defined as all noncoding genes). It took another 20 years to realize 

that some of these ´´junk´´ transcripts had a purpose in the form of ribozymes. By the late 1980s, until 

well into the 90s, scientists became aware of several functions for these previously believed random 

transcripts in the form of miRNAs, long noncoding RNAs (lncRNA) and the recognition of a role for 
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RNAs in the evolutionary history of life in the form of the RNA world hypothesis (Cech, 2012; Rinn & 

Chang, 2012).  

With the introduction of large-scale DNA sequencing and the results from the human genome project 

many more genes were identified, however, very few appeared to code for protein products.  With 

further advancement of research techniques, such as RNA sequencing, microarray technology and 

consortium-wide inquiries -for example the ENCODE project with the goal of determining the function 

of junk transcripts- we now recognize a wealth of expressed RNA products and their multitude of 

different functions (Rinn & Chang, 2012). Besides the recognition of their function, dysregulation and 

aberrant expression of lncRNAs has been linked to a number of diseases, including cancer (Kung et al, 

2013). 

lncRNAs have arbitrarily been defined as RNA transcripts that contain over 200 nucleotides and that 

do not appear to code for protein, thus distinguishing them from small non-coding RNA, such as 

miRNA or siRNAs, and mRNA. Structurally, however, lncRNAs closely resemble mRNAs often including 

a poly-adenylated tail and a 5´ cap. These modifications, like in mRNA, are postulated to be regulated 

by the same enzymatic mechanisms that regulate decapping and deadenylation in mRNA and hence 

serve to regulate turnover (Rinn & Chang, 2012; Yoon et al, 2015). 

Due to the novelty of lncRNAs, they have not yet been classified in distinct families and groups the 

way genes and proteins are organized. To create some order in the chaos, however, a classification 

based on genomic location has been made (Rinn & Chang, 2012). In this context, lncRNAs are 

organized on the basis of how they are transcribed in relation to well-known genomic markers, such 

as protein coding genes. One type of lncRNAs are stand-alone lncRNAs, or lincRNAs (long intergenic 

RNAs), which are defined as a transcription unit that does not overlap a protein coding gene and has 

its own promoter. Examples of these lncRNAs are MALAT1 or HOTAIR. Another type are Pseudogenes, 

which are classified as ancient genes that have lost their coding potential due to mutation events like 

frame shifts or gene duplications. The majority of these genes are perceived as ´´dead´´, meaning they 

are no longer transcribed, however, some are still actively transcribed. Furthermore, it is well known 

that the introns of coding genes contain small RNA transcripts such as miRNAs. Recently, it was 

discovered that introns can also contain long RNA transcripts: Long intronic RNAs. These transcripts 

have been described to be differentially expressed in response to stimuli and some have been 

implicated in cancer. An example of a long intronic RNA is the COLDAIR transcripts found in plants. 

Lastly, Natural antisense transcripts (NATs) are located on the opposite strand to a -most often protein 

coding- sense gene and is transcribed in the opposite direction of the sense gene from the same or a 

separate promotor (Wood et al, 2013). NATs can stretch the entire length of the sense gene and cover 

the whole sequence, although, more commonly, they are transcribed in the opposite direction starting 

at the 5´ promoter or 3´ terminator end of the sense transcript. Two examples of these are the TGFß2/ 

TGFß2-AS1 and Kcnq1/Kcnq1ot1 sense and anti-sense coupled genes (Kung et al, 2013). 

Besides the genomic context of lncRNAs, our knowledge about the specific functions and general  

mechanisms of action through which these RNAs operate is lacking. However, many studies have 

gained some insight into their functions and have postulated  mechanisms action (Reviewed by Kung 

et al, 2013). Some lncRNAs have been shown to directly affect transcription by acting as a decoy for 

transcription factors or competing for promoter sites. lncRNAs can also function as transcriptional co-

regulators or recruiters for other factors that are required to initiate transcription. Lastly, lncRNAs 

have been shown to directly interfere with transcription by blocking the formation of the transcription 

pre-initiation complex thus inhibiting RNA polymerase binding (Rinn & Chang, 2012; Kung et al, 2013). 

Other than directly regulating gene expression, lncRNAs have been implicated in epigenetic control. 

Mechanisms, such as scaffolds, guides and tethers have been proposed to couple chromatin 

remodelling complexes to regulate transcription of its linked gene (cis regulation) or distant genes 
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(trans regulation). For instance, HOTAIR has been implicated to play a role in genetic imprinting 

through a suggested mechanism involving the chromatin remodeller Polycomb Repressive Complex 2 

(PRC2) (Kung et al, 2013).  

Apart from HOTAIR, many lncRNAs have been shown to interact with chromatin remodelling 

complexes. Especially PRC2, belonging to the Polycomb group Protein, has been shown to interact 

with many lncRNAs. PRC2 is a complex of several protein subunits that is mainly involved in gene 

silencing through the addition of posttranslational modifications on histones. Specifically, the addition 

of a methylation mark on the lysine 27 residue in Histone 3 tails: H3K27Me3. The addition of this mark 

is associated with condensation and the resulting unavailability of the genetic material for 

transcription (Margueron & Reinhart, 2011). 

The different subunits of the PRC2 complex, EZH2, EED and SUZ12 work together and are essential to 

perform its functions. The EZH2 subunit is responsible for the catalytic function of the complex and 

utilizes its SET domain to add the methyl group to the histone. EED is built by multiple WD domains, 

which are protein interaction domains and has been found to be able to bind mono-ubiquitinated 

lysine residues on histones or H3K27 trimethylations, thus playing a possible role in maintaining a 

positive feedback loop and epigenetic memory (Magueron, 2009). In addition, SUZ12 and EZH2 have 

both been shown to contain RNA binding activity (Beltran et al, 2016) 

The previously described mechanisms require the transcribed molecule to carry out a function. 

Conversely, the act of transcription of the lncRNA gene has been observed to be the mechanism 

through which it carries out its function. In this view, intergenic expression or expression of an anti-

sense gene may repress expression of the sense gene, or expression of the associated lncRNA may 

open the chromatin structure to allow expression of the associated protein coding gene. Another 

mechanism, involving the simultaneous expression of both the sense gene and a NAT may stall the 

progression of RNA polymerase, thus preventing the expression of the sense gene (Kung et al, 2013).  

Besides regulating transcription of genes, lncRNAs have also been shown to act post-transcriptionally 

by regulating mRNA processing or mRNA splicing events. For instance, many NATs possess naturally 

complementary sequences to their transcribed sense products, thus allowing them to hide splice sites 

in the sense product from the spliceosome, or to shield mRNAs in the cytoplasm from the degradation 

machinery (Kung et al, 2013). 

 In this work, we will focus on the previously 

mentioned anti-sense lncRNA to TGFß2: 

TGFß2-AS1. Besides its genomic location on 

chromosome 1 (i.e. 1q41) little is known 

about this lncRNA (Fig. 2). Previous research 

by our group, aimed to identify lncRNAs 

whose expression is regulated by TGFß 

signaling through microarray analysis, has 

shown that the expression of several lncRNAs 

is affected by TGFß signaling in human HaCaT 

keratinocytes. Here, we aim to examine the 

effects of one of these lncRNAs, TGFß2-AS1, 

on TGFß signalling and TGFß-induced EMT. 

 

  

TGFß2-AS1 

TGFß2 

Figure 2 - A schematic representation of the genomic location of 
lncRNA TGFß2-AS1 and its sense-coupled gene TGFß2 
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2 Materials and Methods 
 

2.1 Cells and clones 
Human immortalized Keratinocytes of the HaCaT cell-line were cultured in high glucose Dubbelco´s 

Minimum Essential Medium (DMEM) containing 10% Fetal bovine serum (FBS) at 37° C, 5% CO2 and 

saturated humidity. The cells were harvested and split at -by visual estimation through a light 

microscope estimated- 90% confluency. 

Prior to this research, a clone that stably overexpresses lncRNA TGFß2-AS1 was created by transfection 

with a pcDNA3 vector. Two clones, HaCaT pcDNA3 TGFß2-AS1 #13 and TGFß2-AS1 #14, were selected 

due to their expression efficiency and used here. likewise, an empty vector transfected clone was 

established; HaCaT pcDNA3 #2, and used as a control (previously verified against untransformed 

HaCaT cells). Additionally, a previously established stable knock down of TGFß2-AS1, constructed by 

RNA interference through the expression of a short hairpin RNA against lncRNA TGFß2-AS1 and a non-

sense short hairpin RNA transfected control, were used.  

For the experiments sub-cultured cells at a confluency ranging between 50-70% were used. These cells 

were serum starved in DMEM containing 0,01% FBS and treated with active TGFß1 (5ng/ml).  

Treatment with the inhibitor -GW6604 (5µM)- was performed one hour prior to TGFß1 treatment. 

2.2 Western blot 
Cells were washed twice in ice cold Phosphate buffered saline (PBS) (NaCl; 137 mM, KCl; 2,7 mM, 

Na2HPO4; 10 mM, KH2PO4; 1,8 mM) before cell lysates were prepared using TNE lysis buffer (Tris (pH 

7.4); 10 mM, EDTA; 1 mM, NaCl; 150 mM, NP-40; 1%) containing a protease inhibitor cocktail (Roche). 

The protein concentration of the lysates was assessed using the Pierce BCA protein assay kit (Thermo 

Fisher), according to the manufacturers protocol, and adjusted to equal quantities in SDS-PAGE sample 

buffer (2x: Tris (pH 6.8); 120 mM, SDS; 4%, Glycerol; 20%, Bromophenol blue; 0,01%, ß-

Mercaptoethanol; 10%). Subsequently, the proteins were separated by sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane by semi-

dry transfer (15 V, 90 m). The membranes were stained with Ponceau to confirm the presence of 

proteins in the membrane and immediately blocked in 4% milk in TBS-Tween (Tris base (pH 7,4); 25 

mM, NaCl; 137 mM, KCl; 2.7 mM, Tween; 0,1%). Primary antibody incubations were done overnight 

at 4° C, followed by washing in TBS-Tween before and after secondary antibody incubation. 

Subsequently, the membranes were developed using Immobilon Western HRP Substrate luminol 

reagent (Merck Millipore) and visualized in a CCD camera.   

The following antibodies, diluted in dH2O, were used to visualize the blotted proteins: Mouse anti-

Smad2/Smad3 ) (BD biosystems, 1:1000), rabbit anti-fibronectin (Sigma-Aldrich, 1:30.000), mouse 

anti-PAI-1 (BD biosystems, 1:1000), mouse anti-N-cadherin (BD biosystems, 1:10.000), mouse anti-E-

cadherin (BD biosystems, 1:1000)mouse anti-ZO-1 (BD biosystems, 1:1000), rabbit anti-pSmad2 

(home made by LICR/IMBIM Uppsala, 1:2000), mouse anti-ß-Actin (Santa Cruz, 1:1000). 

2.3 RNA extraction & RT-qPCR 
RNA extractions were performed using the NucleoSpin RNA plus (Machery-Nagel) and 1 µg RNA was 

reversed transcribed into cDNA using the iScript Reverse Transcription Super Mix (Bio-Rad) using the 

manufacturers recommendations and thermocycling protocol: 5m at 25° C, 30m at 42° C,5m at 85° C. 

RT-qPCR reactions were made using a 5x dilution of the cDNA. Three replicates, with a total volume 

of 20 µl each, for each sample using the 2x Sygreen Fluorescein mix (PCRbiosystems) (per reaction: 

ddH2O; 4 µl, qPCR mix; 10 µl, Fw. and Rev. primers; 0,5 µl each, cDNA 5 µl). The reactions were 

incubated for: 125s at 95° C, 20s at 60° C, these steps were repeated for a maximum of 40 cycles or 
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until the threshold value was reached. The results were analysed using the delta-delta CT method, 

normalizing against a reference gene expression (HPRT1, GAPDH, 18S rRNA) expression, to calculate 

the fold change. 

Tabel 1 - A list of primers, together with their forward  or 5´ (Fw) and reverse or 3´ (Rev) sequence. 

RT-qPCR primers Sequence 

TGFB2-AS1 Fw, AGGGAGTGTGGAAATGAGG 
Rev, GGGTTTGGGAGTACATTCAAC 

TGFB2 Fw, GCGACGAAGAGTACTACGCC 
Rev, TGGCATCAAGGTACCCACAG 

FN1 Fw, CCCAGACTTATGGTGGCAATTC 
Rev, AATTTCCGCCTCGAGTCTGA 

CDH1 (E-Cadherin) Fw,  TACGCCTGGGACTCCACCTA 
Rev, CCAGAAACGGAGGCCTGAT 

CDH2 (N-Cadherin) Fw, CCTGCTTCAGGCGTCTGTAGA 
Rev, CATGCACATCCTTCGATAAGACT 

SERPINE1 (PAI-1) Fw, GAGACAGGCAGCTCGGATTC 
Rev, GGCCTCCCAAAGTGCATTAC 

EED Fw,  GTGTGCGATGGTTAGGCG 
Rev, GTCACATTAGATTCACTGGGTTT 

p15 Fw, CGTTCATGTAGGAGTTCAG 
Rev, CTGTATGTCAGCTTCCGAG 

BMP7 Fw, CTGTATGTCAGCTTCCGAGAC 
Rev, CGTTCATGTAGGAGTTCAGAGG 

GAPDH Fw, GGAGTCAACGGATTTGGTCGTA 
Rev, GGCAACAATATCCACTTTACCA 

HPRT1 Fw, CCCTGGCGTCGTGATTAGT 
Rev, CACCCTTTCCAAATCCTCAGC 

18S rRNA Fw, GTAACCCGTTGAACCCCATT 
Rev, CCATCCAATCGGTAGTAGCG 

 

2.4 Immunofluorescence  
Cells were Fixated in 4% formalin in PBS for 20 minutes and stained with αFibronectin (1:500, Sigma 

Aldrich), αEED (1:100, Active Motif), αH3K27Me3 (1:100, Abcam), αMED21 (1:100, Sigma).  For αE-

cadherin (BD biosystems, 1:100) and αN-cadherin (BD biosystems, 1:100) staining the cells were fixed 

in 70% ice cold Methanol for 2 minutes.  Permeation of the cell membrane was achieved through 

incubation with 0,5% Triton X- 100 in 10 minutes and blocking was performed using 5% FBS in PBS for 

1h. All the steps above were carried out on an agitator at room temperature. Subsequently, primary 

antibodies were diluted in 5% FBS in PBS and allowed to incubate at 4° C overnight. The secondary 

antibody incubation was performed using TRITC-labelled αRabbit and αMouse antibodies (BioRad), 

that were dissolved in 5% FBS in PBS, for 1h at room temperature in the dark. Lastly, the coverslips 

were mounted using ProLong Gold antifade reagent with DAPI (Invitrogen) and the protein expression 

levels were assessed using a Fluorescent microscope (Zeiss) with equal exposure times for all samples 

(Alexa Fluor: 3000ms, DAPI: 6000ms, Rhodamine: 6000ms). 

2.5 RNA silencing 
Cells were seeded at equal volumes and grown to approximately 70% confluency (determined by eye) 

and received fresh growth medium immediately before transfection with siRNA. The RNA silencing 

was performed with SiLentFect lipid reagent (BioRad) using 20 nM siEED or siC per sample. OptiMeM 

(200µl), siRNA and SiLentFect (2,5µl) reagent were mixed together and allowed to incubate for 15 

minutes at room temperature before addition to the sample. Samples were allowed to incubate 

overnight.  
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2.6 Proliferation assay 
Cells were seeded at a density of 5000 cells/well on 96-well plates in quadruplicates and allowed to 

proliferate for on to four days. Each day, proliferation and viability was measured by the CellTiter 96 

AQueous One Solution Cell Proliferation Assay (Promega) according to the manufacturers protocol 

using a 1,5h incubation time. The proliferation rates were measured by recording the absorption of 

the cultures after incubation at 490 nm in a photo spectrometer with plate-reader capabilities.  

2.7 Statistical analysis 
Excel365 (Microsoft) software was used for the statistical analysis of the proliferation assay. The two-

sample F-test for variances in the Data Analysis tool was used to determine equal variance. If F>F 

critical one tail we rejected the null-hypothesis. Secondly, a single-tiered independent sample student 

T-test was performed (data-analysis tool) to compare the growth rates. lf T < -T Critical one-tail or T 

Stat > T Critical one-tail, we reject the null hypothesis.  
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3 Results 
 

Previous research by our group identified TGFß2-AS1 as a gene whose expression is induced by TGFß 

signalling. Furthermore, we established that TGFß2-AS1 has a negative regulatory function on CAGA 

promoter activity in a CAGA-Luc vector expressing HaCaT keratinocyte cell model (Papoutsoglou, 

manuscript). The CAGA promoter represents a synthetic gene promoter that is very sensitive to TGFß 

signalling and which produces high amounts of luciferase when cells are exposed to the TGFß ligand.  

3.1 TGFß1 stimulation induces the expression of TGFß2-AS1 in HaCaT cells 
In order to test whether the activation of the TGFß receptor influences the expression of the lncRNA 

TGFß2-AS1, HaCaT cells were treated with the TGFßRI inhibitor GW6604 and/or stimulated with 

TGFß1. Then, the expression of TGFß2-AS1 mRNA was measured by RT-qPCR. To test if the inhibitor 

effectively blocked receptor activation, the expression levels of a well-studied downstream effector 

gene of the TGFß receptor, SERPINE1, was also recorded. Our data show that the TGFßRI inhibitor 

effectively blocks the expression of SERPINE1 (Fig. 3A), therefore we assume that the inhibitor 

effectively blocks TGFßRI activation. We also show that stimulation of HaCaT cells with TGFß1 induces 

the expression of the TGFß2-AS1 lncRNA, furthermore, the inhibition of TGFßRI activation extremely 

reduces the inductive response to TGFß1 (Fig. 3B). Therefore, we can conclude that the expression of 

lncRNA TGFß2-AS1 is induced in response to TGFß1 via TGFßRI activation.  

 

 

3.2 TGFß2-AS1 affects the mRNA expression of TGFß2. 
Due to our finding that TGFß2-AS1 is induced in response to TGFßR activation, we set out to investigate 

the effects of TGFß2-AS1 on the expression of TGFß target genes. Using an RNA interference approach, 

a stable knockdown of TGFß2-AS1 was constructed in HaCaT cells. These cells and their respective 

controls were treated with TGFß1 and we performed RT-qPCR to assess the mRNA expression levels 

of the TGFß2 gene. Firstly, we measured the expression levels of the lncRNA TGFß2-AS1 and observed 

that we effectively knocked down the expression of the TGFß2-AS1 with a 5,2-fold reduction (Fig. 4A).  

Next, we assessed the effect of differential expression of TGFß2-AS1 on its overlapping gene, TGFß2. 

We observed that decreased expression of TGFß2-AS1 supressed TGFß2 expression (Fig 4B). This result 

suggests that TGFß2-AS1 expression positively regulates TGFß2 expression.  
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3.3 TGFß2-AS1 affects the mRNA expression of TGFß target genes 
Conversely, we examined an overexpression model using a pcDNA3 overexpression vector model 

ligated with the TGFß2-AS1 cDNA to assess the effects of increased TGFß2-AS1 expression on the 

mRNA levels of TGFß target genes in response to TGFß1 stimulation for 24 h. Firstly, we tested the 

expression of TGFß2-AS1 to establish the effectivity of the overexpression model. Our results show 

that our model effectively overexpresses the lncRNA TGFß2-AS1 (6,4-fold) compared to the control 

(Fig. 5A).  

Next, we measured the expression levels of several TGFß target genes in the overexpression model. 

We found that SERPINE1, that is normally induced by TGFß1 stimulation, shows reduced expression 

levels in the overexpression model (1,9-fold) compared to the endogenously expressing control and a 

reduced inductive effect in response to TGFß1 stimulation (Fig. 5C). In this model, the TGFß target 

gene Fibronectin only showed a slightly reduced induction in response to TGFß1 treatment in the 

TGFß2-AS1 overexpression model and the basal levels in the untreated controls appear to be 

unaffected (Fig. 5D). CDH2 expression, on the other hand, showed reduced basal expression levels in 

the overexpression model and a strongly, almost abolished, inductive response to TGFß1 treatment 

in the TGFß2-AS1 overexpression model (Fig. 5B, 9B). These results indicate that TGFß2-AS1 has a 

negative regulatory effect on the mRNA expression of the TGFß target genes CDH2 and SERPINE1 but 

not Fibronectin.  
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Figure 6 – Protein levels, obtained by Western blot, in a TGFß2-AS1 overexpressing cell model: pcDNA3 T-AS1 #13 
(AS1 OE) and their respective controls; pcDNA3 #2 (ctrl), in response to TGFß1 treatment (24 h, 5ng/ml). 

3.4 TGFß2-AS1 affects the protein expression of TGFß target genes  
Since we noticed that TGFß2-AS1 expression affects the expression of TGFß target genes at the mRNA 

level, we decided to explore if similar effects can be observed at the protein level. We treated TGFß2-

AS1 overexpressing HaCaT cells with TGFß1 and visualized the proteins by immunoblotting (Fig. 6). 

Our results show that overexpression of TGFß2-AS1 reduces the induction of Fibronectin by TGFß1 

stimulation. Furthermore, a similar effect can be observed in the expression levels of N-cadherin. 

However, 24 h treatment of TGFß1 does not appear to have an effect on the TGFß1 induced induction 

of PAI-1/SERPINE1 on the protein level in these cells.  

 

 

 

 

 

3.5 TGFß2-AS1 overexpression affects N-cadherin expression and Fibronectin secretion  
To test the cellular localization and acquire a second, independent indication of EMT related protein 

expression, we performed an immunofluorescence assay for the TGFß target genes N-cadherin, E-

cadherin and Fibronectin in 48 h TGFß1 treated and non-treated conditions in TGFß2-AS1 

overexpressing and endogenously expressing HaCaT cells. Our findings show no apparent observable 

effects of either AS1 overexpression or TGFß treatment on E-cadherin expression after 48 h of 

treatment (Fig. 7A). This experiment showed increased N-cadherin expression in TGFß2-AS1 

overexpression model (Fig 7B), however, in accordance with our western blot results (Fig. 6), no 

apparent effect was observed after 48 h of TGFß1 treatment in comparison to the non-stimulated 

overexpressing model (Fig. 7B). This finding suggests an inductive response on basal N-cadherin 

expression to high TGFß2-AS1 expression on N-cadherin expression but an unresponsive, or 

protective, effect to TGFß induced N-cadherin expression. On the other hand, overexpression of 

TGFß2-AS1 showed a marginally increased Fibronectin expression in the cytosol compared to the 

untreated control. While TGFß1 treatment further increased the expression of Fibronectin, compared 

to their respective controls, the localization appeared to be mostly extracellular (Fig. 7C). These results 

indicate that, both TGFß treatment and, to a marginal extent, TGFß2-AS1 overexpression have an 

inductive effect on Fibronectin expression, however, TGFß1 treatment appears to induce the secretion 

of Fibronectin.   
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Figure 7 – Immunofluorescence images of a TGFß2-AS1 overexpressing cell model: pcDNA3 T-AS1 #13 (AS1 OE) and their 
respective controls; pcDNA3 #2 (ctrl), in response to TGFß1 treatment (48 h, 5 ng/ml). (A) E-cadherin (green) staining alone 
or together with actin (red) and blue nuclear staining (Merge); (B) fibronectin (green) staining alone or together with actin 
(red) and blue nuclear staining (Merge); (C) N-cadherin (green) staining alone or together with actin (red)  and blue nuclear 
staining (Merge). 
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Figure 8 – Protein levels, obtained by Western blot, in a TGFß2-AS1 overexpressing cell model: pcDNA3 T-AS1 #14 (AS1 OE) 
and their respective controls; pcDNA3 #2 (ctrl), with transfection with siEED, or siControl (siC)   in response to TGFß1 treatment 
(24 h, 5 ng/ml). 

 

3.6 EED and TGFß2-AS1 expression affect the expression of TGFß target genes  
Our group performed an RNA pull-down experiment using in vitro synthesized TFGß2-AS1 RNA 

followed by mass-spectrometry to identify proteins that are capable of binding to TGFß2-AS1. A 

number of binding partners were identified, including the EED protein subunit of the PRC2 complex 

and the Mediator complex subunit Med21 (Papoutsoglou et al, manuscript). In order to asses whether 

the PRC2 complex, or more specifically EED, plays a role in differentially regulating the expression of 

TGFß target genes, we silenced the EED protein in HaCaT cells that express endogenous levels of 

TGFß2-AS1 and in our overexpression model, followed by a 24 h TGFß treatment. Our results show 

that depletion of EED increases the expression levels of Fibronectin compared to the control in 

response to TGFß1 treatment and that this effect is amplified in the TGFß2-AS1 overexpression clone. 

Likewise, the inductive response to TGFß is increased in the TGFß2-AS1 overexpressing clone with 

respect to the expression of PAI-1; however, here we cannot observe the same amplification in PAI-1 

expression as measured in the expression levels of Fibronectin (Fig. 8). These results suggest that EED 

plays a negative regulatory role, in conjunction with TGFß2-AS1, in the expression of Fibronectin, but 

not in that of PAI-1. 

Conversely, when assessing the expression levels of E-Cadherin, there appears to be no effect when 

comparing endogenous and elevated expression levels of TGFß2-AS1, however, E-cadherin expression 

decreased in response to the silencing of EED (Fig. 8). These findings implicate that E-cadherin 

expression is negatively regulated by EED, but not dependent on TGFß2-AS1. Interestingly though, we 

do observe a decrease in E-cadherin expression in response to TGFß1 treatment in our endogenous 

expression model. However, TGFß2-AS1 overexpression restored the expression to the levels of the 

untreated control. Furthermore, TGFß1 treatment does not appear to have any significant effect on 

the behaviour of E-Cadherin expression under EED depleted and TGFß2-AS1 overexpression 

conditions (Fig. 8). These findings could suggest that both EED and TGFß2-AS1, independently, help to 

preserve E-cadherin expression.  
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Figure 9 – RT-qPCR results, expressed in fold change, for a TGFß2-AS1 overexpressing HaCaT cells; pcDNA3 T-AS1 #14 
(AS1) and their respective controls; pcDNA3 #2 (ctrl) in response to TGFß1 treatment (24 h, 5 ng/ml) (red bars). In 
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3.7 EED and TGFß2-AS1 expression affect the expression of CDH2 and p15 
In order to test the involvement of EED in the regulation of several TGFß target genes, we silenced 

EED expression (1,8-fold decrease) in cells that normally express TGFß2-AS1 and our overexpression 

model. Moreover, we assessed both untreated and TGFß1 treated conditions on the mRNA expression 

level. Our results show that, independently of TGFß treatment, the overexpression of TGFß2-AS1 

reduced the expression of EED. Moreover, in the EED depleted condition, this effect was increased 

(Fig. 9A). These results suggest a negative regulatory role of TGFß2-AS1 on the expression of EED.  

When assessing the expression of CDH2 and the TGFß-induced cell-cycle inhibitor p15 in response to 

TGFß2-AS1 overexpression and EED silencing, we observed no significant effect of depleted EED levels 

on CDH2 and p15 expression, in both the endogenous control and TGFß2-AS1 overexpression model, 

under non-TGFß1 treated conditions. However, treatment with TGFß1 in combination with depletion 

of EED resulted in a drastic increase in CDH2 and p15 expression. Similarly, but to a lesser extent, the 

same effect can be observed in the TGFß2-AS1 overexpressing clone (Fig. 9B,C). These results indicate 

a repressive role for EED, and thus the PRC2, in the regulation of CDH2 expression in response to 

TGFß1 signalling.  

3.8 TGFß2-AS1 expression affects EED and MED21 localization and total H3K27Me3 
Due to our finding that TGFß2-AS1 can interact with PRC2 components EED and MED21, we assessed 

the localization and expression of these proteins, together with the levels of H3K27 trimethylation for 

24 h TGFß1 treated and non-treated conditions in TGFß2-AS1 overexpressing and endogenously 

expressing HaCaT cells. We found that TGFß2-AS1 overexpression increased the nuclear localization 

of both EED and MED21, while the overall expression of EED, but not of MED21, appeared to be 

induced (Fig. A1). Treatment with TGFß1 did not appear to have an effect on the expression of these 

proteins after 24 h of treatment (Fig A1B, C). When assessing the total H3K27 trimethylation levels, 

our results showed that TGFß2-AS1 overexpression increased H3K27 trimethylation in the nucleus, 

following the pattern of EED expression. However, TGFß1 treatment of cells that endogenously 

expressed TGFß2-AS1 displayed similar levels of H3K27 trimethylation. The combination of TGFß2-AS1 

overexpression and TGFß1 treatment did not appear to have an additional effect in this assay (Fig. 

A1A). These results may show a that TGFß2-AS1 expression induces H3K27 trimethylation by the PCR2 

complex in this cell model that is independent of TGFß. However, TGFß by itself may increase the total 

H3K27 methylation through other mechanisms. 

3.9 Overexpression of TGFß2-AS1 increases proliferation rate 
During cell culturing, we observed that the HaCaT pcDNA3 TGFß2-AS1 overexpressing clone reached 

confluency before the empty vector control. To test this observation, we performed a proliferation 

assay over the course of 5 days and found that proliferation rate and viability was significantly 

increased (P≤0,01) in the TGFß2-AS1 overexpressing clones (Fig. 11). This finding shows that 

overexpression of TGFß2-AS1 have a small but significant pro-mitotic effect on HaCaT cells.  
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Figure 11 – MTS proliferation assay, indicating relative absorption at 490 nm, for TGFß2-AS1 overexpressing HaCaT cells 
(pcDNA3 TGFß2-AS1, red bars) and their respective controls (pcDNA3 #2, grey bars) over the course of four consecutive days 
(N=4). Results were considered significant with P≤0,001 (**) or P≤0.01 (*) when comparing TGFß2-AS1 overexpressing cells 
to control cells in a one-tailed T-test.  
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4 Discussion 
 

Our results show that TGFß2-AS1 expression increases the localization of EED in the nucleus (Fig. A1B), 

furthermore, the expression of the cell-cycle inhibitor p15 decreases in response to depletion of EED 

expression (Fig. 9C). It has previously been shown that the expression of p15 is regulated by the PRC2 

complex through binding to the SUZ12 subunit and that the p15 genomic locus is silenced by H3K27 

trimethylation (Kotake et al, 2011; Kong et al, 2015; Su et al, 2017). We also show that TGFß2-AS1 

overexpressing cells show a slight but significantly increased proliferation rate compared to the 

endogenously expressing controls (Fig. 11). Taken together, this data suggests that TGFß2-AS1 

expression induces the nuclear levels of the EED protein, thus silencing the p15 locus and releasing 

control of the cell-cycle, resulting in an increased proliferation rate. Downregulation of EED mRNA 

expression in response to TGFß2-AS1 expression (Fig. 9A) could suggest a possible negative feedback 

loop to retain control on the cell-cycle.  

Previous research by our group suggests that TGFß2-AS1 expression has a negative regulatory effect 

on the activity of Smad binding promoters containing the Smad binding motif; the CAGA-box, thus 

suggesting a negative regulatory effect of TGFß2-AS1 expression on Smad regulated TGFß target genes 

(Papoutsoglou et al., manuscript). Here, we show negative regulation on the expression levels of Smad 

regulated TGFß target genes, namely CDH2 (Fig. 5B) and SERPINE1 (Fig. 5C) in response to TGFß2-AS1 

overexpression. Since the activation of the Smad pathways is associated with anti-proliferative effects 

(Massagué, 2008), and our TGFß2-AS1 overexpression model shows significantly increased 

proliferation rates (Fig. 11), TGFß2-AS1 may possibly be involved in shifting TGFß signalling from 

tumour suppressive to more oncogenic signalling.  

Besides the role of TGFß2-AS1 in regulating the cell-cycle, we also investigated the effects of TGFß2-

AS1 on the expression of other TGFß target genes. Here, we show a comparable effect to the Smad 

binding promoter activity (Papoutsoglou et al., manuscript), when examining the expression levels of 

Smad regulated TGFß target genes on the mRNA level, namely; N-Cadherin (Fig. 6, 7C) and PAI-1 (Fig. 

6). However, the observed effects in response to TGFß treatment on the protein level are not 

particularly robust, i.e. PAI-1. The results regarding PAI-1 expression could be explained by the notion 

that PAI-1 expression is regulated by Smad complexes in cooperation with the transcription factors 

Sp1 and TFE3 in combination with ERK and Rac1 activation (Dennler et al, 1998; Moustakas & Heldin, 

2005). On the other hand, alternative lines of research by our group (Valcourt et al, 2016) suggest that 

TGFß induced EMT and subsequent N-cadherin expression on the protein level require more than a 

week of continuous TGFß treatment to establish, meaning that our 24-48 h TGFß treatments might 

have been insufficient to observe the full effects.  

The expression of the epithelial marker E-cadherin that is normally downregulated in EMT, did not 

appear to be affected by TGFß treatment in 24-48 h (Fig. 7, 8) or at the mRNA level even appeared to 

be induced in response to TGFß (Fig. A2). One possible explanation for these results could be that E-

cadherin expression has been found to be regulated independently from Smad activation (Kolosova, 

2011). Furthermore, TGFß alone has been shown to only have a weak effect on E-cadherin expression 

and studies have shown that oncogenic RAS in cooperation with TGFß is required to abolish E-cadherin 

expression in differentiated cells (Moustakas & Heldin, 2005; Ikushima, 2012). 

When assessing the role of TGFß2-AS1 on the expression of E-cadherin, we investigated the effects of 

depletion of EED on the protein expression levels of E-cadherin. Here, we showed that depletion of 

EED restored the expression of E-cadherin in response to TGFß treatment. In accordance with other 

research, our findings suggest that the PRC2 regulates the expression of E-cadherin (Oktyabri et al, 

2014). 
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When assessing another TGFß target gene, Fibronectin, we showed induction of Fibronectin in 

response to TGFß treatment, although TGFß2-AS1 expression did not appear to have a significant 

additional effect (Fig. 5D). On the other hand, when measuring Fibronectin protein levels in response 

to TGFß treatment, we observed decreased levels in the TGFß2-AS1 overexpression model (Fig. 6), in 

agreement with the impact of TGFß2-AS1 on N-cadherin and PAI-1. Furthermore, depletion of EED 

had an inductive effect on Fibronectin, both in untreated and TGFß-treated conditions (Fig. 8), 

suggesting a regulatory role for the PRC2 complex in regulating Fibronectin expression.  

Interestingly however, our immunofluorescence results showed a slightly increased expression of 

Fibronectin in the TGFß2-AS1 overexpressing clones that was amplified by TGFß treatment. Since 

immunofluorescence experiments are difficult to quantify, the above-mentioned observation should 

be taken with some caution and requires further, detailed analysis. However, our 

immunofluorescence results showed a more convincing increase in extracellular localization of 

Fibronectin in response to TGFß treatment (Fig. 7B), therefore suggesting that TGFß induces secretion 

of Fibronectin into the extracellular matrix. Taken together, our immunofluorescence data could 

explain the decreased Fibronectin levels in our immunoblotting results, since this method solely 

measures intracellular protein levels. Furthermore, Fibronectin expression did not appear to be 

affected by TGFß2-AS1 expression at the mRNA level. This finding could be explained by the notion 

that Fibronectin expression has been found to be regulated independently of Smad signalling but 

rather depends on the JNK and p38 MAPK pathways (Horcevar et al, 1999; Kolosova et al, 2011).  

In addition to this work, we recommend to repeat our experiments assessing TGFß target genes with 

extended TGFß treatment times, for at the least one week, to gain an understanding of the effects of 

TGFß2-AS1 expression in the context of EMT. Likewise, especially to gain an understanding of E-

cadherin regulation in response to TGFß2-AS1 expression, we propose using an onco-Ras transformed 

cancer cell model instead of HaCaT cells. Furthermore, a thorough and more genome-wide assessment 

of Smad signalling and Smad target gene expression in relation to TGFß2-AS1 expression could give 

insight into the mechanism by which TGFß2-AS1 regulates the expression of Smad dependent TGFß 

targets, such as PAI-1, N-cadherin and other. Most importantly, however, we recommend to repeat 

the experiments for the mRNA expression data, protein expression levels and immunofluorescence 

regarding the expression of TGFß target genes in order to reach statistical significance. 

Another line of research worth exploring would be the pro-proliferative effect of TGFß2-AS1 

overexpression. Besides the HaCaT cells used here, this mechanism should be tested in different cell 

types. Moreover, repression of p15 by the PRC2 complex has been shown to be regulated by several 

lncRNAs and leads to poor prognosis in cancer (Kong et al, 2015; Su et al, 2017) Likewise, exploring 

the mechanism and effects of TGFß2-AS1 overexpression on cell proliferation in cancer cells would 

possibly provide clinically relevant knowledge and could inspire the use of TGFß2-AS1 as a future drug 

target.  

In conclusion, we show that TGFß2-AS1 expression has a positive effect on the proliferation rate in 

HaCaT cells. This effect is possibly PRC2-mediated, resulting in repressed expression of the cell cycle 

inhibitor p15. Furthermore, our findings show that E-cadherin expression is regulated by EED, 

indicating that this effect is PRC2-mediated. Moreover, we show that TGFß2-AS1 expression is 

regulated by TGFß signalling and has an inhibitory effect on both the basal and TGFß-induced 

expression of certain TGFß target genes, SERPINE1/PAI-1 and CDH2/N-cadherin. Additionally, our data 

suggests that the expression of TGFß2-AS1 decreases the expression of Fibronectin at the protein 

level.  
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Representative images of protein levels, visualized by immunofluorescence, of a TGFß2-AS1 overexpressing cell model: 
pcDNA3 T-AS1 #13 (AS1 OE) and their respective controls; pcDNA3 #2 (ctrl), in response to TGFß1 treatment (24 h, 5 ng/ml). 
(A) H3K27Me3 (green) staining alone or together with actin (red) and blue nuclear staining (Merge); (B) EED (green) staining 
alone or together with actin (red) and blue nuclear staining (Merge); (C) Med21 (green) staining alone or together with actin 
(red)  and blue nuclear staining (Merge). 
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Fig. A1 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A

AS1 OE 

Ctrl 

Ctrl + 24h 
TGFß1 

AS1 OE + 24h 
TGFß1 

H3K27Me3 Merge 



30 
 

 

 

 

 

 

 

  

AS1 OE 

Ctrl 

Ctrl + 24h 
TGFß1 

EED Merge 

AS1 OE + 24h 
TGFß1 

B



31 
 

 

 

 

 

 

 

 

  

AS1 OE 

Ctrl + 24h 
TGFß1 

AS1 OE + 24h 
TGFß1 

Med21 Merge 

Ctrl 

C 



32 
 

Fig A2 
RT-qPCR results, expressed in fold change, for a TGFß2-AS1 overexpressing HaCaT cells; pcDNA3 T-AS1 #14 (AS OE) and 
their respective controls; pcDNA3 #2 (ctrl) in response to TGFß1 treatment (24 h, 5 ng/ml) (red bars). 
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