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 Abstract (English version): 

Breast cancer (BC) is a heterogeneous disease and the luminal Estrogen Receptor-alpha-positive (ERα+) tumor 

is the most frequent BC subtype. As for other complex phenotypes, the BC gene expression profiles are tightly 

regulated at both transcriptional and posttranscriptional levels. Notably, alternative splicing (AS) is an 

important molecular mechanism which regulates gene expression and governs many aspects of cellular  

proliferation, differentiation and development. The regulation of AS is driven by different RNA binding 

proteins (RBPs) mainly splicing factors (SFs), but emerging evidence revealed the essential role of noncoding 

RNAs as well as transcription factors in AS regulation. 

In this thesis, using MCF-7 cells as cellular model of the luminal B subtype, I investigated through RNA-seq 

data analysis, the effect on both gene/isoform expression and AS in four different knockout (KO) experiments: 

i) the KO of the well-known SFs, hnRNPL and ESRP1/2; ii) KO of the ERα-controlled lncRNA DSCAM-

AS1; and iii) the KO of ERα in hormone depleted cells. For this purpose, I developed a comprehensive 

bioinformatic analysis pipeline which starting from RNA-seq data is able to characterize the gene and isoform 

expression levels as well as detecting AS events, isoform switching, and predicting enriched RBPs binding 

motifs among AS events between two biological conditions. 

The application of this bioinformatic pipeline on hnRNPL and ESRP1/2 KO experiments revealed distinct 

biological processes regulated by these SFs and a nonoverlapping set of AS events affected by each treatment. 

Interestingly, the hnRNPL KO extensively impairs the MCF-7 proliferation and induces a more mesenchymal 

phenotype in MCF-7 cells, while ESRP1/2 KO mainly affects the expression of immune-related genes with 

little effects on cell proliferation. Furthermore, in hnRNPL KO experiment, ERα was downregulated at both 

gene and isoform levels and DSCAM-AS1 was the most significant gene characterized by an isoform switching 

event, supporting its known interaction with this SF. 

The KO of the ERα-controlled lncRNA DSCAM-AS1 in BC was also investigated. As for hnRNPL KO, 

DSCAM-AS1 silencing strongly hampered the expression of cell cycle related genes and induced an extensive 

change in AS, enriched in 3’UTR shortening and exon skipping events. By an RBP binding motif enrichment 

approach hnRNPL was the most enriched SF for DSCAM-AS1-regulated exon skipping and 3’UTR events. 

This thesis reveals the complexity in regulation of AS by a network of SFs, lncRNA, and ERα in luminal BC 

and provides a comprehensive computational approach to analyse these molecular events from RNA-seq data. 
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chapter 1. Introduction 

Chapter organization 

Gene expression (GE) is an integrated process that involves complex regulation at genomic, epigenomic, and 

transcriptomic levels. In this context, a specific layer of complexity is further introduced by the generation of 

different transcript isoforms due to co-transcriptional modification events. As a mechanism enabling the 

synthesis of different RNA isoforms from the same gene locus, alternative splicing (AS) is considered the most 

contributing mechanism to the complexity and diversity of the proteome content of the cell. Importantly, AS 

was found to be mis-regulated under disease states, especially in cancer, where this alteration might be 

evaluated as a hallmark of cancer cell biology. 

In this introduction, a general overview on the human genome complexity and its integrative regulatory 

mechanisms is provided, with a special focus on the mechanisms of AS and its impact on GE under both 

physiological and pathological conditions. 

The first section of this introduction is focused on the posttranscriptional regulation of GE process, followed 

by a detailed overview of the AS process including its mechanisms, functional consequences, regulation by 

RNA-binding proteins (RBPs) or splicing factors (SFs) as well as by the non-protein coding RNAs (ncRNAs). 

Finally, its role under physiological conditions and its aberrant regulation under cancer context is described.  

The second section of this introduction provides an overview on the main experimental methods, especially 

High-throughput RNA sequencing techniques (RNA-seq) and debate on how the continuous reduction of its 

cost has enabled the generation of high amounts of data that could be analysed for AS regulation. In addition, 

this section also provides a focus on the different computational approaches for RNA-seq data analysis which 

can help in deciphering/constructing the pattern of splicing events in cells.  

Finally, the last section highlights the role of the estrogen receptor-alpha (ERα) signaling pathway in breast 

cancer (BC) as a model of complex network regulation of epithelial gene expression. More specifically, this 

section provides evidence on how ERα pathways control the expression of specific RBPs and ncRNAs as main 

regulators of AS. 

1.1 The central dogma of molecular biology and its fails face to the human genome 

complexity 

Over decades, the sequence information in a cell was thought to follow a linear flow from genomic (DNA) to 

transcriptomic (RNA) to proteomic (protein) layers through the process of transcription and translation, 

respectively (Hartman 1959). However, the completion of the human genome project (ENCODE Project 

Consortium 2012) revealed that the human genome produces around 90,000 different proteins, while the 

number of human genes discovered was fewer than 25,000 genes, even lesser than the number of genes present 

in less complex genomes (e.g. 40,000 genes in Zea mays) (Valdivia 2007). This non-proportionality between 

the genome complexity, the number of discovered genes, and the number of encoded proteins was mainly 

attributed to the mechanisms of AS (Figure 1.1-1), and it was acknowledged as the mismatch in the “one gene 

to one protein formation” paradigm of the central dogma of molecular biology. Thus, the gene-centric view 

https://paperpile.com/c/X1X8Dq/O1rFN
https://paperpile.com/c/X1X8Dq/ocqiO
https://paperpile.com/c/X1X8Dq/ocqiO
https://paperpile.com/c/X1X8Dq/D8rUx
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introduced by the central dogma of molecular biology was then updated from genes to RNA transcripts, these 

latter which were considered as fundamental units of the genome (Pennisi 2012). 

 

Figure 1.1-1: An example of the human CD45 gene with complex AS patterns and its downstream consequences. The 

differential inclusion of exons 4, 5, and 6 is context-dependent and results in different protein isoforms, with different 

functional domains. In human native T cells, the inclusion of exons 4, 5, and 6 is increased resulting in protein isoforms 

with glycosylated segments A, B and C. While in human memory T cells, the concentration of hnRNPLL is increased 

resulting in the inhibition of exons 4,5 and 6 inclusion and production of the shortest CD45 isoform (CD45RO) lacking 

the glycosylated segments. ESS: Exonic splicing silencers. From (Zikherman and Weiss 2008). 

Since the realization of the ENCODE project, it has become increasingly evident that the complexity of an 

organism genome does not only depend on its genome content, but also on how the production and the activity 

of genome products is regulated. Subsequently, it has now become clear that GE is a complex integrative 

process that is tightly regulated by multiple layers of regulation forming complex regulatory networks, contrary 

to the linear flow of information initially proposed by the central dogma of molecular biology. For instance, 

the expression of a given gene to produce a functional RNA or protein product implies regulations at genomic, 

epigenomic, and transcriptomic levels (Ritchie et al. 2015) (Figure 1.1-2). 

https://paperpile.com/c/X1X8Dq/bzQUm
https://paperpile.com/c/X1X8Dq/IDtUF
https://paperpile.com/c/X1X8Dq/hasqn
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Figure 1.1-2: A schematic overview of the GE process as an integrative process involving different layers of regulation. 

The arrows indicate the flow of genetic information from the genome to the proteome level and, consequently, to the level 

of cell phenotype (phenome). The red crosses indicate repression of a transcriptional or translational process. Examples 

of the molecular regulatory elements involved in each regulatory layer are given. SNP, single-nucleotide polymorphism; 

CNV, copy number variation; LOH, loss of heterozygosity; Me, methylation; TF, transcription factor; miRNA, microRNA; 

TFbs, transcription factor-binding sites. From Nature Reviews Genetics (Ritchie et al. 2015). 

The genome, representing the first layer of regulation, harbours the constitutive sequence and structural 

information of a given organism, in addition to any kind of sequence variations; including sequence nucleotide 

variants, single nucleotide polymorphisms, or copy number variations, amplifications, insertions, and 

deletions; all of which influence the GE process (Bernstein, Meissner, and Lander 2007). 

The second layer of regulation of the GE process is represented by the epigenomic content of the cell, which 

includes DNA methylation states and all possible histone Post-Translational Modifications (PTMs) along the 

chromatin (Rivera and Ren 2013). The epigenome regulates GE by organizing the nuclear architecture of 

chromosomes, either facilitating or repressing the accessibility of transcription factors (TFs) to DNA. The 

epigenome differs between tissues and cell types thus it constitutes a second layer of regulation that is pivotal 

to maintain cell type-specific GE patterns and ultimately cell-specific phenotypes. 

The transcriptome which constitutes the whole set of molecular interactions involving cellular RNAs and their 

processing mechanisms, particularly by AS, constitutes the third layer of GE regulation. It has become recently 

clear that the number of functionally characterized regulatory RNAs is increasing (E. Park et al. 2018)  and 

their dual ability to bind proteins or to mediate base-pairing with DNA or RNA molecules is being investigated 

(Statello et al. 2021). 

https://paperpile.com/c/X1X8Dq/hasqn
https://paperpile.com/c/X1X8Dq/XDe6M
https://paperpile.com/c/X1X8Dq/SEaUw
https://paperpile.com/c/X1X8Dq/vxPU3
https://paperpile.com/c/X1X8Dq/TwhOj
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Furthermore, the ENCODE project has estimated that, on average, each human gene has approximately 6.5 

different RNA transcripts (ENCODE Project Consortium 2012). It is therefore not surprising that the regulation 

of RNA transcript expression plays an important role in many important biological processes (Kornblihtt et al. 

2013). Vital biological functions such as development, differentiation, proliferation, and apoptosis have indeed 

been shown to be regulated by the expression of specific gene products (Gabut et al. 2011), and their mis-

regulation has been associated with the development of several diseases, including cancer (Y. I. Li et al. 2016). 

Moreover, accumulating evidence has revealed that RNA isoforms are expressed in a tissue-specific manner 

and may alter several functional aspects, such as cellular localization, and stability of the RNA or protein 

molecules (Jiang et al. 2020). Notably, it was experimentally shown that the splicing of the pre-mRNA into 

different alternative RNA transcripts could result in the production of protein isoforms with remarkable 

differences in several functional aspects including cellular localization, stability, DNA binding properties, and 

could even behave as distinct proteins especially when considering their protein-protein interaction (PPI) 

networks (X. Yang et al. 2016). 

AS, differential alternative promoter or transcription start site (TSS) usage, and alternative polyadenylation 

(polyA) site usage are the three main molecular mechanisms that are involved in the synthesis of different 

splice variants from the same gene (de Klerk and ’t Hoen 2015). In highly complex organisms, like mammals, 

it has been estimated that at least 70% of genes have multiple alternative polyA sites, more than 50% have 

alternative TSSs, and  up to 95% of genes undergo AS (Carninci et al. 2006). Hence, these three independent 

mechanisms by affecting the structure and the functional properties of RNA transcripts increase the repertoire 

and complexity of the genome of a given organism (Ni et al. 2013). 

It is now well known that 98% of the human genome does not encode proteins (ENCODE Project Consortium 

2012) (Figure 1.1-3). These non-protein coding regions of the human genome were initially considered as just 

“junk DNA” and were thought to undergo no selective pressure but needed only to accumulate mutations with 

no harm effects to the organism (Ohno 1972). However, The efforts of the ENCODE project provided evidence 

supporting that this junk DNA is indeed transcribed into RNA and it could, as RNA, participate in the control 

of the GE process by forming complex regulatory networks (ENCODE Project Consortium 2012). Notably, 

ncRNAs transcripts have been shown to be functionally important in different contexts where they function as 

key regulatory molecules of GE either at epigenetic, transcriptional, and post-transcriptional levels (Cech and 

Steitz 2014). Moreover, ncRNAs transcripts have also been found to be involved in physiological as well as 

in pathological conditions and were identified to act as tumor suppressors or oncogene in various cancers 

(Pavet et al. 2011). The discovery that most (98%) of our transcriptome is non-coding has become very exciting 

for researchers since understanding the different roles played by these ncRNAs would represent a great 

fundamental achievement in molecular biology. 

https://paperpile.com/c/X1X8Dq/ocqiO
https://paperpile.com/c/X1X8Dq/MiHJp
https://paperpile.com/c/X1X8Dq/MiHJp
https://paperpile.com/c/X1X8Dq/pF6ZJ
https://paperpile.com/c/X1X8Dq/g7f4w
https://paperpile.com/c/X1X8Dq/FXbwC
https://paperpile.com/c/X1X8Dq/Vjg4l
https://paperpile.com/c/X1X8Dq/8fsgD
https://paperpile.com/c/X1X8Dq/1rA3z
https://paperpile.com/c/X1X8Dq/0MKK0
https://paperpile.com/c/X1X8Dq/ocqiO
https://paperpile.com/c/X1X8Dq/ocqiO
https://paperpile.com/c/X1X8Dq/gMe6H
https://paperpile.com/c/X1X8Dq/ocqiO
https://paperpile.com/c/X1X8Dq/dsChG
https://paperpile.com/c/X1X8Dq/dsChG
https://paperpile.com/c/X1X8Dq/vZapc
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Figure 1.1-3: In this scatter plot, 73 organisms with a previously defined relative biological complexity (expressed as the 

number of distinct cell types) are shown as pairs of data points, with total protein-coding sequence bases depicted in red 

and the total non-protein-coding bases depicted in blue which cumulatively give the total genome size (x-axis). Non-

protein-coding sequence increases exponentially with the number of distinct cell types, while protein-coding sequence is 

asymptotic. From (G. Liu, Mattick, and Taft 2013). 

1.2 Post-transcriptional control of gene expression 

In eukaryotic cells, the decoding of a gene into functional RNA and protein products is generally achieved 

through the processes of transcription and translation, respectively (Society for Experimental Biology (Great 

Britain) 1958). The gene is first transcribed into a precursor mRNA (pre-mRNA), the latter which is translated 

into a protein. To be translated, the pre-mRNA molecule undergoes a preprocessing into mature mRNA 

molecule through three main stages: 5’capping, by addition of a 7-methylguanosine residue to the 5’ terminal 

phosphate, polyadenylation, by addition of a poly-adenosine (poly-A) tail to the 3’ end, and constitutive pre-

mRNA splicing (Figure 1.2-1). The 5’capping of pre-mRNA is crucial for maintaining mRNA stability, 

nuclear export, and for translation initiation (Wilusz, Wormington, and Peltz 2001). The polyadenylation step 

of pre-mRNA constitutes another layer of regulation as it regulates the interaction with RBPs and microRNAs 

(miRNAs) (Tian and Manley 2017). The third step of constitutive splicing consists of a multi-step pathway 

aiming at the excision and removal of non-coding intervening sequences (introns) from the pre-mRNA and 

joining of exons together through the interaction with the spliceosomal complex (further discussed in the next 

sub-chapter). 

https://paperpile.com/c/X1X8Dq/h7DM4
https://paperpile.com/c/X1X8Dq/AHRXF
https://paperpile.com/c/X1X8Dq/AHRXF
https://paperpile.com/c/X1X8Dq/wz5Bp
https://paperpile.com/c/X1X8Dq/lKqug
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Figure 1.2-1: From DNA to protein formation as introduced by the central dogma of molecular biology. The DNA (double 

helix loop) is transcribed into pre-mRNA, consisting of a set of exons (boxes) intervened by non-coding introns (solid 

lines). The pre-mRNA is 5’capped, polyadenylated and constitutively spliced to give a mature mRNA molecule that is 

further translated into protein. m7G: 7-Methylguanosine, circled P: phosphate, A: adenosine. From (Neumann 2019). 

1.2.1 Constitutive pre-mRNA splicing 

Most eukaryotic unspliced pre-mRNA molecules contain one or more (sometimes dozens of) intervening non-

coding sequences called introns of varying lengths that must be removed to ensure the proper placement of 

short sequences called exons (~20-300 nucleotides length) in the correct reading frame (Ast 2004). Since their 

discovery, a number of functions have been attributed to introns such as facilitating the apparition of novel 

genes by exon shuffling/duplication and production of diverse protein isoforms from the same gene through 

AS. However, it has recently become more clear that introns and their elimination by the spliceosomal 

machinery can influence different stages of RNA lifespan including initiation of transcription (Kwek et al. 

2002), editing, polyadenylation (Proudfoot, Furger, and Dye 2002), export from nucleus (M.-J. Luo and Reed 

1999), translation (Matsumoto, Wassarman, and Wolffe 1998) and mRNA degradation (Hir and Le Hir 2001). 

Taken together, these introns-induced effects can sum up and contribute to different expression profiles of 

intron-containing and intronless genes (Rose 2018). 

During the process of pre-mRNA splicing, the splicing machinery recognises the exons with high precision, 

removes introns, and ligates the exons to form a mature RNA molecule. The efficiency and precision of introns 

removal from the pre-mRNA is ensured by trans-acting factors which includes the component of the 

spliceosomal complex; small nuclear ribonucleoprotein complexes (U1, U2, U4, U5, and U6 snRNPs) and 

other non-snRNP proteins; and by cis-acting sequence elements which includes 5’ and 3’ splice sites that mark 

exon-intron boundaries, a branching point, and a polypirimydine tract that lie within the intron (Brow 2002). 

Additionally, other exonic and intronic splicing enhancer and suppressor signals constitute another control 

layer of pre-mRNA splicing through their interaction with the trans-acting factors (Sanford, Ellis, and Cáceres 

2005). 

https://paperpile.com/c/X1X8Dq/imDe2
https://paperpile.com/c/X1X8Dq/cCHeV
https://paperpile.com/c/X1X8Dq/l4ipE
https://paperpile.com/c/X1X8Dq/l4ipE
https://paperpile.com/c/X1X8Dq/3beRL
https://paperpile.com/c/X1X8Dq/kDvPO
https://paperpile.com/c/X1X8Dq/kDvPO
https://paperpile.com/c/X1X8Dq/opmer
https://paperpile.com/c/X1X8Dq/oTZQw
https://paperpile.com/c/X1X8Dq/Fog2D
https://paperpile.com/c/X1X8Dq/DZZmP
https://paperpile.com/c/X1X8Dq/mW0Xj
https://paperpile.com/c/X1X8Dq/mW0Xj
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The intron-exon junction boundaries of the pre-mRNA are marked by the presence of specific splice sites that 

are recognisable by the spliceosomal machinery (Romfo et al. 2000). At the branch point, a two-step 

nucleophilic transesterification reaction takes place, where the 2’ hydroxyl group of a specific adenosine 

becomes more nucleophilic and makes a nucleophilic substitution type 2 (N2) on the phosphodiester at the 

upstream 5’ splice site, forming a free upstream 5’exon and a 3’exon-intron lariat (Sperling, Azubel, and 

Sperling 2008). Next, a second N2 reaction takes place where this time the free 3’ hydroxyl anion of the 

upstream exon attacks the phosphodiester moiety at the 3’ splice site to yield the spliced RNA and the spliced-

out intron in a lariat form (Sperling, Azubel, and Sperling 2008) (Figure 1.2-2). 

 

Figure 1.2-2: Constitutive splicing mechanisms of pre-mRNA molecules. First step: The 2’ hydroxyl group of a specific 

adenosine at the branch site of a pre-mRNA makes a nucleophilic substitution type 2 (SN2) attack on the phosphodiester 

at the 5’ splice site (marked in red), resulting in a free 5’ exon (red) and a 3’ exon-intron moiety. Second step: the free 3’ 

hydroxyl anion of the 5’ exon attacks the phosphodiester moiety at the 3’ splice site (marked in blue), yielding the spliced 

RNA and the spliced-out intron. From (Sperling, Azubel, and Sperling 2008). 

In addition, the pre-mRNA splicing process is mediated by a large poly-component complex called 

spliceosome. This complex is composed of the five small nuclear RNA (snRNA) molecules (U1, U2, U4, U5 

and U6 snRNA) and as many as 250 proteins (J. Liu et al. 2020). Each of the five snRNA molecules interacts 

with a specific protein to form a small ribonuclear protein complex (snRNP). The coordinated binding of the 

five snRNPs within the splicing signals in the pre-mRNA occurs in a stepwise manner and results in the 

removal of introns and the ligation of the flanking exons (Ast 2004). The process is first initiated by the 

recognition and binding of the U1 snRNP at the 5’ splice site forming the E complex, the recognition and 

binding of the U2 snRNP at the branch site in an ATP-dependent manner giving rise to A complex. Thereafter, 

a further step involves the addition of the U4/U6.U5 tri-snRNPs complex to form an inactive B complex. This 

B complex is later activated during the next step by the release of the U1 and U4 snRNPs to yield the splicing-

active complex C. The active complex C catalyses a second reaction which results in the joining of the flanking 

exons and in the release and removal of the intron lariat as well as the U2, U5, and U6 snRNPs (Sperling, 

https://paperpile.com/c/X1X8Dq/sCd0Q
https://paperpile.com/c/X1X8Dq/0vEm4
https://paperpile.com/c/X1X8Dq/0vEm4
https://paperpile.com/c/X1X8Dq/0vEm4
https://paperpile.com/c/X1X8Dq/0vEm4
https://paperpile.com/c/X1X8Dq/Is2n5
https://paperpile.com/c/X1X8Dq/cCHeV
https://paperpile.com/c/X1X8Dq/0vEm4
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Azubel, and Sperling 2008) (Figure 1.2-3). The whole process is accompanied by the interaction with other 

trans-acting SFs (discussed in detail in the next sub-chapters). 

 

Figure 1.2-3: Schematic representation of the spliceosomal machinery assembly. U1 (green) binds to the 5’ splice site of 

the pre-mRNA molecule, yielding complex E. Complex U2 snRNP interacts with the branch site in an ATP-dependent 

manner, yielding complex A. Complex B is formed by addition of the U4/U6.U5 tri -component. The U1 and U4 snRNPs 

are then released and the complex B is remodelled, yielding the splicing-active complex C. From (Sperling, Azubel, and 

Sperling 2008). 

1.2.2 Alternative splicing of pre-mRNA 

Most human genes are multi-exonic and could be considered as an island of exons placed in the middle of 

oceans of introns. An average human gene is in general 28,000 nucleotides long and consists of 8.8 exons of 

about 120 nucleotides on average that are separated by 7.8 introns of varying lengths (Consortium and 

International Human Genome Sequencing Consortium 2001). The relatively high number of exons per gene 

enables the spliceosomal machinery to splice-in different sets of exons from a single pre-mRNA generating 

different RNA transcripts with different exon composition and properties (Modrek and Lee 2002). Notably, 

the advent of transcriptomic sequencing technologies together with the development of bioinformatic tools 

revealed that RNA transcripts of nearly 95% of human multi-exonic genes are alternatively spliced into 

multiple RNA transcripts (Merkin et al. 2012). Hence, the AS process is a source of human proteome diversity 

and complexity (Woodley and Valcárcel 2002). 

1.2.2.1 Modes and mechanisms of alternative splicing 

The AS process in its linear form can be subdivided into five different major categories: (i), the usage of an 

alternative 5’ or (ii) 3’ splice site (A5’/A3’), resulting in the shortening of an exon; (iii), skipping of an entire 

cassette exon (exon skipping, ES); (iv), skipping of one of two consecutive exons and simultaneous inclusion 

of the other (mutually exclusive exon, MX); (v), and retention of an intron (intron retention, IR) (Sugnet et al. 

2004). In addition, advanced high-throughput sequencing techniques such as RNA-seq with the help of Cap 
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Analysis Gene Expression (CAGE) tags and full length RNA-seq projects have brought up two other transcript 

variations - not considered as AS events in sensu stricto - involving the differential usage of either alternative 

first (AF) exon; possibly resulting from TSSs differential usage; or alternative last (AL) exon; which could 

result in polyA sites differential usage (Trincado et al. 2018) (Figure 1.2-4). More recently, another mechanism 

of RNA transcripts production called back-splicing involving the circularization of one, two, or more exons 

generating circular RNA transcripts (circRNAs) was also discovered in both normal human tissues as well as 

in different cancer types (P. Zhang et al. 2020; Tarrero et al. 2018) (Figure 1.2-4). Despite their low expression 

levels in comparison to their linear counterparts, circRNAs represent the long living forms of RNA transcripts 

as they are extremely resistant to degradation by exonucleases due to the absence of free ends and their 

prognostic potential in different diseases is being recently investigated (Z. Zhao et al. 2017). 

 

Figure 1.2-4: Types, modes, and resulting splice RNA products of the AS process. Shown on the left are constitutive 

splicing and the five main AS categories, in addition to AF and AL exon events and their resulting mRNA splice variants 

(right). constitutive and alternative exons are shown in dark and light colored boxes, respectively, and introns are 

represented by solid lines. In AF and AL splicing events, the dots before and after alternative exons represent different 

promoters and polyA sites, respectively. On the right side of the figure is shown the possible circular RNA transcripts 

(circRNAs) produced from a given pre-mRNA. The back-splice junctions involved in exon(s) circularization are 

highlighted by dashed arrows. The back-splicing could generate mono-exonic (exon 2 in yellow, exon 3 in green), or di-

exonic circRNAs with or without intermediate intron retention. 

1.2.2.2 Functional consequences of alternative splicing 

AS produces different mRNA isoforms from the same gene locus and remarkably increases the proteome 

complexity and diversity in the cell (Yansheng Liu et al. 2017). Although genetically related and originate 

from the same gene locus, the different isoforms generated through AS may have different RNA stability, 

decay rate, and transcription efficiency (X. Yang et al. 2016). Furthermore, the different mRNA isoforms 

generated by AS of a single pre-mRNA molecule may differ by their exonic composition and may encode for 

https://paperpile.com/c/X1X8Dq/GjAkX
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different protein isoforms. These protein isoforms have been shown on many occasions to act as distinct 

proteins, to exhibit different interaction profiles (M.-S. Kim et al. 2014), to have different localizations, and to 

be involved in different biological pathways, and in some cases to ensure completely opposite biological 

functions (X. Yang et al. 2016) (Figure 1.2-5). 

 

Figure 1.2-5: Possible functional consequences of AS. AS could result in different mRNA splice variants with different 

stabilities (NMD-sensitive versus NMD-insensitive). NMD, Nonsense mediated decay. AS could also affect the domains 

involved in interactions with specific partners of the encoded protein isoforms. From (Neumann 2019). 

1.2.2.3 Regulation of alternative splicing 

AS is an important molecular mechanism controlling GE and occurs in a tissue or context-dependent manner, 

thus representing a fine-tuning device of the cell fate and cellular decision-making process. It allows the fine-

tuned production of specific RNA transcripts in a context-dependent manner (Saha et al. 2017). The precise 

selection of the set of exons to be spliced-in in a specific context by AS process is in turn dependent on a 

plethora of trans-acting proteins including SFs, as well as on cis-acting sequence elements (Douglas L. Black 

2003). The SFs interact with the splicing machinery through their binding to the pre-mRNA at cis-acting 

sequence elements and can either promote or repress the usage of a particular splice site (Hamid and Makeyev 

2017). The cis-acting elements can be subdivided into four different subtypes based on their position and type 

of regulation: exonic and intronic splicing enhancers (ESE, ISE), both promoting splice site usage, or exonic 

and intronic splicing silencers (ESS, ISS), both repressing splice site usage (Figure 1.2-6). When it comes to 

SFs, the most predominant trans-acting regulators of AS belong either to the serine/arginine-rich (SR) or 

heterogeneous nuclear ribonucleoprotein particle (hnRNP) protein families (Busch and Hertel 2012). Through 

their binding on cis-acting elements, they could either promote or repress the selection and usage of particular 

splice sites. Specifically, SR proteins contain serine-arginine-rich repeat domains and generally promote splice 

sites usage by recruitment of the spliceosomal components or other auxiliary factors (Erkelenz et al. 2013). 

The proteins from the hnRNP family are in contrast known to mainly repress splice site usage by involving 

https://paperpile.com/c/X1X8Dq/ZxBZd
https://paperpile.com/c/X1X8Dq/Vjg4l
https://paperpile.com/c/X1X8Dq/imDe2
https://paperpile.com/c/X1X8Dq/yut0u
https://paperpile.com/c/X1X8Dq/dmnu1
https://paperpile.com/c/X1X8Dq/dmnu1
https://paperpile.com/c/X1X8Dq/mU4zO
https://paperpile.com/c/X1X8Dq/mU4zO
https://paperpile.com/c/X1X8Dq/rx2tQ
https://paperpile.com/c/X1X8Dq/8qvbt


Chapter 1 Introduction 

11 

different mechanisms (Van Nostrand et al. 2020). These and other SR-like proteins most often regulate the 

same target RNA transcript, or either have overlapping binding sites on the same pre-mRNA, forming a 

complex regulatory network to yield the expression of their common target RNAs (Hamid and Makeyev 2017) 

(Figure 1.2-6). 

 

Figure 1.2-6: Simplified representation of the cooperative control of AS by RBPs. In general, the splicing of the middle 

exon (red box) is modelled by binding of SFs. hnRNPs repress AS by binding to exonic or intronic splicing silencer (ISS, 

ESS) sites. In contrast, SR proteins promote AS through their binding of intronic or exonic splicing enhancer sites (ISE, 

ESE). hnRNPs and SR proteins interact with the components of the spliceosomal complex to modulate its binding on the 

pre-mRNA molecule. 

1.2.2.3.1 Alternative splicing is tightly controlled by RNA-binding proteins networks 

AS of the nascent pre-mRNA transcripts is a key determinant of the transcriptome, the protein levels, and the 

consequent phenotypes of the cell (Schwanhäusser et al. 2011). Each RNA transcript is tightly controlled by 

RBPs (Gerstberger, Hafner, and Tuschl 2014) which represent the post-transcriptional army of the cell that is 

encoded by at least 1,500 RBP-encoding genes (Castello et al. 2012). The RBPs influence mRNA metabolism 

or its life-cycle at different levels including splicing, as well as transport, localization, translation, and stability 

(Dreyfuss, Kim, and Kataoka 2002) and their mis-regulation has been associated with several diseases, 

including cancer (Qin et al. 2020). The binding of pre-mRNA molecules by RBPs is mediated by the presence 

of structurally well-defined RNA-binding domains (RBDs) contained within the RBPs, including the most 

frequent RNA Recognition Motifs (RRM), hnRNP K Homology (KH) domain, or Dead Box helicase Domain 

(Linder and Jankowsky 2011) (Figure 1.2-7). 
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Figure 1.2-7: Schematic representation of major classes of RNA SFs: Serine/arginine-rich (SR) and heterogeneous 

nuclear ribonucleoproteins (hnRNPs), and their regulatory interplays . A, Examples of RBPs with diverse RBDs involved 

in the pre-mRNA binding. RRM, RNA Recognition Motif; RRMH, RNA Recognition Homology Motif; RS, serine/arginine-

rich repeat domains; Zn, Zn-binding domain; KH, K homology domain; RGG, arginine-glycine-glycine repeat-rich 

region; G, Glycine rich region; Acidic-rich, acidic amino acid residue-rich region. B, cooperative interplay between two 

RBPs having the same target with binding either proximal (top) or distal (bottom) binding sites. C, competitive interplay 

between two RBPs which compete for the binding of the same binding sites and results in opposite effects. D, Mutual 

interplay where an RBP regulates the expression of another RBP (top) or its cognate mRNA expression (bottom). 

The fine-tuned control of AS by the RBPs relies on one hand on their relative cell- or tissue-specific expression 

(Van Nostrand et al. 2020) as well as on the molecular interactions between different RBPs (Quattrone and 

Dassi 2019). The aberrant expression as well as genetic variations of several RBPs-encoding genes have been 

associated with different cancer types and were observed in different cancer cell lines (B. Zhang et al. 2020). 

The number of characterized human RBPs has been recently increasing as confirmed by different methods 

such as mass spectrometry-based proteomics and RNA pulldown techniques (Brannan et al. 2016). This 

continuously increasing repertoire of RBPs is likely to underlie the complexity of the posttransc riptional 

regulation of GE process, and has motivated researchers to investigate the binding properties, RNA targets, 

and functional roles of these proteins under normal and disease states, including cancer (Bonnal, López-Oreja, 

and Valcárcel 2020). 

The integration of different data generated by different techniques such as the crosslinking and 

immunoprecipitation followed by sequencing (CLIP-seq), systematic evolution of ligands by exponential 

enrichment (SELEX) and mass-spectrometry-based proteomics enabled the construction of RBP-RNA 

regulatory networks and helped elucidating their regulatory mechanisms. In vivo binding assays such as CLIP-

https://paperpile.com/c/X1X8Dq/OYLnv
https://paperpile.com/c/X1X8Dq/LMcqP
https://paperpile.com/c/X1X8Dq/LMcqP
https://paperpile.com/c/X1X8Dq/uePtG
https://paperpile.com/c/X1X8Dq/6m9FT
https://paperpile.com/c/X1X8Dq/8pcpR
https://paperpile.com/c/X1X8Dq/8pcpR


Chapter 1 Introduction 

13 

seq are widely used and provide candidate functional elements directly bound by individual RBPs (M. Zhang 

et al. 2020). While efforts in the past have been dedicated for the identification of RNA targets of each single 

RBP, recent studies instead have shown that RBPs form complex and hierarchical posttranscriptional 

regulatory networks by either direct physical interactions or indirectly through binding of same target RNA 

transcripts (Quattrone and Dassi 2019). 

Different models were proposed to describe the regulatory interactions among RBPs. In the cooperative model, 

the regulatory actions of two or more RBPs on a common pre-mRNA target are modulated by either their 

direct physical interaction when they bind to proximal RBP-binding sites on the target transcript, or when they 

bind to distal sites that are brought in proximity by the secondary structure of the target RNA (Quattrone and 

Dassi 2019) (Figure 1.2-7B). Moreover, the two RBPs could exert their same regulatory effect on the common 

target independently of each other through binding to distal binding sites without being physically interacting. 

In contrast, in the competitive model, two or more RBPs compete for the binding of the same or overlapping 

RBP-binding sites and their binding induces opposing effects on the target transcript (Figure 1.2-7C). Thus, 

the binding of one RBP interferes with and inhibits the binding of the other RBP and this results in the creation 

of a balance between the concentration of transcripts bound by antagonistic RBPs, yielding a fine-tuned 

expression of the final RNA transcript (Quattrone and Dassi 2019). In the mutual model, one RBP could bind 

and regulate the expression of either its cognate mRNA or of another RBP, resulting in the mutual regulation 

of the expression of their target transcript (Dassi 2017) (Figure 1.2-7D). 

Furthermore, SFs control AS by regulating the usage and selection of splice sites. Accumulating evidence, 

however, has shown that SFs could show antagonistic activities by either activating  or repressing splice site 

selection, depending on their binding positions (X.-D. Fu and Ares 2014), thus adding another layer of 

complexity to the posttranscriptional control of GE process by AS. For instance, SFs of the SR and SR-like 

family enhance AS only when they are recruited to the alternative exon, and they repress AS when their binding 

is located on the opposite intronic side of the 5’ splice site (S. Lin and Fu 2007). SFs members of the hnRNP 

family instead display analogous opposing effects on AS but in a reversed position-dependent manner (Huelga 

et al. 2012). Moreover, a recent study by Dominguez et al, using an RNA Bind-n-Seq (RBNS) assay, 

investigating the binding specificity of 78 human RBPs containing diverse RBDs, including RRM- and KH-

domain containing-RBPs was performed (Dominguez et al. 2018). In this study, authors revealed that RBPs 

binding affinities are influenced in a sequence, structure and context dependent manner (Dominguez et al. 

2018). 

1.2.3  non-coding RNAs as regulators of gene expression at transcriptional and 

posttranscriptional levels 

ncRNA transcripts constitute the vast portion of the human transcriptome; over 85,000 human transcripts not 

coding for proteins are annotated so far (Uszczynska-Ratajczak et al. 2018); and similar to coding RNAs, are 

often polyadenylated, but lack evident open reading frames (ORFs) (Fatica and Bozzoni 2014). They are 
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globally classified based on their size into short and long ncRNAs. The short ncRNAs less than 200 bp like 

miRNAs or snRNAs are involved in different biological processes, including AS, transcription, and translation 

(Ameres and Zamore 2013; Morris and Mattick 2014). On the other hand, a growing number of functional 

ncRNAs longer than 200 bp (lncRNAs) have been characterized (Geisler and Coller 2013). LncRNAs could 

be classified based on their location into intergenic, exonic, intronic, in enhancer regions or in the region distal 

to protein-coding genes (Geisler and Coller 2013). Intragenic lncRNAs are defined also as sense or antisense 

lncRNAs based on the gene orientation with respect to the protein-coding gene (Ransohoff, Wei, and Khavari 

2018). Most lncRNAs are transcribed by polymerase II (Pol II) and can be capped, polyadenylated, and some 

are processed similarly to mRNAs (Figure 1.2-8a). Recently, a number of studies have started to unravel 

distinct mechanisms of transcription, processing, export, and turnover of lncRNA transcripts, and such features 

are related to their functional activity (Statello et al. 2021). Compared to mRNAs, lncRNAs exhibit a 

differential cellular localization, with the vast majority being localized in the nucleus (Tian and Manley 2017). 

The comparison between lncRNA and mRNA genes has revealed that lncRNA genes are less evolutionary 

conserved, and are less abundantly expressed (Quinn et al. 2016). However, some studies have found that some 

lncRNA encoding genes are abundantly expressed in the brain (Serena Liu and Trapnell 2016), in specific cell 

types (Yao, Wang, and Chen 2019), or developmental processes (Sarropoulos et al. 2019). 

1.2.3.1 lncRNAs transcription, processing and localization 

LncRNAs exhibit distinctive features such as expression status, transcription mode, splicing efficiency, and 

cellular localization (Statello et al. 2021). For example, the low expression of certain lncRNAs has been linked 

to the presence of repressive chromatin markers at their promoters (Lagarde et al. 2017). Furthermore, as for 

protein-coding genes, the transcription stages of certain lncRNAs depend on the phosphorylation status of the 

Pol II at the C-terminal domain (Schlackow et al. 2017), but a high proportion of these lncRNAs are transcribed 

also by a dysregulated Pol II (Schlackow et al. 2017). The nuclear retention of most lncRNAs is related to their 

transcription mode and splicing efficiency (Melé et al. 2017). Some groups of lncRNAs appeared to be weakly 

spliced and the transcription termination at these genes occurs independently of polyadenylation signals, 

resulting in their accumulation on chromatin, followed by their degradation by RNA exosomes (Schlackow et 

al. 2017) (Figure 1.2-8b). The chromatin-tethering effects of lncRNAs was reported to be mediated by the 

presence of cis sequence motifs, embedded within the lncRNA sequences, that are recognized by certain 

nuclear factors (Shukla et al. 2018) (Figure 1.2-8c). For instance, a chromatin-tethering event of lncRNAs was 

observed when the Pol II-associated elongation factor SPT6 is not functional (Nojima et al. 2018). The active 

transcription mark H3k36me3 is redistributed from protein-coding genes to lncRNA genes when SPT6 is lost, 

thereby increasing their transcription (Vos et al. 2018; Nojima et al. 2018). The loss of SPT6 function impairs 

the recruitment of the transcription termination integrator complex to chromatin, leading to accumulation of 

lncRNAs on chromatin (Nojima et al. 2018). Furthermore, other aspects of lncRNAs processing is that they 

are spliced less efficiently compared to mRNAs (Guo et al. 2020). These molecules have weak internal splicing 

signals, and are characterized by the fact that the 3’ splice site is located far away from the branch point 
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(Rosenberg et al. 2015), such feature is correlated with increased nuclear retention (Figure 1.2-8c). Other 

factors, such as the differential expression of certain SFs have been associated with the accumulation of 

lncRNAs within the nucleus (Figure 1.2-8d). For example, the higher expression of the splicing inhibitor 

peptidylprolyl isomerase E in in mouse embryonic stem cells suppresses splicing of a subset of lncRNAs, 

leading to their nuclear accumulation (Guo et al. 2020) (Figure 1.2-8e). Alternative polyadenylation signals 

have also been associated with nuclear accumulation of lncRNAs (Lubelsky and Ulitsky 2018) (Figure 1.2-

8e). 

 

Figure 1.2-8: Biogenesis, and processing of lncRNAs. (a), biogenesis of lncRNAs. Some lncRNAs are transcribed by RNA 

polymerase II, weakly processed and are retained in the nucleus, while others undergo splicing and export to cytoplasm. 

Some lncRNAs having fewer exons are exported to the cytoplasm by the NXF1 pathway. (b), other lncRNAs are 
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transcribed by deregulated Pol II, remain on chromatin, and get degraded by nuclear exosomes. (c), Numerous lncRNAs 

harbouring with U1 binding motif can recruit the U1 small nuclear ribonucleoprotein, which enables their association 

with Pol II at various loci. (d), In some lncRNAs, the sequence between the 3’ splice site and the branch point is longer 

and causes inefficient splicing. (e), sequence motifs in cis containing nucelar retention element (NFRE) motifs and factors 

in trans like the differential expression of some SFs (hnRNPK) contribute to nuclear retention of lncRNAs. (f), some 

lncRNAs once in the cytoplasm are associated with many RBPs. (g), other lncRNAs associate with ribosomes through 

their pseudo 5’ untranslated regions, while others (h) are sorted in the mitochondrial matrix. (i), some other lncRNAs 

associate with other organelles like exosomes probably by forming lncRNA-RBP complexes. m7G: 7-methyl guanosine 

5′ cap; (A)n, poly(A) 3′ tail. From (Statello et al. 2021). 

On the other hand, a high proportion of lncRNAs are exported in the cytosol, presumably by the same export 

pathway of mRNAs (Zuckerman et al. 2020). Upon arrival to the cytoplasm, different lncRNAs are carefully 

assigned to different organelles or associate with different RBPs (Figure 1.2-8f), or with ribosomes under the 

influence of certain cis elements such as the long pseudo 5’ untranslated regions (Zeng and Hamada 2018) 

(Figure 1.2-8g). Although 70% of cytoplasmic lncRNAs are found bound to ribosomes, whether they are 

engaged in translation or are degraded potentially by a translation-dependent mechanism is still under debate 

(Carlevaro-Fita et al. 2016). Other cytoplasmic lncRNAs are sorted into mitochondria where they interact with 

RBPs (Noh et al. 2016) (Figure 1.2-8h) while other lncRNAs accumulate within exosomes (Figure 1.2-8i), 

possibly by a mechanism likely involving the binding of specific sequence motifs by RBPs (Statello et al. 

2018). 

1.2.3.2 Gene expression regulation by lncRNAs at epigenetic level 

GE process is regulated by lncRNAs at different levels (Gil and Ulitsky 2020). LncRNAs have the dual ability 

to bind proteins and make direct base-pairing with DNA and RNA molecules. The lncRNA-containing 

complexes can modulate chromatin functions, and transcription of both neighboring and distant genes and 

affect different aspects of RNA processing, including splicing, transport, stability, and translation (Statello et 

al. 2021). The application of the chromatin conformation capture (3C) techniques has revolutionized the 

complex lncRNA-mediated regulation of GE at the epigenetic level (Bonetti et al. 2020). LncRNAs could 

regulate chromatin architecture by directly binding to target DNA regions or indirectly by interacting with 

chromatin modifying enzymes, facilitating their recruitment  to their target gene promoters, yielding inhibition 

or activation of the GE process (Mumbach et al. 2019) (Figure 1.2-9a). Furthermore, lncRNAs could also 

serve as decoys of chromatin modifying enzymes (Jain et al. 2016) (Figure 1.2-9b). Moreover, lncRNAs could 

directly interact with target DNA regions to form DNA-RNA R-loops recognized by chromatin modifying 

enzymes, which results in the activation or inhibition of target genes (Arab et al. 2019) (Figure 1.2-9c). Other 

lncRNAs control chromatin architecture in trans mode, such as the lncRNA auxin-regulated promoter loop 

(APOLO), which once is active by auxin, recognizes specific binding motifs on the promoters of target genes, 

subsequently binds and generates an R-loop that acts as a decoy for the Polycomb factor like heterochromatin 

protein 1 (LHP1), allowing the expression of target genes (Ariel et al. 2020). 
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Figure 1.2-9: GE regulation by lncRNAs at the epigenetic level. (a), lncRNAs can physically interact with chromatin 

modifiers and recruit them to target gene promoters, resulting in activation or inhibition of transcription. The example 

illustrates HOTTIP regulation of HOXA 5’ genes transcription. HOTTIP, HOXA transcript at the distal tip; MLL, Mixed-

Lineage Leukaemia; WDR5, WD repeat-containing protein 5; H3K4me3, Histone H3 Lysine 4 trimethylation. (b), 

lncRNAs can act as decoys of chromatin modifiers sequestering them from target gene promoters. SIRT6, histone 

deacetylase sirtuin 6; lncPRESS1, p53-regulated and embryonic stem cell-specific lncRNA; H3K56ac, Histone 3 Lysine 

56 Acetylation; H3K9ac, Histone 3 Lysine 9 acetylation. (c), lncRNAs can regulate GE in cis or in trans by directly 

interacting with DNA forming DNA-lncRNA complexes recognized by chromatin modifying enzymes or by transcription 

factors.  TCF21, Transcription Factor 21; TARID, the lncRNA TCF21 antisense RNA inducing demethylation; TDG, 

thymine–DNA glycosylase; TET1, ten–eleven translocation 1; APOLO, auxin-regulated promoter loop; LHP1, 

heterochromatin protein 1. From (Statello et al. 2021). 

1.2.3.3 Gene expression regulation by lncRNAs at the transcriptional level 

Several examples of RNA-DNA complexes involving lncRNAs have been reported under both physiological 

and pathological conditions. LncRNAs interactions with DNA could result in either activation (Mondal et al. 

2015) or inhibition (O’Leary et al. 2015) of the GE process. A classic example of this mechanism is the 

lncRNA Xist, which is responsible for chromosome X inactivation process in cells of female mammals (Wutz 

2011). During embryonic development, the lncRNA Xist causes the silencing of a subset of genes located on 

one of the two X chromosomes involving a complex interplay with different proteins (Colognori et al. 2019). 

Another example of many is the lncRNA ANRIL, which mediates the recruitment of PRC1 and PRC2 to the 

promoters of its neighbouring genes, CDKN2A and CDKN2B, thereby controlling their expression and 

regulating cell senescence (Yap et al. 2010). The same lncRNA could control GE in trans-acting fashion 

through alu sequences where ANRIL drives the recruitment of PRC1 and PRC2 to the promoters of distant 

target genes (Holdt et al. 2013). Yin Zhang and colleagues, by analysing TCGA RNA-seq and ChIP-Seq data 

and Xenograft tumors, they confirmed previous evidence from Miano and colleagues (Miano et al. 2018), that 
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lncRNA DSCAM-AS1 expression is regulated by two super-enhancers. These enhancers are driven by FoxA1 

binding and DSCAM-AS1 promotes cancer progression by interacting with YBX1, an essential complex for 

the expression of FoxA1 and ERα (Y. Zhang et al. 2020). A number of studies have reported the implications 

of lncRNAs in controlling transcription are summarized in (table 1.2-1). 

Table 1.2-1: Examples of lncRNAs, their functions and mechanisms in controlling GE at the transcriptional level. 

LncRNA Interacting partners Functional mode Related pathologies 

ANRIL (Yap et al. 2010) PRC1, PRC2, YY1 recruits polycomb 

repressive complex to 

the promoters of 

CDKN2A and 

CDKN2B to inhibit 

their expression in cis 

and to regulate distant 

genes in trans 

multiple roles in 

diseases including 

cancers (Y. Kong, 

Hsieh, and Alonso 

2018) 

LINC-PINT (Marín-Béjar 

et al. 2017) 

PRC2 Suppresses gene-

expression signature of 

cancer cell invasion 

generally 

downregulated in 

multiple cancers; 

reduces cell migration 

and proliferation when 

overexpressed in lung 

cancer cells. 

CCAT1-L (Xiang et al. 

2014; Cai et al. 2020) 

CTCF, hnRNPK induces chromatin 

looping by changing 

enhancer availability 

for MYC and verus 

PVT1 

induces cancer 

progression, metastasis 

and resistance in 

multiple cancers (Z. 

Liu, Chen, and Hann 

2019) 

DSCAM-AS1 (Y. Zhang et 

al. 2020) 

YBX1 Physically interacts 

with YBX1 and 

regulates its 

recruitment at FOXA1 

and ERα promoters. 

overexpressed in lung, 

breast and prostate 

cancers. Induces cell 

growth in xenograft 

tumors (Y. Zhang et al. 

2020) 
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SWINGN (Grossi et al. 

2020) 

SWI/SNF activate the proximal 

gene GAS6 and distant 

genes in trans through 

chromatin looping 

SWINGN depletion 

reduces cancer cell 

growth in lung cancer 

xenografts (Grossi et 

al. 2020). 

 

1.2.3.4 Gene expression regulation by lncRNAs at the post-transcriptional level 

In addition to their roles in controlling transcription and chromatin organization, lncRNAs also regulate the 

GE process post-transcriptionally. One of the mechanisms by which lncRNAs regulate GE at the post-

transcriptional level is by acting as competitive endogenous RNA or miRNAs sponges. A number of lncRNAs 

were reported to bear miRNA-complementary sites and their competitive behaviour with miRNAs for binding 

mRNAs has been reported (Salmena et al. 2011). The lncRNA DSCAM-AS1 was reported to accelerate the 

progression of hepatocellular carcinoma (HCC) via sponging miR-338-3p (D. Ji et al. 2019). The knock-down 

of DSCAM-AS1 inhibited proliferation, migration and invasion in HCC cells and those effects were at least 

partially reversed by inhibition of miR-338-3p, suggesting they have common targets (D. Ji et al. 2019). 

Similarly, the lncRNA MALAT1 regulates ZEB1 expression by sponging miR-143-3p and promotes 

progression of HCC (Lisha Chen et al. 2017). Another example of many is the lncRNA LINC01426 which by 

sponging miR-345-3p induces an upregulation of VAMP8 gene and thereby facilitates glioblastoma 

progression (Cao, Tang, and Su 2020). Other studies have shown that some lncRNAs could act on important 

biological processes such as the Epithelial-to-Mesenchymal Transition (EMT) process via sponging target 

miRNAs (Wan et al. 2020). A number of example lncRNAs with miRNAs sponging effects and their 

implications in diseases are reported in (Table 1.2-2). 

Table 1.2-2: example lncRNAs mediating post transcriptional control of GE process via miRNAs sponging mechanism. 

LncRNA Target miRNA Physiopathological process References 

DSCAM-AS1 miR-338-3p Induces cell proliferation, 

migration and invasion in HCC 

cells by upregulating Cyclin-D 

expression 

(D. Ji et al. 2019) 

DSCAM-AS1 miR-101-3p promotes the progression of 

osteosarcoma through the 

upregulation of USP47 expression 

(Shanyong Zhang et al. 

2020) 
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DSCAM-AS1 miR-384 promotes cell proliferation and 

colorectal cancer progression by 

inducing AKT3 expression 

(B. Li, Sun, and Zhang 

2020) 

MACC1-AS1 miR-384, 

miR-145-3p 

Induces cell proliferation and 

breast tumor progression by 

enhancing PTN and c-MYC 

mRNAs expression 

(X. Zhang et al. 2019) 

lncRNA‐PAGBC miR-133b, miR-

511 

promotes tumor growth and 

metastasis in gallbladder cancer by 

inducing the AKT/mTOR 

signaling pathway 

(X.-S. Wu et al. 2017) 

TRPM2-AS miR-612 promotes cell proliferation and 

gastric cancer progression and 

radioresistance by inducing the 

expression of IGF2BP1, c-MYC 

and FOXM1 

(Xiao et al. 2020) 

UCA1 miR-184 accelerates the proliferation and 

cisplatin resistance of oral 

squamous cell carcinoma through 

an upregulation of SF1-mediated 

AS 

(Fang et al. 2017) 

CCAT1 miR-490 promotes gastric cancer cell 

migration via increasing 

hnRNPA1-mediated AS 

(B. Zhou et al. 2016) 

circRNA 1000,146 miR-361-3P, 

miR-615-5p 

promotes the proliferation and 

invasion of non-small lung cancer 

cells by inducing SF3B3-mediated 

AS 

(Lijian Chen et al. 2019) 

 

Moreover, in the last few years, a new role of lncRNAs in the post-transcriptional control of GE has emerged 

(Statello et al. 2021). Particularly in cancer, certain lncRNAs were found to interact with many RBPs including 

SFs, which results in the control of the RNA AS process (He, Luo, and Mo 2019) (Figure 1.2-10). A well-

established lncRNA associated with RNA splicing is MALAT1. Tripathi and coworkers, by using in-silico 
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analysis and RNA immunoprecipitation assays combined with knock-down experiments, identified that SRSF1 

can interact with MALAT1 via its RRM domain (Tripathi et al. 2010) (Figure 1.2-10a). Such interaction is 

required for the proper localization of SRSF1 as well as for other SFs to nuclear speckles, and MALAT1 

depletion induced changes in the AS pattern of a subset of transcripts (Romero-Barrios et al. 2018). 

Furthermore, MALAT1 was reported to disrupt the SFPQ-PTBP2 (polypyrimidine tract-binding protein 

2/proline- and glutamine-rich SF) complex by hijacking SFPQ, which results in the release of PTBP2, thereby 

allowing cancer progression and metastasis (Q. Ji et al. 2014). The lncRNA LINC01133 which is linked to 

different cancers has been proposed to inhibit EMT and metastasis in colorectal cancer through its interaction 

with SRSF6 (J. Kong et al. 2016). Using RNA pulldown and luciferase assays, Zhang et al., showed that the 

lncRNA MACC1-AS1 harbour binding sites for multiple tumor suppressor miRNAs, including miR-384 and 

miR-145-3p which repress pleiotrophin (PTN) and c-MYC expression (X. Zhang et al. 2019). The binding of 

miRNAs alters breast tumor growth and progression through an increase in the expression of PTN and c -MYC 

mRNAs. In addition, MACC1-AS1 competitively interacts with PTBP1, via its conserved pyrimidine-rich 

motif, and this binding further enhanced the miRNAs sponging effects of this lncRNA, and decreased the 

availability of PTBP1 to target mRNAs (X. Zhang et al. 2019). A number of other examples of lncRNA directly 

or indirectly regulate AS in different contexts and cell types are reported elsewhere (Yunze Liu et al. 2021). 

 

Figure 1.2-10: lncRNAs regulate AS through the post transcriptional control of SFs and resulting downstream effects. 

(a), The lncRNA MALAT1 promotes the phosphorylation of SRSF1 by inducing the expression and activity of SRPK1, 

thereby promoting the SRSF1-mediated AS of AKAP-9 pre-mRNA and enhancing the expression of AKAP-9 isoform which 

exacerbates CRC. (b), lncRNAs could also act as decoys for SFs. The lncRNA TPM1-AS can directly bind RBM4 and 

inhibits its binding to TPM1 pre-mRNA, regulating its AS, thereby inhibiting cancer progression. (c), lncRNA regulation 

of AS by a chromatin remodeling mechanism. The lncRNA asFGFR2 promotes PCR2 and KDM2 recruitment to 

chromatin, which disrupts MRG15-PTB complex formation, thereby altering the location of PTB and promoting exon IIIb 

inclusion in the final FGFR2 mRNA which inhibits HCC proliferation and migration. (d), lncRNAs could have weak 

coding potential and the resulting peptides could be functional. The lncRNA HOXB-AS3 encodes a peptide HOXB-AS3 
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which targets and inhibits the binding of hnRNPA1 to PKM pre-mRNA, thereby reducing PKM2 isoform expression and 

consequently repressing the growth of colon cancer. From (Yunze Liu et al. 2021). 

1.2.4 Alternative splicing process as a regulator of development, differentiation, and 

tissue identity definition 

The expression level differences between alternative RNA transcripts could in some cases be nearly 

undetectable but enough to change the functional properties or localization of the gene products (Andreassi, 

Crerar, and Riccio 2018). A fine-tuned control of the RNA transcripts balance is, therefore, needed through 

important processes such as development, differentiation, and it is not surprising that several diseases are 

caused by AS deregulation (Gallego-Paez et al. 2017). It has been shown that approximately up to 30% of AS 

events occur in a tissue-specific manner (Q. Xu, Modrek, and Lee 2002). Several studies have shown that AS 

events are differentially regulated in different tissues, suggesting that AS is a major contributing factor to 

phenotypic heterogeneity in mammals, and over 22,000 tissue-specific alternative RNA transcripts were 

identified (E. T. Wang et al. 2008). More importantly, the vast majority of genes that undergo AS during 

development or cell differentiation are not modulated in terms of their overall expression (up and 

downregulation), suggesting the important role of AS dynamics as a driver of tissue identity and development 

(Baralle and Giudice 2017). 

For example, AS plays an important role in stem cell renewal and differentiation (Han et al. 2013). In this 

study, authors showed that the muscle blind-like RBPs, MBNL1 and MBNL2, differentially regulate cassette 

exon AS events in embryonic stem cells. The inhibition of these proteins in differentiated cells induces 

embryonic stem cell-like patterns of AS, while in contrast, the overexpression of these proteins in embryonic 

stem cells induces patterns of AS similar to those of differentiated cells (Han et al. 2013). The transcription 

factor 7-like 2 (TCF7L2), which has been strongly associated with type 2 diabetes, is another excellent example 

of tissue-specific AS. In the work of Prokunina et al., the expression of different TCF7L2 mRNA splice 

isoforms was examined in eight different human tissues observing a tissue-specific pattern of AS (Prokunina-

Olsson et al. 2009). Specifically, significant differences were observed in the expression pattern of TCF7L2 

exon 7-8 in the analyzed tissues with respect to that in the pancreas, in which the gene has a pivotal role in 

controlling apoptosis and where the two exons were associated with single polymorphisms (rs7903146 and 

rs12255372) that represent a risk factor for type 2 diabetes (Prokunina-Olsson et al. 2009). 

In the human brain, AS is more abundant and extensively used as compared to other organs and explains the 

intrinsic complexity and protein diversity of the brain (Ule and Darnell 2006). Moreover, the AS process in 

the nervous system is under a tight regulation in relation with a unique RBP expression pattern of specific 

neuronal populations, suggesting it may regulate cell type- and synapse-specific functions (Traunmüller et al. 

2016). For example, during neurogenesis, the patterns of AS vary considerably, particularly are under the 

control of polypyrimidine tract binding (PTBP) 1 and 2, and serine/arginine repetitive matrix protein 4 

(SRRM4) (Vuong, Black, and Zheng 2016). PTBP1 is highly expressed in progenitor and stem neuronal cells 
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in which it represses neuronal genes. Upon differentiation, PTBP1 is downregulated allowing the induction of 

PTBP2 and PBX1 which in turns allow the differentiation and activation of neuronal genes (Vuong, Black, and 

Zheng 2016). SRRM4 in turns controls the transcriptional repressor of genes REST which is required for 

neurogenesis. Through AS of REST, SRRM4 promotes the production of REST4 isoform that has a reduced 

repressive activity (Norris and Calarco 2012). Furthermore, neuronal and axonal migration is under the control 

of another subset of AS regulators including NOVA1, NOVA2, RBFOX1, RBFOX2, and RBFOX3 (Leggere 

et al. 2016). 

As a classical example, the gene with the greatest known number of alternatively spliced mRNAs is a 

Drosophila (fruit fly) gene called The D. melanogaster cell adhesion molecule (Dscam), which encodes an 

axon guidance receptor (Schmucker et al. 2000). This gene can express 38, 016 possible mRNA isoforms by 

virtue of AS (Celotto and Graveley 2001), three times as many as different proteins as there are genes in the 

Drosophila genome. The Dscam gene contains a high number (95) of alternative exons that are organized into 

four different clusters formed of 12, 48, 33, and 2 mutually exclusive exons each (Schmucker et al. 2000) 

(Figure 1.2-11). These Dscam isoforms were found to be expressed in a stochastic and combinatorial manner 

and exhibit isoform-specific homophilic binding , and are required for neuronal wiring and self-avoidance 

processes (Hattori et al. 2009). 

 

Figure 1.2-11: alternative splicing of RNA transcripts of the Drosophila Dscam gene. The gene contains 4 distinct 

clusters A, B, C and D, formed of 12, 48, 33, and 2 mutually exclusive exons each. One of the 38,016 possible mRNAs is 

shown. From (D. L. Black 2000). 

1.2.4.1 Dysregulation of alternative splicing in cancer 

Defects in AS are frequently observed in human tumors and could result either from point mutations of the 

splicing sites of cancer-related genes or from changes in the expression levels of RBPs including SFs (S. Li et 

al. 2019). A set of SFs have been identified to act as oncoproteins or tumour suppressors, and contributes to 

the disease progression by modulating the expression of specific RNA isoforms involved in different cancer 

hallmark processes (Bonnal, López-Oreja, and Valcárcel 2020) (Figure 1.2-12). As an evolutionary process, 

in cancer tissues, cells are positively selected based on the expression of RNA isoforms that promote cell 
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proliferation, migration, resistance to endocrine therapy, or enable escape from cell death processes (Biamonti 

et al. 2014). 

 

Figure 1.2-12: A schematic depiction of different cancer hallmarks (Hanahan and Weinberg 2011) along with examples 

of the AS alterations involved. Up and down arrows near to each RNA isoform indicate those which contribute most or 

least to the corresponding process, respectively. EMT, Epithelial-to-Mesenchymal Transition. From (Bonnal, López-

Oreja, and Valcárcel 2020). 

The AS process and its regulation mechanisms have recently become recognized as highly relevant for the 

understanding of every cancer hallmark, to the point that splicing alterations have been considered as another 

cancer hallmark (Rahman, Krainer, and Abdel-Wahab 2020; Desterro, Bak-Gordon, and Carmo-Fonseca 

2020) (Figure 1.2-14). The global analysis of AS alterations in over 8,000 tumors across 32 cancer subtypes 

has revealed the presence of thousands of cancer-specific RNA splice variants that were completely absent in 

the non-malignant tissues, which likely to generate cancer-specific markers and neoantigens (Frankiw, 

Baltimore, and Li 2019). These and other observations continue to provide evidence for the AS process as a 

potential therapeutic target (Pardi et al. 2018). 

The extensive analysis of AS process from The Cancer Genome Atlas (TCGA) data across 32 cancer types 

indicates that AS changes that confer the cancer cell with selective advantages may be caused by mutations in 

AS-regulatory sequences (Kelemen et al. 2013) or in trans-acting factors (Brooks et al. 2014). As a 

consequence, those mutations impair the proper recognition of splice sites, thereby affecting the AS patterns 

of multiple genes, which may include those with oncogenic or tumor suppressor functions (E. Kim et al. 2015). 

On the other hand, changes in the relative concentrations of SFs was reported to trigger oncogenic processes. 

For example, many SR-like and hnRNP SFs are overexpressed in multiple tumors and induce splicing changes 

promoting tumor cell proliferation (Golan-Gerstl et al. 2011). Conversely, the downregulation of other tumor 

suppressor SFs was also observed (Zong et al. 2014). 
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RBPs are frequently de-regulated in tumors and in particular the expression patterns of SFs were found to 

characterize different tumor types. The analysis of differentially expressed (DE) RBPs in 11 tumor types as 

compared to their normal counterparts revealed the vast majority (1,143 out 1,348, 84,8%) of RBPs encoding 

genes are DE in at least one tumor type. The list includes 168 RBPs known as putative SFs and their expression 

profiles distinguish between different tumor types (Sebestyén et al. 2016). Similarly, a recent study conducted 

by analyzing the co-expression patterns of SFs in TCGA RNA-seq data, revealed that SFs are co-expressed in 

multiple tumor types forming two distinct subgroups, enhancer-SFs and suppressor-SFs. The observed co-

expression profiles of SFs act by enhancing tumor aggressiveness, progression and promote metastasis 

formation (Koedoot et al. 2019). 

Deregulated AS was linked to several processes, including cell proliferation, apoptosis, angiogenesis, and 

resistance to therapy (Sebestyén, Zawisza, and Eyras 2015). An excellent example of such alterations is the 

key apoptotic regulatory protein  Bcl-x encoding gene which is alternatively spliced into two different isoforms 

generating proteins with completely opposite functions (Warren, Wong-Brown, and Bowden 2019). 

Specifically, the short isoform Bcl-xS promotes apoptosis, whereas the long isoform Bcl-xL inhibits apoptosis 

in cancer cells and its overexpression is associated with increased risk of metastasis in breast cancer (BC) 

(Mercatante et al. 2001). Another example is, the cell surface molecule CD44 which harbours nine alternative 

exons between its constitutive exons. Differential inclusion of these variable exons generate over 20 splice 

variants (Brown et al. 2011). The inclusion of one of the variable exons generates CD44 variable isoform 

(CD44v), while skipping produces the standard isoform (CD44s). CD44v generally exhibits an epithelial 

expression, while the CD44s is mainly mesenchymal. Furthermore, the isoform switch from CD44v to CD44s 

is important for EMT and BC metastasis (H. Zhang et al. 2019). The tumor suppressor gene, Breast cancer 

type 1 (BRCA1), essential for DNA damage repairing process and for maintaining genomic stability, is 

aberrantly spliced in BC (Nielsen, van Overeem Hansen, and Sørensen 2016). AS of this gene produces three 

isoforms depending on the regulation of exon 11: BRCA1 full-length isoform (including the exon 11), BRCA1-

Δ11 (skipping of exon 11), and BRCA1-Δ11q (partial skipping of exon 11). BC patients expressing isoform 

harbouring a mutation on exon 11 have a worse overall survival (OS) as compared to those with no mutation 

on exon 11. In addition, isoform-specific association with clinical data indicate BRCA1-Δ11q is positively 

correlated to tumorigenesis and drug resistance (Nielsen, van Overeem Hansen, and Sørensen 2016). 

Moreover, the oncogene HER2, whose overexpression delineates the HER2-positive BC subtype, is also 

aberrantly spliced in BC. The gene has a splice variant, Δ16HER2, lacking exon 20 which encodes a small 

extracellular domain. When it is co-expressed with the full length, wild type HER2 isoform, Δ16HER2 has 

been linked to resistance to the HER2-targeting monoclonal antibody, trastuzumab, in metastatic BC (Siyuan 

Zhang et al. 2011), affecting its biology and treatment response (Weigelt and Reis-Filho 2013). It is also 

reported that the Δ16HER2 variant has significant impacts on HER2-driven BC stemness (Castiglioni et al. 

2006), on tumorigenesis (Turpin et al. 2016), and drug resistance (Jackson et al. 2013) as compared to the full 

length wild type isoform. 
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The ERα gene, which delineates the ERα-positive BC tumors, is also aberrantly spliced in BC. The gene 

produces multiple isoforms through AS in a tissue and disease-specific manner (Taylor, Martin-Hirsch, and 

Martin 2010). The full length ERα66 isoform harbours two activation domains AF1 and AF2. The short 

isoform ERα36 encodes a 29-amino acid protein lacking AF1 and AF2 domains. Another splice isoform 

ERα46 only contains AF1 domain (Chantalat et al. 2016) and share the same 174-595 sequence with the full 

length ERα66 isoform (Inoue and Fry 2015). The splicing isoform ERα46 which is frequently expressed in BC 

tissues antagonises the function of the full length ERα66 isoform in mammary cancer cells, and contributes to 

cancer development and drug resistance (Klinge et al. 2010). 
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1.3 High throughput techniques as tool for alternative splicing characterization on a 

genome wide scale 

The conventional quantification approach for the characterization of AS is reverse transcription coupled to a 

target-specific and splicing-sensitive polymerase chain reaction (PCR). This was later followed by expressed 

sequence tags (ESTs) which enabled the characterization of widespread AS changes among different 

organisms (Modrek and Lee 2002). To characterize AS changes on a genome-wide scale, microarrays were 

developed and successfully used to examine AS across different tissues and species (Castle et al. 2008). 

However, these techniques were challenged by the nature of their low throughput, by a low signal to noise 

ratio, or by their limited ability to characterize only known AS events. To cope with these limitations, high 

throughput RNA-seq as well as development of AS quantification tools allowed the investigation of AS on a 

genome-wide scale, profoundly impacting our understanding of AS and its implication in biomedical research 

(Mardis 2011; Levy and Myers 2016). 

The RNA-seq technique has revolutionized the investigation of GE regulation on a genome-wide scale (Levy 

and Myers 2016). It allows the quantification as well as the identification of the sequences of virtually all the 

transcripts at once in a given sample. The parallel development of bioinformatics tools make it possible to 

process the RNA-seq outputs (in fastq format) and perform different analyses, including a differential 

gene/transcript expression analysis as well as differential AS analysis among data from  different samples 

(Trapnell et al. 2012; Dobin et al. 2013; Shen et al. 2014; Bray et al. 2016; Trincado et al. 2018; Sterne-Weiler 

et al. 2018; K.-T. Lin and Krainer 2019). The diffusion of Next Generation Sequencing (NGS) techniques has 

been greatly accelerated by a significant drop in the sequencing cost that has occurred during the last decade. 

From 2001 to 2017, the cost of sequencing the human genome has dropped from almost 100 million dollars to 

just over 1,000 dollars in 2017 due to technical improvements (Figure 1.3-1-left). Subsequently, many 

research groups were allowed to perform RNA-Seq for their research and to date, a wide variety of RNA-Seq 

data is publically available. For example, RNA-Seq data of over 1.5 million samples are publically accessible 

in the Short Read Archive (SRA) for the National Center of Biotechnology Information (NCBI) and this 

number is steadily increasing (Figure 1.3-1-right). Finally, the description of the splicing code which strives 

to predict tissue-dependent AS outcomes based on hundreds of RNA features became possible (Barash et al. 

2010). 
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Figure 1.3-1: Enhancement of next generation sequencing accelerates data production over the years. Left: the cost of 

sequencing per megabase (orange) and per human genome (blue) in US$ between 2001 and 2019. Right: the line plot 

reports the amount of data stored in the Short Read Archive in bases (orange) and the proportion of data publicly 

accessible (green) from 2017 to 2019.  From (Neumann 2019). 

1.3.1 Overview of a typical RNA-seq data analysis pipeline 

 A typical RNA-seq analysis workflow comparing the genes/transcripts expression levels between two 

experimental conditions consists of four main steps starting from millions of nucleotide strings (defined as 

sequencing reads) generated by the sequencing instrument: i) read quality control; ii) reads mapping against a 

reference genome and expression quantification; iii) differential expression analysis; and iv) functional 

enrichment analysis to identify the regulated biological pathways and processes (Figure 1.3-2). The RNA-seq 

reads generated by Illumina Sequencers (the most diffuse sequencing instrument) are usually between 75 to 

150 nucleotides in length. In the alignment step, these reads are aligned against a reference genome or 

transcriptome in order to identify the set of genomic regions they originally stem from. A set of bioinformatics 

tools called short-read aligners such as BWA (H. Li and Durbin 2009), bowtie2 (Langmead and Salzberg 

2012), Tophat2 (D. Kim et al. 2013), and STAR (Dobin et al. 2013) have been developed to perform this 

analysis. This analysis step is one of the most computationally challenging in an RNA-seq analysis workflow 

as the short reads consist of sequences from multiple sets of exons. To achieve a proper and faster read 

alignment, the aligner generally splits them into subsequences during mapping. However, the correct position 

where the reads should be split into small parts is not known beforehand and thus several fragmentations are 

needed to yield optimal alignments results which makes this step computationally expensive. To cope with 

these challenges, quasi-mapping aligners such Sailfish (Patro, Mount, and Kingsford 2014), Salmon (Patro et 

al. 2017) and Kallisto (Bray et al. 2016) have been introduced to reduce the data structure complexity and 

improve the alignment time frame. While they improve the alignment time, these set of quasi-mapping aligners 

suffer from a potential downside pitfall in analysing and quantifying lowly expressed genes and small RNAs 

which may contain biological variations (D. C. Wu et al. 2018). 
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Figure 1.3-2: A schematic representation of the different steps performed in an RNA-seq experiment. A, a summary of 

RNA-Seq libraries preparation steps during which RNA samples are extracted and prepared for the sequencing 

instrument. B, steps of the computational steps where RNA-seq short reads are controlled for quality and aligned to a 

reference genome. C, Expression of genes and isoforms is quantified and experimental conditions are compared for the 

identification of DE and spliced genes. 

1.3.2 Bioinformatic approaches to exploring and quantifying alternative splicing 

Bioinformatics methods to explore AS are classified into three main categories: (i), AS detection methods 

using AS sequence conservation among species (Fiszbein et al. 2019), (ii), AS detection using microarray data 

(Lapuk et al. 2010), and (iii), and AS detection using RNA-seq data (Alamancos et al. 2015). With the 

availability of RNA-Seq, multiple transcriptomes have been sequenced and it has become feasible to explore 

AS on a genomic scale. Thereafter, a large number of alternative RNA transcripts have been identified along 

with the extraction of specific features of alternatively spliced exons using bioinformatics (Tranchevent et al. 

2017). Specifically, bioinformatics tools have enabled easy exploration of AS dysregulation leading to diseases 

including cancer (Eswaran et al. 2013).  

RNA-seq represents an unprecedented opportunity to quantitatively study AS in a systematic way (H. Feng, 

Qin, and Zhang 2013). In recent years, many researchers have been using RNA-seq and were able to 
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characterize AS alterations in different contexts (Kanitz et al. 2015). The application of bioinformatics AS 

detection tools and the steps to perform quantitative study of AS are now well established, including different 

visualization approaches (Garrido-Martín et al. 2018). Generally, two different approaches have been proposed 

to explore quantitative study of AS including (i) event-based and (ii) isoform-based approaches (C. Zhang et 

al. 2016). In the event-based approach, the short RNA-seq reads aligned against specific exons or splice 

junctions are counted, and appropriate statistical models are applied to quantify AS events and detect 

differentially regulated ones between distinct biological conditions (Shen et al. 2014; Sterne-Weiler et al. 2018; 

K.-T. Lin and Krainer 2019). The AS is quantified in this event-based approach using the widely used Percent 

Spliced-In (PSI) ratio which represents the percentage of usage of a specific gene’s transcript exon (Schafer et 

al. 2015). The PSI value is calculated by counting the reads that support a specific exon and/or splice junction. 

The second approach of AS quantification tools, isoform-based, seeks to estimate the relative abundances and 

proportions of each transcript using RNA-seq short reads data (Alamancos et al. 2015; Trincado et al. 2018; 

Vitting-Seerup and Sandelin 2017b, 2019; Froussios et al. 2019). The relative abundance of different 

transcripts is possible by first aligning the short reads to a specific genome or transcriptome and then estimating 

the relative abundances by applying an Expectation-Maximization algorithm (Merino and Fernández 2020). 

The drawback of this approach is that inferring the abundance of full transcripts from short reads is not trivial 

as the results are sensitive to the chosen transcript annotation. Moreover, attributing changes of relative 

abundances to differential splicing regulation of specific exons or splices sites is not straightforward (Kanitz 

et al. 2015). 

1.3.2.1 Human RNA transcripts annotation databases 

The advent of RNA-seq technologies have recently switched the paradigm of genetic analysis from a genome 

to a transcriptome-based perspective. However, the precise functions of most individual splice isoforms 

(notably splicing events) are yet to be elucidated. Moreover, Gene Ontology databases provide annotation of 

gene products according to their biological processes, molecular functions, or cellular localizations, but no 

isoform-specific annotations are provided. Until recently, efforts have been investigated aiming at solving this 

issue where several algorithms and databases have been developed to provide isoform-specific annotations. 

For example, ISOGO (ISOform + GO function imputation) is a recent algorithm that has been developed to 

predict the functions of coding isoforms based on their protein domains and their correlation of expression 

among 11,373 cancer patients (Ferrer-Bonsoms et al. 2020). PEGASAS (Pathway Enrichment-Guided Activity 

Study of Alternative Splicing) is an algorithm that helps perform a correlation-based analysis between 

alternatively spliced exons and oncogenetic pathways (Phillips et al. 2020). The tool at a first step assesses the 

activity of signaling pathways by incorporating GE levels from RNA-seq experiments together with different 

functional gene sets and gives an activity score to each enriched pathway. Then, the tool identifies in a second 

step the pathway activity-correlated alternatively spliced events identified based on a correlation score between 

the alternatively spliced events and the enriched pathways or gene sets (Phillips et al. 2020). DIGGER is a tool 

that was developed for exploring the potential functional role of AS changes at the levels of protein-protein 
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interactions (Louadi et al. 2021). Using this approach, the alternatively spliced exons are judged for their  

downstream effects on a system biology level, where all the possible protein isoform specific interactions 

involving each alternatively spliced exon could be predicted, thus enabling the identification of the protein-

protein interactions networks affected by each AS event (Louadi et al. 2021). Other tools based on the relative 

isoforms abundances such as the IsoformSwitchAnalyzeR R bioconductor package (Vitting-Seerup and 

Sandelin 2017b, 2019) were developed at the aim of helping understand the downstream functional 

consequences of the individual changes of the relative abundances of isoforms when comparing their  

expression between different conditions (e.g. cancer versus normal tissues). This tool helps users to integrate 

isoforms abundances together with their annotations for their coding potential (Y.-J. Kang et al. 2017), protein 

domains (Finn et al. 2014), and potential splicing changes leading to their expression. 

1.3.2.2 RNA-binding proteins databases: RBPs-RNAs interaction networks and binding 

motifs 

The analysis of AS changes landscape not only implies the identification of mis-regulated splicing events, but 

also the determination of the RBPs possibly involved. To facilitate the identification of RBP-RNA pairs, 

several databases holding information on RBPs and their putative RNA targets have been developed. For 

example, the RNA-Binding Protein Database (RBPDB) is a database holding a collection of experimental 

observations of RNA binding sites information on 272 RBPs confirmed either in vivo or in vitro (Cook et al. 

2011). As the number of characterized RBPs is continuously increasing, the number of RBPs annotation 

databases also increases. The Catalog of Inferred Sequence Binding Proteins of RNA (cisBP-RNA) is an 

annotation-rich database holding information on a high number of RBPs and their targets (Ray et al. 2013). 

These databases have made it possible to identify RBP-RNA pairs and enabled the determination of post-

transcriptional regulatory mechanisms of GE. 
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1.4 Breast cancer and Estrogen Receptors 

1.4.1 ER-alpha signaling pathway in mammary gland morphogenesis and development 

The estrogen receptor signaling pathway comprises estrogens and their two types of receptors called Estrogen 

Receptor α (ERα) and Estrogen Receptor β (ERβ), members of the steroid/thyroid hormone nuclear receptor 

superfamily of ligand-regulated TFs (Moudgil 2013). Estrogens are steroid compounds playing a central role 

in the physiological control of reproductive tissues and functions, participating both in the development of the 

secondary sex characteristics and in the regulation of the menstrual cycle process in females. Estrogens are 

lipophilic molecules that control the GE process by passively diffusing through cell membranes and binding 

either one of their two receptors ERα and ERβ (Moudgil 2013). Different types of estrogens naturally exist in 

females and affect the mammary gland development at different stages, including estrone (E1), 17-estradiol 

(E2), and estriol (E3), with E2 is the most potent form of mammalian estrogenic steroids.  

The mammary gland is one of the organs whose development and physiology are strictly dependent on 

estrogenic hormones and researchers have found that a woman's risk to develop BC is directly linked to her 

reproductive history and to her lifetime hormonal exposure (Brisken and O’Malley 2010; Rosen 2012). 

Anatomically, the mammary epithelium is composed of two different compartments, luminal and basal. The 

luminal compartment is formed by a layer of polarised cells around the duct lumen. The epithelial compartment 

is instead formed by myoepithelial and progenitor cells. The mammary epithelium is encapsulated into a 

basement membrane and surrounded by a complex stroma. The complex stroma tissue is composed of 

myoepithelial cells, extracellular matrix components within the basement membrane, fibroblasts, adipocytes, 

blood vessels, nerves, and various immune cells (Inman et al. 2015). There exists increasing evidence that 

interactions between the mammary epithelium and the surrounding stroma are crucial for normal mammary 

gland development (Dzięgelewska and Gajewska 2019). The ERα is expressed by both epithelial and stromal 

cells, and exhibits its activity involving both types of cells (Mallepell et al. 2006). The development and 

maturation of the mammary epithelium can be distinguished into two different phases including hormone-

independent phase up to puberty, and hormone-dependent phase thereafter (Brisken and O’Malley 2010). 

Several morphological and molecular changes occur during the mammary gland developmental process 

(Figure 1.4-1). At the fetal stage, the first stage of mammary gland development occurs during embryogenesis 

simultaneously as the specialization and maturation of the ectoderm and mesoderm occur. During this stage, 

the structural organization of the mammary gland is shaped by the ectoderm, whereas the mesenchymal 

signaling networks are responsible for guiding the ectodermal modifications and expression during mammary 

line positioning, placode assembly, and mammary bud formation and elongation. This stage is achieved 

through implication of molecular signaling pathways including members of the Fibroblast Growth Factor 

(FGF) and the Wingless-related integration site (WNT) protein families, which control the expression of TFs 

from the Homeobox gene family (HOX), GATA binding protein 3 (GATA3), and the T-box family (TBX), 

which are expressed either in the endoderm or mesoderm (L. S. Carroll and Capecchi 2015). The branching 

morphogenesis and expansion is regulated at this stage by Tbx2–3, Wnt genes, Parathyroid related hormone 
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(PTHrP), Msh homeobox 2 (MSX2), and Nuclear factor kappa B (NF-κB). On the other hand, the maternal 

hormones are the initial stimuli to the mammary gland for ductal development. At the puberty stage, the levels 

of ovarian hormones mainly estrogens (E2) and progesterones (P4) are increased. This increase in hormones 

promotes other developmental modifications, where it induces mammary gland growth and elongation of the 

epithelial ducts (Slepicka, Somasundara, and Dos Santos 2020). 

Studies from ERα knockout mice models clearly demonstrated a strong relationship between ERα signaling 

and mammary gland development. The mammary phenotype of female mice with a disrupted ERα gene is 

normal before puberty and the developmental process at this stage is independent of ERα. However, the duts 

failed to differentiate thereafter into terminal end-buds (TEBs), suggesting that ERα is required for ductal 

elongation during puberty and complete mammary gland development in the mature mouse (Bocchinfuso and 

Korach 1997). Furthermore, ERα is also important for secondary branching of the ducts during pregnancy and 

for the proliferation and maintenance of differentiated alveolar cells (Y. Feng et al. 2007). In contrast, 

Progesterone Receptor (PR) deficient mice models showed that the role of PR is to mediate full lobuloalveolar 

development of the mammy gland (Lydon et al. 1995). The exposure to estrogens upregulates the expression 

of PR in BC cell lines, and more recently, a genomic interaction between PR and ERα was reported and 

associated with a good clinical outcome in BC patients (Mohammed et al. 2015). 

 

Figure 1.4-1: The blooming of mammary gland development. Schematic illustration of mammary gland developmental 

stages, showing fetal, puberty, estrous cycles, pregnancy, lactation and involution (from left to right). In puberty, green 

buds represent TEBs. Mammary alveoli are shown as orange flowers in estrous cycles, pregnancy and lactation. In 

lactation, the milk is represented as yellow sap flowing from the alveoli (flowers) to the ducts (branches). During 

involution, the regression of the mammary tissue is depicted with falling dead flowers and branches into the background, 

which portrays the fat pad. The basal compartment and luminal compartment are delineated with darker and lighter 
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colors in the tree, respectively. The main molecular regulators of each developmental stage are highlighted in the grey 

squares. From (Slepicka, Somasundara, and Dos Santos 2020). 

1.4.2 ER-alpha signaling pathway in breast cancer development and progression 

Breast cancer (BC) is one of the most significant and common diseases affecting women's health worldwide, 

and has been recognized as one of the top leading causes of cancer-related deaths in women (Ferlay et al. 

2015). BC is a heterogeneous disease that affects different cellular types of the breast and results in variable 

phenotypes. The use of immunohistochemistry as well as GE profiling techniques resulted in the identification 

of different intrinsic BC subtypes that associate with variations in phenotypes, treatment-response, and disease-

specific outcomes (Sørlie et al. 2003). 

1.4.2.1 Histological classification of breast cancers 

BC occurs in any cellular type of mammary gland and is known to exhibit a wide scope of morphological 

features and different immunohistological profiles, resulting in unique histological subtypes that have specific 

clinical course and outcome. The clinical profiling of BC cases results into different subtypes  of BCs based on 

the tumor stage, histological grade, anatomical origin and immunohistochemical staining (Makki 2015). 

Consequently, BC can be widely classified into in-situ and invasive (infiltrating) carcinoma, with the latter 

being the most common form of BC at diagnosis. Based on its anatomical origin, the in-situ BC carcinoma is 

further subdivided into lobular (LCIS) and ductal (DCIS) subtypes, with the latter being the most frequently 

occurring form (over 20% of BC cases diagnosed as DCIS in USA). The progression of BC involves a series 

of clinical and pathological events, ranging from the appearance of a local atypical breast epithelial 

hyperproliferation, followed by a subsequent evolution into in-situ or invasive carcinoma and finally into 

metastasis formation (Bombonati and Sgroi 2011). 

1.4.2.2 Molecular classification of breast cancer subtypes 

Globally, BC is classified into significantly different subtypes based on the expression status of three receptors, 

including ERα, PR, and human growth factor receptor-2 (HER2) (Rouzier et al. 2005). Among these subtypes, 

the luminal ERα-positive subgroup representing the ⅔ of BC cases, HER2-amplified representing 20% of 

cases, and Basal-like triple negative (TNBC) subgroups (Reis-Filho and Pusztai 2011) (Figure 1.4-2).  These 

molecular subgroups also differ based on other variable clinical features, including tumor morphology and 

grade classification, tumor size, and presence of lymph nodes metastases (Rouzier et al. 2005). While the 

receptor status classification remains the top most significant, the stratification of BC patients based on the 

expression profiles of ncRNAs transcripts have been recently described as a good classification approach of 

BC patients into different subtypes (Miano et al. 2016). 
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Figure 1.4-2: Classification of BC into the main major 4 subtypes based on molecular characteristics and GE profiling. 

The classification of BC cases into different intrinsic subtypes based on GE profiles has started to significantly 

influence BC patients' diagnosis since the beginnings of the 2000's. The microarray-based GE profiling of BC 

cases enabled the definition of gene signatures such as the 50-gene set called the Prediction Analysis of 

Microarrays (PAM50) (Parker et al. 2009). The PAM50 gene signature allows the identification of different 

intrinsic BC subtypes and patients overall survival by measuring the expression of a 50 classifier genes and of 

5 control genes by qRT-PCR assays which have been validated on formalin-fixed paraffin-embedded (FFPE) 

BC tissues (Kittaneh, Montero, and Glück 2013). The classification of BC cases based on this microarrays-

based GE analysis and unbiased hierarchical clustering have enabled the identification of the main BC intrinsic  

subtypes (Sørlie et al. 2003) (Figure 1.4-2): 

(i) The luminal BC subtypes, including luminal A and B subgroups, is the major and most predominant subtype 

representing more than ⅔ of all BC cases. These subtypes are characterized by ERα positivity, low tumor 

grades, good prognosis, and most favorable clinical outcomes. As compared to other subtypes, the luminal 

cancers are generally characterized by the highest expression of ERα as well as other transcription factors such 

as Forkhead-box protein A1 (FoxA1) and GATA binding protein 3 (GATA3), and luminal cytokeratin. 

Specifically, the luminal A subgroup is characterized by more favorable prognosis and is less aggressive than 

the luminal B subgroup which shows a variable expression of the oncogene HER2 and lower expression of the 

PR (Mohammed et al. 2015). 

(ii) HER2-overexpressing (HER2+) BC subtype, which represents the second most frequent subtype of BC 

cases, is characterized by a high expression of HER2/ERBB2 marker. As compared to the other subgroups, 

the HER2+ BC subgroup is characterized by a high proliferative potential, higher tumor grades, and most often 

worse prognosis. Nonetheless, inside this group is present a high proportion (up to 50%) of cases that are also 

ERα+, showing, however, a minimal clinical response to treatments. 

(iii) The Triple Negative Breast Cancers (TBNC) subtype, also called basal-like subtype, is characterized by 

the complete negativity for PR ERα, and HER2 expression. This subgroup, representing up to 20% of all BC 
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caes, is characterized by the worst disease outcome, high histological grade, high proliferative index, and 

shortest overall survival. 

(iv) The claudin-low breast cancer subtype, which is defined by specific GE signatures, has recently emerged 

as an independent BC subtype that is characterized by low expression of cell-adhesion genes, high expression 

of epithelial-to-mesenchymal transition gene signatures, and stem-like features. This BC subtype is reported 

to be mostly triple-negative, and it is associated with poor prognosis. This subtype is characterized by a highly 

variable incidence ranging from 1.5 to 14% of BC cases (Fougner et al. 2020). 

(v) The normal-like breast cancer subtype, which is similar to the basal-like subgroup, is characterized by the 

high expression of genes characteristic of the basal epithelial cells and adipose tissues, and the low expression 

of genes characteristic of the luminal epithelial cells (Perou et al. 2000). 

1.4.3 Estrogen receptors and their transcriptional activities 

1.4.3.1 Estrogen receptors structural properties 

In 1958, the ERα was discovered by Elwood Jensen as the first receptor ever encountered for any hormone, by 

showing that reproductive female tissues were able to uptake estrogens from the circulation by binding to 

proteins (Jensen et al. 1968). It was later demonstrated that estrogen-bound receptors are able to migrate to the 

nucleus, where they could activate gene transcription (Jensen et al. 1968). Several years later, a second estrogen 

receptor, ERβ, highly similar to the firstly identified receptor (DNA-binding domain 95%, ligand-binding 

domain 55%), was described (Kuiper et al. 1996). More recently, a third type of estrogen receptors, membrane 

estrogen receptor, (also called G protein-coupled estrogen receptor, GPER1) was identified (Filardo and 

Thomas 2012) and its role in mediating fast estrogen responses and its implication in physiological and 

pathological processes has been extensively studied in human and mouse models (Molina et al. 2017). 

Estrogen receptors are structurally composed of various functional domains. ERα and ERβ are 595 (67kDa) 

and 530 (59kDa) amino acids length, respectively, and mainly differ by the N-terminal domain which is shorter 

in ERβ than in ERα (Schwabe and Teichmann 2004) (Figure 1.4-3). The N-terminal domain contains the AF-

1 (A/B) domain which is involved in gene transcription transactivation, and the binding of target sequences 

which is mediated by a zinc finger domain (Kumar et al. 2011). The C-domain corresponds to the DNA-

binding domain (DBD), which contributes to receptor dimerization and binding to specific sequences in the 

chromatin (Scheidereit et al. 1986). The D-domain is a hinge connecting C and E domains, and is involved in 

the binding of resting estrogen receptors to chaperons, co-chaperons and immunophilin proteins (Echeverria 

and Picard 2010). The C-terminal domain corresponds to the ligand binding domain (LBD, AF-2) and contains 

the estrogen binding area, along with binding sites for activators and co-repressors (Wärnmark et al. 2003). 
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Figure 1.4-3: Structural and functional organization of estrogen receptors. Functional domains of the full -length 

isoforms are labelled A to F. Both have 6 functional domains: NTD: A/B (AF-1 domain), DNA-Binding Domain (DBD, 

C), the hinge (D domain), Ligand Binding Domain (LBD, E/F, AF-2 domain). From (Fuentes and Silveyra 2019). 

In humans, ERα is encoded by the ESR1 gene located on chromosome 6, locus 6q25.1 (Gosden, Middleton, 

and Rout 1986). In addition to the full length isoform ERα66, several shorter isoforms (62kDa, 53kDa, 46kDa, 

45kDa, and 36kDa) have been described and result either from differential alternative promoter usage or from 

AS of internal exons (Ferro et al. 2003) (Figure 1.4-4). These short isoforms lack the AF-1 domain and 

therefore they cannot activate gene transcription. However, they have the ability to form heterodimers with the 

full length isoform ERα66, where they could activate or inhibit its transcriptional activity (Penot et al. 2005). 

Specifically, the shortest isoform ERα36, which lacks both AF-1 and AF-2 transcriptional activation domains, 

was reported to exert membrane-initiated signaling events upon binding of ligands (Y. Gu et al. 2014). On the 

other hand, the isoform ERα46 was identified in the year 2000 as a new isoform of the human ERα lacking the 

N-terminal 173 amino acids present in the full length ERα66 isoform (Flouriot et al. 2000). This isoform is  

encoded by a distinct transcript that lacks the the first coding exon (exon 1A) of the full length isoform, and 

has been identified as antagonizing the proliferative effects of ERα66 isoform in MCF-7 cells BC cells by 

inhibiting the ERα66 AF-1 activity, and its overexpression in proliferating MCF-7 cells provokes a cell cycle 

arrest in G0/G1 phase (Penot et al. 2005). 

 

Figure 1.4-4: Depiction of estrogen receptor alpha (ERα) isoforms. The domain organization of the full-length 595 amino 

acid ERα (67kDa), and truncated shorter isoforms (62kDa, 53kDa, 46kDa, 45kDa, and 36kDa) resulting from alternative 

splicing and/or alternate translation start sites are illustrated. Protein domains are labeled as A to F with numbering 

denoting the amino acid sequence number based on the full-length protein (595 aa). ERα domains: N-terminal (NTD, 
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A/B domains, AF-1), DNA binding domain (DBD, C domain), hinge (D) domain, and C-terminal region containing the 

ligand binding domain (LBD, E/F domain, AF-2). From (Fuentes and Silveyra 2019). 

On the other hand, ERβ is encoded by the ESR2 gene located on chromosome 14 (14q23-24), and is present in 

five known isoforms (59kDa, 54kDa, 49kDa, 44kDa, and 61kDa) (Enmark et al. 1997) (Figure 1.4-5). The 

full length and short ERβ isoforms differ mainly by the C-terminal LBD domain. The short ERβ isoforms that 

have no transcriptional activity were described to form dimers with ERα and therefore suppress its 

transcriptional activity (Vrtačnik et al. 2014). 

 

Figure 1.4-5: Estrogen receptor beta (ERβ) isoforms. Structural domain organization of the full length (530 amino acids, 

59 kDa), short (54 kDa, 49 kDa, 44 kDa) and elongated (61 kDa) ERβ isoform. The reported isoforms result from AS or 

alternative translation start site usage of the full length isoform. ERβ domains: N-terminal (NTD, A/B domains, AF-1), 

DNA binding domain (DBD, C domain), hinge (D) domain, and C-terminal region containing the ligand binding domain 

(LBD, E/F domain, AF-2). From (Fuentes and Silveyra 2019). 

1.4.3.2 Estrogen receptor alpha classical and non-classical genomic activities 

Since the first review of estrogen receptors structure many years ago, the understanding of biological and 

molecular mechanisms underlying E2/ERα-mediated responses has greatly progressed. Moreover, the 

continuous development of cell culture and animal models has enabled closer study of both molecular and 

cellular details of E2/ERα signaling. Thus, the mechanisms of E2-ERα transcriptional activities have recently 

been revised. The next chapter will be organized in different sections describing in details the core 

understanding of ERα functions including the basic genomic mechanisms, expanded to include tethered, non-

genomic, and ligand-independent mechanisms of ERα actions (Figure 1.4-6). 
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Figure 1.4-6: Variations in the basic genomic mechanisms of E2/ERα-response recently revised, resulting in four 

different mechanisms. (1), Genomic mechanisms involving the interaction of ERα with ERE DNA motifs. (2), the tethering 

mechanism of ERα involves the indirect interaction of ERα with DNA where ERα is tethered to the target DNA via other 

transcription factors like Fos/Jun dimer, in this example, which binds to its AP-1 DNA motif. (3), Nongenomic signaling 

involves the extracellular E2 which initiates a rapid signaling cascade in the cytoplasm thus the response does not involve 

interaction with genomic features. These responses are mediated by other factors like membrane-associated estrogen 

receptor, or G protein-coupled Receptor (GPER1). (4), Ligand-independent signaling involves transduction of 

extracellular growth factor receptor pathways which initiates signaling cascades, such as the MAPK pathway. The GFR 

activation signal is perceived by ERα (PTMs) activating its transcriptional modulation of target genes, despite lacking 

E2. From (Hewitt and Korach 2018). 

1.4.3.2.1 Estrogen receptor alpha genomic and epigenomic activity 

Physiological actions of estrogens and their receptors are principally mediated through the transcriptional 

regulation of target genes. The classical mechanism of ERα actions involves estrogens binding to receptors in 

the nucleus, after which, the receptor dimerizes and binds to specific DNA consensus motif called Estrogen 

Responsive Elements (ERE) that is composed of a minimal core sequence of 13bp palindromic inverted motifs 

“GGTCANNNTGACC”, located on target genes (Hewitt et al. 2012). Moreover, ERα has also the ability to 

bind a wide range of varying ERE motifs and many of estrogen-responsive genes contain non-consensus ERE 

sequences in their promoters and principally in enhancers (Coons et al. 2017) (Figure 1.4-7). The application 

of advanced techniques such as Chromatin ImmunoPrecipitation on chip (ChIP-chip) and ChIP-Seq 

experiments have enabled the global genome-wide profiling of ERα-chromatin interactions and characterized 

the genomic distribution of ERα binding sites in BC cell lines and primary tissues (Gilfillan, Fiorito, and 

Hurtado 2012; Cheung and Kraus 2010). Specifically, The Caroll laboratory performed the first ERα genome-

wide binding profiling using E2-stimulated MCF-7 BC cell lines (J. S. Carroll and Brown 2006). In this study, 
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the authors identified 3,665 ERα binding sites and 3,629 RNA Pol II binding sites (J. S. Carroll and Brown 

2006). Interestingly, while the vast majority of RNA Pol II bindings were located at target gene promoters, 

only 4% of ERα binding sites located in these regions, while the remaining 96% of binding sites were located 

distal from promoters, suggesting that enhancers are the main interaction sites of ERα with chromatin (J. S. 

Carroll and Brown 2006). 

 

Figure 1.4-7: Basic and classical mechanisms of ERα-mediated regulation of transcription. ERα access to target gene 

is, in part, controlled by chromatin states. This is controlled by other pioneer factors such as FoxA1 which provides more 

open chromatin, facilitating access of ERα to target ERE DNA motifs (mainly at enhancers). Exposure to E2 recruits SRC 

complex and mediates the interaction with p300 which then induces chromatin remodeling facilitating access of RNA Pol 

II to ERα target genes. From (Hewitt and Korach 2018). 

1.4.3.2.2 Estrogen receptor alpha tethering (indirect genomic) mechanism 

In addition to the ERE motifs that mediate the basic mechanisms of ERα-mediated response, the ERα 

transcriptional activity can be enhanced by pioneer factors by a tethering mechanism. The most known factor 

is FoxA1 that provides chromatin accessibility by binding and opening chromatin, which leads to enhanced 

ERα-ERE interactions at appropriate sites in the cell (Hurtado et al. 2011) (Figure 1.4-8). Furthermore, ERα 

binding to the chromatin correlates with the expression of FoxA1 in BC and this later was identified as a key 

factor influencing the differential interaction of ERα with chromatin (Hurtado et al. 2011). Notably, siRNA-

mediated silencing of FoxA1 in tamoxifen-resistant BC cell lines also significantly inhibited cell growth and 

reduced the binding signal of ERα to chromatin. The distribution of ERα binding to chromatin was independent 

of ligand but dependent on FoxA1 expression (Hurtado et al. 2011). More specifically, Hurtado and colleagues, 

by analysing ChIP-seq in MCF-7 cell lines, identified 79,651 FoxA1 peaks in cells maintained in estrogen 

enriched medium, in addition to 14,059 ERα binding sites, of which 52% overlapped with FoxA1 peaks. In 

hormone-starved conditions, the silencing of FoxA1 reduced the number of E2-induced ERα binding sites and 

globally affected the E2-mediated control of transcriptome where the expression of more than 95% of E2-

regulated genes were altered (Hurtado et al. 2011). Similarly, the binding motifs of other pioneer transcription 

regulators were enriched within ERα binding sites. The enrichment of Activator Protein 2 gamma (AP2ɣ) 

binding motif in ERα binding sites was observed in a study where ERα binding correlated with time-course 

analysis of the E2-mediated gene expression of both coding and noncoding genes (Cicatiello et al. 2010). Other 
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groups by performing a ChIP-Seq against AP2ɣ in E2-treated MCF-7 cells identified 25,567 AP2ɣ peaks (Tan 

et al. 2011). Among the 14,468 E2-induced ERα binding sites identified, 50% overlapped with AP2ɣ peak 

signal and colocalized with FoxA1 binding. Importantly, silencing AP2ɣ in this same experimental set up 

reduced the expression of 60% of estrogen-induced genes and decreased both ERα and FoxA1 bindings at 

target sites. Similarly, the silencing of FoxA1 also decreased AP2ɣ binding, suggestive of a cooperative 

binding of these pioneer factors to mediate ERα transcriptional activity (Tan et al. 2011). In addition, other 

ERα-cooperating factors were identified, such as GATA3, a frequently mutated transcription in breast tumors, 

was identified as a pivotal factor enabling chromatin accessibility at enhancers involved in ERα-mediated 

transcription (Theodorou et al. 2013). Authors performed an extensive analysis of GATA3 ChIP-Seq data 

using unstimulated or estrogen-treated MCF-7 cells, and explored the effects of GATA3 silencing on ERα 

genomic occupancy. GATA3 silencing resulted in a significant redistribution of ERα-cofactors such as p300 

occupancy and histone markers such as H3K27ac, and H3k4me1 modifications in absence of ligands 

(Theodorou et al. 2013). In addition, the identified set of ERα binding sites observed upon GATA3 silencing 

were characterized by an increase of ERα binding upon exposure to E2 and were accompanied by changes in 

gene expression. Importantly, when GATA3 was silenced, chromatin loops at the TFF locus involving ERα-

bound enhancers occurred independently of ERα binding, suggestive of a licencing role mediated by GATA3 

for E2/ERα-mediated interactions with enhancers (Theodorou et al. 2013). 

In addition, the binding of estrogens induces a conformational change of the receptors, and this allows a 

number of coactivator proteins to be recruited (Yi, Wang, and O’Malley 2019). To date, a variety of 

coactivators have been identified. The most well-documented coactivator complexes include the steroid 

receptor coactivator proteins (SRCs), CREB binding protein (CBP), p300, and coactivator associated arginine 

methyltransferase 1 (CARM1) (Yi, Wang, and O’Malley 2019). The recruitment of coactivator complexes 

impacts the chromatin states of target genes thereby inducing chromatin decondensation, thus facilitating the 

access of the transcriptional machinery and subsequently target gene transcription (X. Liu et al. 2008). For 

example, using ChIP experiments, the Brown and the Gannon laboratories have shown in vivo the dynamic 

on/off cycling of ERα binding and its coactivator multiprotein complex p160 at the promoter of the cathepsin 

(CTDS) and Trefoil Factor 1 (TFF1) promoters (Métivier et al. 2003) (Figure 1.4-8). This mechanism is 

abrogated by applying ERα antagonist drugs, such as tamoxifen, which induces a conformational change of 

the protein that blocks access to coactivator complexes and in parallel fosters co-repressors binding, which 

results in the inhibition of ERα-mediated transcription (Celik, Lund, and Schiøtt 2007). Furthermore, other 

factors such as the PTMs of ERα protein, particularly phosphorylation at different residues, were described to 

influence the recruitment of specific coactivators and are also involved in the activation process of ERα in 

absence of ligands (Le Romancer et al. 2011). 
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Figure 1.4-8: ERα cycles on and off the chromatin in cycles of approximately 45 minutes. First, the pioneer factors bind 

to the heterochromatin (I) to determine where in the genome ERα can bind. (II), After oestrogen stimulation, ERα 

associates with the TFF1 promoter and subsequently histone acetyl transferases (HATs) are recruited and acetylation of 

the local histones occurs. Concurrently, binding of histone methyltransferases (HMTs) and p160 co -activators also 

increases at the TFF1 promoter. (III), RNA Polymerase II (Pol II) and the transcription machinery lag behind ERα 

association and correlate with increases in histone methylation. (IV), As the levels of ERα protein on the chromatin 

decreases, the remaining ERα is associated with components of the SWI/SNF complex, low levels of HATs and AIB1 as 

well as minimal transcriptional machinery. (V), As the ERα levels begin to increase in subsequent cycles there is a 

concomitant increase in HMTs, transcription factors, HATs (not p300), adaptor proteins and p160 coactivators. As ERα 

reaches its maximum load on the chromatin, the HMTs and p160 proteins decrease to leave just the HATs, adaptor 

proteins and transcription machinery (VI). From (K. A. Green and Carroll 2007). 

1.4.3.3 Estrogen receptor alpha-bound enhancers and differential chromatin interactions 

In the last years, strong lines of evidence started to appreciate that most (96%) of ERα binding sites on 

chromatin are distal from TSSs and are located on enhancer (often >100kb away from target transcripts), and 

these are enhanced and expanded by E2 stimulation, which results in the formation of super-enhancers (Hewitt 

et al. 2020). This is particularly important since the active chromatin-enriched enhancers and super-enhancers 

are intricate regulatory DNA elements that drive cell differentiation processes and often control the expression 

of cell-specific transcription factors, which are important for the shaping of every organ and tissue (Blanco et 

al. 2020). Moreover, chromatin features at enhancer and super-enhancer regions provide the permissive 

landscape required for the differential access of gene expression regulators and signaling molecules to drive 

cell-specific gene expression programmes, in time and space, and their misregulation is a key contributor to 

carcinogenesis (Blanco et al. 2020). For instance, it was reported that enhancers are decorated with specific 

chromatin marks earlier to the onset of the cell decision-making process, which suggests that chromatin states 

at enhancers are crucial for the subsequent differentiation process and enables the lineage-specific gene 

expression programmes to take place (H. Xu et al. 2020). The interactions between distal ERα-chromatin 

binding sites and target TSSs occur via a chromatin looping mechanism, which involves the synthesis of small 

enhancer RNAs from the distal sites, followed by the assembly and binding of CTCF and cohesin complexes, 

further facilitating enhancer-promoter interactions (J. Wang et al. 2016) (Figure 1.4-9). The enhancer 
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activation process is initiated by binding of p300 which exhibits its acetyltransferase activity leading to 

increased transcriptional activity at the promoter of target genes. In contrast, the mechanisms of ERα-mediated 

transcriptional repression are not well understood. However, it was reported that the rec ruitment of the 

polycomb complexes to ER-bound enhancers could inhibit the interaction with p300/CBP complexes, 

preventing transcriptional progression (Piunti and Shilatifard 2016). 

 

Figure 1.4-9: Model of chromatin looping to facilitate interaction between enhancers and promoters/TSSs. RNA PolII, 

enhancer RNA (eRNA) transcription, acetylation of histone H3 lysine 27 (H3K27Ac), monomethylation of histone H3 

lysine 4 (H3K4Me1), and p300 are found at enhancers. TSSs have PolII, H3K27Ac, trimethylation of histone H3 lysine 4 

(H3K4Me3), and p300. Cohesin/mediator form a looping structure that facilitates interaction between the enhancer and 

TSSs (dashed arrow). From (Hewitt and Korach 2018). 

ERα binding to enhancers was also reported in vivo in mice hormone-responsive uterine tissue (Hewitt et al. 

2020). These ERα-bound super-enhancers were found to be formed prior to the exposure to estrogens at the 

onset of puberty, and associated with genes encoding for critical developmental factors, including retinoic acid 

receptor alpha (RARA), and homeobox D (HOXD) (Hewitt et al. 2020). Moreover, authors demonstrated by 

the chromatin conformation capture (Hi-C) techniques that the genes which associated with the ERα-bound 

enhancers are located at the anchors of chromatin loops and are regulated by estrogens. Importantly, the 

expression of the enhancer-associated genes acquired a strong dependency on ERα binding after reproductive 

maturity (Hewitt et al. 2020). These observations suggested that enhancers assembly and their binding by ERα 

during the pubertal process are pivotal factors for estrogen-mediated regulation of key genes mediating uterine 

functions, such as transforming growth factor beta (TGFB) and LIF interleukin-6 family cytokine signalling 

pathways (Hewitt et al. 2020). Furthermore, Hi-C interaction maps enabled a detailed description of the 

multilevel genome organization and the 3D chromatin interactions in different contexts. 
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In the context of BC, Clark and colleagues extensively characterized the effects of ERα-enhancers binding on 

the 3D chromatin topological interactions in both endocrine-sensitive and endocrine-resistant BC cellular 

models (Achinger-Kawecka et al. 2020). Authors identified a number of differential chromatin interactions 

between parental wild type MCF-7 cells, tamoxifen-resistant (TAMR), and fulvestrant-resistant (FASR) 

cellular systems (Achinger-Kawecka et al. 2020). Specifically, using diffHiC at 20kb resolution, authors 

identified 981 differential chromatin interactions between wild type MCF-7 cells and TAMR cells, and 2596 

differential chromatin interactions between MCF-7 cells and FASR model. More precisely, authors observed 

that chromatin interactions are more often lost with the development of fulvestrant resistance as compared to 

MCF-7 cells, (62% are MCF-7-specific), while differential chromatin interactions were often gained with the 

development of tamoxifen resistance (42% TAMR-specific). Importantly, the vast majority of differential 

chromatin interactions in TAMR model were completely absent in FASR model, potentially consistent with 

the different modes of action between tamoxifen and fulvestrant and the different pathways underlying the 

development of endocrine resistance (Achinger-Kawecka et al. 2020). Furthermore, authors explored whether 

the identified differential (lost/gained) chromatin interactions include direct enhancer-promoter interactions, 

by integrating chromatin interactions data with chromatin state information, based on five ChIP-Seq markers, 

including H3K27ac, H3K4me1, H2AZac, and H2K4me3 chromatin states. Interestingly, regardless of the 

endocrine resistant model (TAMR or FASR), the differential chromatin interactions were enriched for active 

enhancers and promoters, as well as CTCF sites. However, gained chromatin interac tions showed more 

enrichment for active enhancer marks (H3K4me1, H3K27ac) as compared to lost interactions. Similarly, there 

was an increased enrichment of active promoter marks (H2K4me1) in TAMR and FASR as compared to 

parental MCF-7 cells. Moreover, authors further explored whether differential chromatin interactions present 

in TAMR and FASR associate with changes in gene expression of genes located at anchors of these differential 

chromatin interactions as compared to their expression levels in parental,  wild type, MCF-7 cells. Interestingly, 

genes located on anchors of differential chromatin interactions were related to important pathways known for 

endocrine resistance development, such as estrogen response pathway, and cancer, such as EMT and 

angiogenesis. More precisely, differential chromatin interactions identified in FASR model overlapped with 

promoter regions of 2069 genes, and loss of these interactions associated with significant decreases in the 

expression of 219 gnes, and gained chromatin interactions in this model associated with significant increase in 

the expression of 170 genes. Similarly, in the TAMR cellular model, 500 genes associated with differential 

chromatin interactions, among which 50 genes associated with loss in chromatin interactions were 

downregulated, while gained chromatin interactions associated with increased expression of 21 genes 

(Achinger-Kawecka et al. 2020).  

From a topology perspective, in both TAMR and FASR cellular systems, gained and lost chromatin 

interactions associated with differentially expressed genes, with most of downregulated genes located at the 

anchor of lost interactions, while upregulated genes located at the ectopic/gained chromatin interactions in 

both systems (Achinger-Kawecka et al. 2020). Despite the fact that differential chromatin interactions either  

in TAMR or FASR were related to similar gene ontology terms including transcription, cell-cell adhesion, and 
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G2/M phase transition, some differential chromatin interactions were specifically enriched in each cellular  

system. For instance, in TAMR cellular model, some of the differential chromatin interactions were exclusively 

related to ERBB2 signalling pathway, response to estradiol and Wnt signalling pathways, while FASR-specific 

chromatin interactions were mainly related to apoptosis, MAPK cascade, cell division and migration 

(Achinger-Kawecka et al. 2020). Finally, authors observed a significant differential enrichment of binding 

motifs for a large number of transcription factors at anchors of the differential chromatin interactions between 

the investigated cellular models. In particular, ESR1, MYC, CTCF, NR2F1, FOXA1, and PR were among the 

most enriched binding sites at anchors of differential chromatin interactions in parental MCF-7 cells. In the 

TAMR model, chromatin interactions losts principally occured at regions of ERE, SOX2, FOXA1,  and HOX 

cluster binding motifs, and gained interactions in TAMR were present at ZNF143, OCT4, FOXA1, and 

RUNX2 binding sites, in accordance with previously reported results showing that tamoxifen resistance results 

in aberrant ERα signaling through the genome (M. Fan et al. 2006). In fulvestrant resistance, lost chromatin 

interactions were mainly present at SOX6, NRF2, and ATF3 binding motifs, while gained interactions were 

enriched for OTX2, and SMAD4 binding sites. In both endocrine-resistance models, differential chromatin 

interactions occurred commonly at cMYC binding motifs, as previously reported (A. R. Green et al. 2016). 

1.4.3.4 Estrogen receptor alpha indirect non-genomic mechanisms 

In addition to genomic actions of E2/ERα signaling pathway, non-genomic actions are common to steroid 

hormones. The non-genomic actions of E2/ERα signaling pathway have been known for a long time and are 

associated with the rapid activation of various protein-kinase cascades which leads to indirect changes in gene 

expression due to phosphorylation of transcription factors (Y. Li et al. 2010). The binding of estrogens to 

membrane-bound estrogen receptor GPER1 and certain ERα and ERβ variants (Barton et al. 2018) can 

mobilize intracellular calcium, stimulate the activity of adenylate cyclase and cyclic adenosine monophosphate 

(cAMP) production, activation of the mitogen-activated protein kinase (MAPK) signaling pathway, activation 

of phosphoinositol 3-kinase (PI3K) signaling pathway, as well as the activation of membrane receptor tyrosine 

kinases (RTKs) (Ajj et al. 2013). Several examples of transcription factors regulated by these mechanisms 

include Elk1, CREB1 (Cavalcanti et al. 2015), CCAAT-enhancer-binding protein beta (C/EBPβ), the NF-κB 

complex (Fox, Andrade, and Shupnik 2009), and members of the signal transducer and activator of 

transcription (STAT) family (Furth 2014). Thus, by its non-genomic actions, ERα and ERβ, indirectly regulate 

the expression of indirect target genes. 

1.4.3.5 Estrogen receptor alpha ligand-independent activation 

Apart from being the main mediator of estrogens actions in various tissues and cancers, ERα displays an 

estrogen-independent activity in its unliganded status (Bennesch and Picard 2015). The first evidence of 

hormone-independent activation of ERα was reported in 1991 where Power and colleagues demonstrated that 

the receptor can be activated by neurotransmitters like dopamine; via cAMP/PKA activation (Ince, Montano, 

and Katzenellenbogen 1994); in absence of ligand (Power et al. 1991). Similarly, other studies demonstrated 

the activation of ERα by epidermal growth factor (EGF) in vivo in ovariectomized mice (Curtis et al. 1996), 
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and by insulin-like growth factor (IGF) (Kato et al. 1995). These was further supported by the analysis of ERα 

ChIP-Seq from uterine tissue of ovariectomized mice which showed over 5,000 regions of constitutive ERα-

DNA interactions (Hewitt et al. 2012). However, In spite of the solid evidence demonstrating the 

transcriptional activation of ERα in the absence of ligands, it has proven difficult to characterize the 

mechanisms underlying this process. Studies on transfected cells reported relevance for selected kinases such 

as MAPK (D. Chen et al. 2000), PKA (Al-Dhaheri and Rowan 2007), and ras/ERK (Klotz et al. 2002) for ERα 

activation. Furthermore, studies using mutant ERα showed that in each cell system, specific ERα 

phosphorylation sites are required for the unliganded ERα activity (Sheeler, Singleton, and Khan 2003), 

suggesting that the activation of unliganded ERα may fulfill cell-specific functions. Although PTMs of ERα 

were reported relevant for the transcriptional activation of unliganded ERα, it was however reported, in some 

cases, that the phosphorylation of ERα was insufficient by itself for the transcriptional activation of unliganded 

ERα, even if allowed the recruitment of coregulator complexes and splicing factors (Masuhiro et al. 2005). 

One of the mechanisms of the clinical resistance to tamoxifen is the upregulated signaling of growth factor 

pathways such as EGF, IGF1, both trigger an alteration of the ERα and co-regulators PTMs code (Murphy, 

Seekallu, and Watson 2011). One of the most studied PTMs of ERα is the phosphorylation at serine 118 

(Ser118), which was a common target for many signaling pathways (Lannigan 2003). Both E2 and growth 

factor signaling pathways such as EGF, IGF1 and prolactin pathways stimulate the phosphorylation of Ser118 

residue (González et al. 2009). The mitogen activated protein kinase (MAPK), which is activated by multiple 

growth factor receptor pathways, can phosphorylate Ser118 in a ligand independent manner both in vitro (Kato 

et al. 1995) and in vivo (Joel et al. 1998).  The phosphorylation of ERα at Ser118 residue was reported to be 

involved in protein turnover via a proteasome-mediated mechanism (Grisouard et al. 2007), and is important 

for protein dimerization (Sheeler, Singleton, and Khan 2003), and for ERα interaction with coactivator 

complexes in absence of ligand (Dutertre and Smith 2003). Other important ERα PTMs were reported. The 

phosphorylation of serine 167 (Ser167) is important for enhanced BC cell proliferation (Yamnik et al. 2009), 

and is stimulated by pp90rsk (Joel et al. 1998), and by AKT (Campbell et al. 2001), whose increased 

phosphorylation associated with poor clinical outcomes in patients treated with tamoxifen (Kirkegaard et al. 

2005). ERα Serine 305 (Ser305) phosphorylation by a PKA1-mediated mechanism was also reported to be 

important for ERα interactions with DNA and coactivators (Zwart et al. 2007), and experimental data 

suggested that it could have a role in tamoxifen resistance in BC cells (Holm et al. 2009). Other functional 

individual and collective ERα PTMs, their functional roles and implications in resistance to tamoxifen in BC, 

and candidate signaling pathways and kinases involved are reviewed elsewhere (Murphy, Seekallu, and 

Watson 2011). 

More recently, the transcriptional activity of unliganded ERα became relevant in the context of BC, especially 

when investigating clinical resistance to endocrine therapies. In 2014, Caizzi and colleagues performed the 

first genome-wide analysis of unliganded ERα chromatin interactions in MCF-7 cells. In this work, authors 

performed a ChIP-Seq against ERα in hormone-deprived MCF-7 cells, transfected with control or ERα-
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specific siRNA, to determine the genome-wide chromatin binding of unliganded-ERα. The analysis of this 

ChIP-Seq data led to the definition of unliganded ERα cistrome in MCF-7 cells. Specifically, 4,232 

unliganded-ERα binding sites were identified (Caizzi et al. 2014). The identified binding sites were almost all 

contained within the ERα cistrome identified in MCF-7 cultured in full medium (FM) or after E2-treatment 

and showed a similar genomic distribution as compared to the other conditions, with a prevalence of intergenic 

location. Furthermore, siRNA-mediated silencing of ERα strongly reduced ChIP-Seq signal at the unliganded-

ERα binding sites, confirming that the 4,232 ERα binding sites in absence of hormone are specific. Moreover, 

gene ontology analysis showed that these binding events associate to genes enriched in development, cell 

differentiation, and morphogenesis, while E2-specific and FM-specific ERα binding sites were associated to 

genes enriched in different terms such as metabolism, lipid metabolism, and biosynthesis terms, suggesting 

that unliganded-ERα binding sites may have a different role than that of E2-induced binding (Caizzi et al. 

2014). In addition, transcription factor binding sites analysis on top significant peaks revealed a significant 

enrichment for different factors such as FOXA1, GATA3, NR2F2 and AP2ɣ. The identified unliganded-ERα 

binding sites were confirmed in independent datasets and in different BC cell lines, and further validated in 

human breast tumor samples. Authors confirmed the transcriptional effects of the unliganded-ERα binding 

sites by performing a paired-end RNA-seq experiment consisting of silencing ERα in absence of ligand. This 

revealed changes in the expression of hundreds of protein-coding and non-coding genes, mainly related to cell 

growth and survival and to the maintenance of the epithelial phenotype, further supporting the functional role 

of unliganded ERα activity. 

1.4.3.5.1 Estrogen receptor alpha activity in the maintenance of luminal gene expression 

ERα has been accepted as a biomarker of differentiated forms of BC (Parl et al. 1984) and is expressed in non-

aggressive BCs while its expression is lost in more invasive and aggressive forms of the disease (Lari and 

Kuerer 2011). In vitro experiments demonstrated the opposing effects of ERα on the EMT process (Guttilla, 

Adams, and White 2012), and in BC cells cultured in absence of hormones, the depletion of ERα induces a 

response similar to EMT, by activating the expression of mesenchymal genes and growth-inhibiting pathways 

(Caizzi et al. 2014; Al Saleh, Al Mulla, and Luqmani 2011). In other cellular systems, the re-expression of 

ERα was able to induce the re-appearance of epithelial gene expression (Fortunati et al. 2010). 

The E2-ERα signaling pathway opposes to the onset of EMT process by inhibiting the expression of EMT-

mediating TFs and upregulating epithelial markers such as E-cadherins (Guttilla, Adams, and White 2012). 

The ligand-independent transcriptional activity of ERα, together with other TFs such as Forkhead box protein 

A1 (FoxA1) and Activating enhancer binding Protein 2 γ (AP-2γ) is important for maintaining the luminal 

phenotype and blocking the EMT of BC cells (Caizzi et al. 2014). The stable silencing of ERα expression by 

application of short-hairpin (shRNA) lentiviral particles in ERα-positive MCF-7 BC cells, strongly induced 

cellular phenotypic changes such as enhanced proliferation, migration and invasion, accompanied by 

significant changes in gene and protein expression of several markers typical of EMT (Al Saleh, Al Mulla, and 
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Luqmani 2011; Bouris et al. 2015) including EGFR and HER2 receptor tyrosine kinases and various 

extracellular matrix effectors. 

1.4.3.5.2 ERα activity in post-transcriptional regulation of gene expression 

Hormone signalling pathways such as the E2/ERα signalling pathway have been widely studied for their effects 

on transcription, but their roles in the post-transcriptional control of GE have recently been suggested, but not 

rigorously explored. However, a number of studies reported the possible implications of the E2/ERα axis in 

the process of AS. For instance, a clear link between steroid-regulated transcription and AS has been 

established (Auboeuf et al. 2002). Three years later, a collection of at least 25 proteins have been described to 

have a transcription coregulator and AS activity (Auboeuf et al. 2005). Among the identified proteins involved 

in steroid-regulated AS are the U2AF65-related proteins, CAPERα and CAPERβ, ASC-1, ASC-2, and CoAA, 

several of which are known to interact with ERα (Dowhan et al. 2005). Furthermore, the E2/ERα pathway has 

been shown to control the production rate of cyclin D1 mRNA by co-transcriptionally controlling the splicing 

level of its promoter-proximal intron (Bittencourt et al. 2008). In addition, a one study has reported the effects 

of the growth factor receptor-induced ERα phosphorylation on splicing, where MAPK-induced 

phosphorylation of ERα at Ser118 residue mediates its interaction with the U2 snRNP-related splicing factor 

SF3a and promotes exon skipping of target genes (Masuhiro et al. 2005). Moreover, BC subtypes are carefully 

characterized for prognosis and therapy purposes and represent the basis of patients stratification due to their 

different biological behaviors and response to treatments, which are underlined by their specific and distinct 

gene expression profiles (Sørlie et al. 2003). Interestingly, it was recently shown that not only gene expression 

profiles but also the expression pattern of transcript isoforms differs among ERα-positive and triple negative 

(TNBC) subtypes, and is capable of distinguishing these tumor types with higher fidelity than the standard 

gene expression profiles (Stricker et al. 2017). The different transcript isoforms expression patterns were a 

consequence of differential promoter usage, AS, and alternative 3’UTR polyadenylation sites usage which 

were differentially regulated in the investigated BC subtypes (Stricker et al. 2017). More importantly, a 

significant number of RNA processing factors were differentially expressed between tumor subtypes and are 

regulated by ERα (Stricker et al. 2017). These and other studies started to point evidence for the implication 

of ERα, and ERβ notably, in the post-transcriptional control of GE, either directly, by forming complexes with 

splicing factors and with certain components of the spliceosomal machinery, or indirectly, where ERα, notably 

ERβ, can control the post-transcriptional events by promoting or inhibiting the expression of the key players 

of this process, including miRNAs, RBPs, and RBP-associated lncRNAs. 

1.4.3.5.2.1 Estrogen Receptor Alpha is directly involved in the post-transcriptional control of 

gene expression 

The nuclear interactome proteins of the two nuclear receptors ERα and ERβ in BC cells nuclei were previously 

identified by Tandem Affinity Purification (TAP) techniques (Tarallo et al. 2011). The two categories of ERα- 

and ERβ-interacting proteins identified showed their ability to associate in vivo with either hormone-activated 

ERα and ERβ receptors (Tarallo et al. 2011). The computational analysis of these two datasets by Nassa and 
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colleagues in 2011 further supported the possible direct implication of ERα and ERβ in the post-transcriptional 

control of GE (Nassa et al. 2011). Notably, in this study, the computational analysis of ERα-interactome 

revealed three different clusters of interacting proteins, among which a cluster that was specifically formed by 

components of the splicing machinery such as U1, and U2 snRNPs, and other related factors such as the U2 

Small Nuclear RNA Auxiliary Factor 2 (U2AF2), FUS RNA Binding Protein (FUS), and the RNA Binding 

Motif Protein X-Linked (RBMX), which are known for their dual role in controlling GE at both transcriptional 

and post-transcriptional levels, in addition to Elongation Factor Tu GTP Binding Domain Containing 2 

(EFTUD2), and Small Nuclear Ribonucleoprotein D1 Polypeptide (SNRPD1), two important factors for 

spliceosome assembly (Little and Jurica 2008), and Y box binding protein 1 (YBX1), which is known to 

regulate alternative splice sites selection through its interaction with SR proteins and on the other hand it 

promotes cell proliferation of BC cells through activation of cell cycle-related genes (Raffetseder et al. 2003). 

In addition, two other distinct clusters of ERα-interacting proteins were identified, of which a cluster that 

comprised chromatin modifying enzymes such as HDAC1, HDAC2, and a third cluster included the 

components of the translational initiation complex and 3’polyA site interacting proteins such as PABPC1,  

while others proteins are involved in the 5’cap recognition such as EIF4A1 and EIF4G1 (S. Fan et al. 2010). 

These studies shed the light of the direct implication of ERα and ERβ in the AS process. Two years later, a 

study by Bhat-Nakshatri and colleagues reported the functional role of the interplay between E2/ERα axis and 

the AKT signaling pathway, which phosphorylates ERα, and evidenced their impacts on AS in BC (Bhat-

Nakshatri et al. 2013). In study, authors identified, by using microarray analysis, a total of 463 AS events 

targeting 154 genes were significantly affected by E2 treatment, 18 of which were experimentally validated 

by qRT-PCR (Bhat-Nakshatri et al. 2013). Interestingly, among the 154 genes that underwent AS changes 

under E2 treatment, 89 genes (60%) contained intergenic binding sites for ERα, and 80% of which did not 

show any changes in their transcription rate, suggestive of a licencing role of ERα for the local recruitment of 

other factors such as histone modifying enzymes that favor AS regulation. Furthermore, the E2-induced AS 

changes in MCF-7 cells were influenced by AKT-induced phosphorylation of ERα and were reported to play 

a role in the anti-estrogen response to tamoxifen and fulvestrant in BC. Among the E2-induced alternatively 

spliced genes are the Fas cell surface receptor death (FAS/CD95), the fibroblast growth factor receptor 2 

(FGFR2), and axin 1 (AXIN1). Specifically, E2 through AS regulation induced the mRAN abundance of 

FGFR2 C1 isoform while decreasing that of C3 isoform. These E2-induced AS changes of FAS and FGFR2 

genes in MCF-7 BC cells correlated with resistance to FAS-activation induced apoptosis and to response to 

keratinocyte growth factor (KGF), respectively. The E2/ERα-induced overproduction of FGFR2 C1 isoform 

associated with resistance to tamoxifen in MCF-7 cells, while the altered KGF response correlated with an 

ERα-dependent isoform switching events, primarily associated with resistance to fulvestrant (Bhat-Nakshatri 

et al. 2013). These and other results (Bhat-Nakshatri et al. 2008) which show that the E2/ERα axis and its 

crosstalk with other signaling pathways such as the AKT pathway controls the expression of many splicing 

factors further support E2-mediated AS in BC.  
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In addition, on the basis of the study by (Tarallo et al. 2011), a study by (Dago et al. 2015) further investigated 

in depth the differences in the early transcriptional events and RNA splicing patterns induced by E2 in wild 

type MCF-7 cells expressing ERα alone (ERα+/ERβ-) or cells expression ERα and ERβ together 

(ERα+/ERβ+), generating by stably transfecting cells with ERβ fused to a TAP-tag at C- (CtERβ) or N-

terminus (NtERβ) of the protein. The analysis of the RNA-Seq datasets of the three E2-stimulated cell lines  

revealed exon skipping (ES) as the most abundant splicing events in the post-transcriptional control induced 

by E2 (Dago et al. 2015). Furthermore, the comparison of ERα+/ERβ+ to ERα+/ERβ- BC cells, revealed 

significant differences in the set of expressed isoforms between cell lines, and ERβ when expressed strongly 

impacted E2-induced splicing patterns, further potentiating E2-induced splicing in ERβ+ BC cells by 2-fold 

more as compared to ERβ- cells (Dago et al. 2015). In particular, 1,264 (involving 1,016 genes), 1,402 (1,117 

genes), and 975 ES events (involving 816 genes) were revealed to be induced by E2 in CtERβ, NtERβ, and 

wild type MCF-7 cells, respectively, of which 575 ES events were common to all cell lines analyzed, while 

115 ES events showed opposite regulation in ERβ+ as compared to ERβ- cell lines. Furthermore, the 

differences in E2-induced splicing patterns in ERβ+ as compared to ERβ- cells revealed a fraction of 56 ERβ-

genes both transcriptionally and post-transcriptionally, including transcriptional regulators, RNA metabolism, 

and genes encoding for actin cytoskeleton remodeling and protein transporters. Moreover, 35 genes whose 

isoforms composition significantly changed by E2 in an ERβ-dependent fashion included genes involved in 

apoptosis, such as BAD, lipid metabolism, such as ACADM, PLSCR1, SLC27A2, and STARD4, nutrient 

transport (SLC25A19, SLC35C2), transmembrane receptor signaling (IFNGR2, LDLRAD4), Notch signaling 

(PSEN2, POGLUT1, SGK1, SLC35C2), as well as some non-coding RNAs (MCM3AP-AS1, SNHG17), 

suggestive of a potential role of ERβ in inducing significant switches in E2-mediated splicing patterns, 

potentially affecting the expression or function of ER target genes. Furthermore, ERβ expression promoted 

significant differences in promoter usage either by attenuating those differentially used upon E2-stimulation 

in wild type MCF-7 cells or by inducing new switches in promoter usage. In particular, 61 ERβ promoter-

switching genes were involved in important pathways controlled by E2 in BC cells, such as transcription, DNA 

metabolism and repair, pre-mRNA maturation and splicing, cell adhesion and polarity, and other important 

cellular functions. Interestingly, the integration of ChIP-Seq data for both ERα and ERβ together with the 

estrogen receptors-dependent splicing revealed a significant correlation between the binding and ER-regulated 

AS patterns, revealing three distinct groups of spliced genes, involved in important cellular functions  such 

transcription, histone modifying enzymes, and apoptosis showing a binding peak for either one or for both 

receptors (Dago et al. 2015).  

Interestingly, at the gene level, the expression of ERβ strongly impacted the E2-dependent GE profile. In 

particular, the regulation of (230 out of 895) genes, representing 25% of E2-regulated genes, was lost in both 

cell lines expressing ERβ, while a large number of new genes, not regulated in wild type MCF-7 cells, became 

significantly regulated in both CtERβ+ (2,396 out of 2,899) and NtERβ+ (2,463 out of 3043) cell lines, with 

the most affected genes by the expression of ERβ are the E2-inhibited genes than E2-activated (40% of E2-

induced inhibition was lost versus 14% of E2-activated genes). These groups of genes whose E2-mediated 
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regulation was lost by expression of ERβ were related to DNA replication, recombination and repair, cell cycle 

and cell morphology (Dago et al. 2015). 

In human primary endometrial stromal cells, the exposure to E2 increases the expression of pyruvate kinase 

M2 (PKM2) isoform by upregulating the c-Myc-hnRNP axis activity, which results in metabolism 

reprogramming and further fostering cell proliferation (Salama et al. 2014). In these cells, authors revealed 

that E2 also controls the PTMs of pyruvate PKM2, inducing its oxidation, phosphorylation, and nuclear 

translocation, where it functions as a coactivator of many transcription factors (W. Luo and Semenza 2012). 

The E2-induce PKM2 isoform in addition to reprogramming glucose metabolism is physically interacting with 

ERα and functions as its own coactivator. The application of small-molecule PKM2 activators inhibited the 

transcriptional activity of ERα and reduced the E2-induced proliferation of the investigated cell lines (Salama 

et al. 2014). Similarly, E2 was shown to impact the splicing pattern of corticotropin releasing hormone 

receptors (CRH-R) 1 and 2 in ERα-positive BCs (Lal et al. 2013). In particular, E2 induced an increase in the 

expression of CRH-R2 mRNA and promoted skipping of exon 12 of the type 1 receptor (CRH-R1) by 

inhibiting the SRSF6-SRp55 axis, which resulted in cell invasion inhibition in MCF-7 cells. Interestingly, 

ERα-positive tumors were characterized by increased abundance of CRH-R2 and CRH-R1 lacking exon 12 

(CRH-R1-Δ12) which was concordantly associated with a decreased abundance of SRp55 as compared to 

ERα-negative tumors, suggestive of a potential role of E2 in the onset of the disease by altering the splicing 

patterns of CRH receptors and disrupting its mediated signaling mechanisms in BC (Lal et al. 2013). 

1.4.3.5.2.2 Estrogen Receptor alpha acts on post-transcriptional events by controlling the 

expression of its key players  

ERα is known to control proliferation and survival of the luminal BC subtypes. The extensive analysis of 

genome-wide ERα binding sites has enabled a better understanding of the molecular mechanisms and 

determinants underlying this phenotype. In E2-stimulated MCF-7 and ZR-75 BC cell lines, ChIP-Seq data of 

ERα in addition to RNA-Seq data analysis revealed that ERα control GE process at both transcriptional and 

post-transcriptional levels (Cicatiello et al. 2010). the E2/ERα axis controls a gene regulatory network that 

maintains the luminal phenotype of this cell lines. This included several transcription factors such as AP-2γ, 

E2F1 and 2, ELF3, GTF2IRD1, MYB, SMAD3, RARα, and RXRα, in addition to several miRNAs such as 

miR-107, miR-424, miR-570, miR-618, and miR-760 which were identified as integral components of this 

gene regulatory network, enabling a dynamic post-transcriptional control of the concentration and activity of 

expressed mRNAs levels and translation efficiency of E2-responsive genes (Cicatiello et al. 2010). ERα was 

also reported to suppress the aggressiveness of BC cells by inhibiting the expression of genes preferentially 

expressed in basal-like and TNCB tumors through a mRNA-mediated mechanism (Sanawar et al. 2019). ERα, 

in absence of ligands, controls the expression of FAM171A1 transcript and protein that is preferentially 

expressed in basal-like breast tumors, via stimulating the expression of miR590-5p, which in turns, targets 

FAM171A1 (Sanawar et al. 2019). 
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Moreover, the expression of several RBPs encoding genes, key players of the AS process, is regulated by the 

E2-ERa axis. Notably, the expression of the RBP NOVA1 was shown to be regulated by E2 stimulation which 

in turn triggers the specific expression of ERβ isoforms by regulating the AS pattern of the gene in the aging 

female rat brain (Shults et al. 2018, 2015). Recently, Koedoot and colleagues performed a gene co-expression 

analysis of RBPs encoding genes using RNA sequencing data from different primary and metastatic tumor 

types including BC from the TCGA and BASIS databases (Koedoot et al. 2019). Interestingly, authors 

identified two main clusters 1 and 2 formed by 61 and 24 splicing factors, respectively, named Enhancers-SFs 

and Suppressors-SFs which exhibited different expression behaviour in BC samples depending on the clinical 

features including PAM50, AIMS subtype, pleomorphism score, tumor grading, and hormone receptor status 

(Koedoot et al. 2019). In particular, cluster 1 splicing factors which were overexpressed in less aggressive 

tumors were overexpressed in ER+ tumors while the splicing factors within cluster 2 which correlated with 

more aggressive tumors and with poor relapse- and metastasis-free survival were higher expressed in ER- 

tumors. More importantly, further stratification of ER+ tumors into luminal A and B subtypes showed that 

cluster 2 splicing factors were higher expressed in the more aggressive luminal B subtype as compared to the 

less aggressive luminal A subtype, as they were overexpressed in basal-like and HE2-amplified compared to 

normal-like subtype.  However, gene pairwise correlation analysis did not reveal a significant correlation 

between ESR1 and either of the two clusters (Koedoot et al. 2019). Another example of ERα+ signaling 

implication in the post transcriptional control of GE process is shown by the work of Gökmen-Polar and 

colleagues. In this study, authors demonstrated that ESRP1 expression correlates with worse ERα+ BC patient 

overall survival and endocrine treatment outcome, showing also the gene overexpression in endocrine-

resistance BC cell models. Interestingly, no significant results were obtained for ERα- tumors supporting a 

relation between ESRP1 expression and ERα+ signaling (Gökmen‐Polar et al. 2019). 

Furthermore, ERα ligand-independent transcriptional activity was also reported to be important for the 

expression of luminal-specific non-coding transcripts including miRNAs (Cicatiello et al. 2010) and lncRNAs 

(Miano et al. 2016; Caizzi et al. 2014). Miano and colleagues successfully identified a list of 133 unliganded-

ERα-controlled lncRNAs. The extensive characterization of the identified lncRNAs using public data from BC 

cell lines or tumor tissues showed these lncRNAs to be only marginally overlapping E2-induced transcripts, 

and their expression was exclusive to luminal BC subtypes, and was able to perfectly classify BC subtypes 

(Miano et al. 2016) consistent with results obtained by (Niknafs, Han, Ma, Speers, et al. 2016). Specifically, 

DSCAM antisense RNA 1 (DSCAM-AS1) lncRNA showed as the most expressed lncRNA in luminal cells, 

whose expression is regulated by unliganded ERα and inversely correlated with EMT markers. When depleted 

in luminal BC cells, DSCAM-AS1 was able to recapitulate some of the effects of silencing ERα such as 

inducing a growth arrest and inducing expression of EMT markers (Miano et al. 2016). 

DSCAM-AS1 is a lncRNA transcribed in antisense from intron 3 of the DSCAM gene on chromosome 21. The 

lncRNA has four different transcripts of length less than 2 Kb annotated in Gencode, resulting from AS of the 

gene and differing mainly by the presence or absence of a central exon. The analysis of the expression of 
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DSCAM-AS1 isoforms in MCF-7 BC cells using isoform-specific primers revealed an enrichment of the 

isoform containing the central exon in the nucleus, while the other three isoforms were mainly cytoplasmic 

(Miano et al. 2016). 

DSCAM-AS1 is a lncRNA that exhibits a highly cancer-specific expression pattern, mostly in BC (Niknafs, 

Han, Ma, Speers, et al. 2016; Miano et al. 2016, 2018), lung carcinoma (Liao and Xie 2019), and prostate (Y. 

Zhang et al. 2020), where it functions as an oncogenic lncRNA. In vitro experiments in different cellular 

systems have elucidated the possible molecular mechanisms underlying the specific expression of DSCAM-

AS1. For example, The association between ERα and DSCAM-AS1 expression was supported by ChIP-Seq and 

ChIP-qPCR from different luminal BC cell lines showing the binding of unliganded ERα at the promoter of 

the gene, which is further increased upon E2 stimulation (Miano et al. 2016; Niknafs, Han, Ma, Speers, et al. 

2016). Furthermore, despite the increased binding of ERα upon E2-treatment at the promoter of DSCAM-AS1, 

its expression is largely unaffected. The analysis of chromatin states such as the super-enhancer specific 

histone marks, H3K27ac, identified a set of super-enhancers occupied by unliganded-ERα, among which a 

super-enhancer is mapped in proximity of DSCAM-AS1 gene body and is occupied by unliganded-ERα in 

addition to other TFs including p300, GATA3, FoxM1 and CTCF (Miano et al. 2018). Similarly, Zhang and 

colleagues recently confirmed the previously identified super-enhancers in proximity to DSCAM-AS1 gene 

and additionally identified that the expression of the lncRNA is regulated by FoxA1 in BC and lung cancer 

cell lines (Y. Zhang et al. 2020). Taken together, these data supported the lineage-specific expression of 

DSCAM-AS1 in different cancer types. 

Furthermore, DSCAM-AS1 is involved in the control of gene expression at the post transcriptional level 

through the binding of RBPs which are the top regulators of AS. The first interaction between DSCAM-AS1 

and RBPs was reported by Niknafs and colleagues, demonstrating that DSCAM-AS1 is physically interacting 

with heterogeneous nuclear ribonucleoprotein L (hnRNPL) (Niknafs, Han, Ma, Zhang, et al. 2016). hnRNPL 

is a well-known splicing factor belonging to the heterogeneous nuclear ribonucleoprotein family and is 

involved in the regulation of AS by binding to C/A-rich motifs particularly at introns and the 3’ Untranslated 

region (3’UTR) of the gene (Rossbach et al. 2014; Hung et al. 2007; Fei et al. 2017). Moreover, hnRNPL 

activity in the AS process was related mainly to the maintenance of mRNA stability by the regulation of 

nonsense mediated decay (NMD) pathway through the binding at gene 3’UTR region (Kishor, Ge, and Robert 

Hogg 2019). Such activity was particularly relevant in cancer contexts where the mRNA stability of genes 

with oncogenic functions such as Bcl2 (Kishor, Ge, and Robert Hogg 2019), SRSF3 (Jia et al. 2016), or tumor 

suppressor potential such as p53 (Gaudreau et al. 2016) was demonstrated to be regulated by hnRNPL. 

Although evidence existed for DSCAM-AS1 and hnRNPL physical interaction, its functional role particularly 

in cancer was not elucidated. 
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1.5 Aims of the Thesis: 

ER𝛼 activity is essential to sustain epithelial cell growth and differentiation in mammary cells and to maintain 

the epithelial phenotype in breast tumors, and prompts the cells to respond to estrogenic hormones.  

Recent studies from our laboratory and other research groups have shown that ER𝛼 controls transcription of a 

number of protein coding and noncoding genes, both when activated and in the unliganded form. Among these, 

a remarkable group was that of RBPs, suggesting that ER𝛼 controls post-transcriptional events as well. In the 

present work, we have taken into consideration as paradigms, (i) the lncRNA DSCAM-AS1; which is highly 

expressed in luminal BC in an ER𝛼 dependent manner, and was shown to interact with the important regulator 

of alternative splicing, hnRNPL; (ii) the epithelial-specific, ER𝛼-regulated splicing factors ESRP1 and ESRP2, 

in order to evaluate a minimal network of post transcriptional control by ER𝛼. 

RNA-sequencing datasets were obtained through the downregulation of ER𝛼, ESRP1/2, DSCAM-AS1, and 

HNRNPL were analysed for resulting downstream effects at both gene and isoform (e.g. splicing) levels to 

evidence alternative splicing and 3’UTR choice. The four datasets were then compared in order to evidence 

common post transcriptional events. In particular, the following questions were investigated: 

1) How ER𝛼 controls AS in luminal BC? What are the mechanisms underlying this regulation? 

 

2) What SFs or lncRNAs are controlled by ERα and how in turn control the process of AS in luminal BC? 

 

3) What is the functional role of DSCAM-AS1, as one of the top luminal-specific lncRNA transcripts whose 

expression is strongly dependent on ERα? and how it impacts post-transcriptional events, taking into 

consideration its physical interaction with hnRNPL in luminal BC? 

 

4) Does the identified post transcriptional events have a prognostic value in the context of BC.
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chapter 2. Results 

Chapter organization 

This results section is organized into four different chapters: 

The first chapter reports the results obtained from the analysis of the hormone-independent activity of ERα at 

both transcriptional and post transcriptional levels in the ERα+ MCF-7 luminal BC cell lines. 

The second chapter reports the results related to the functional role of the core alternative splicing (AS) 

regulators, ESRP1 and ESRP2 proteins, in the epithelial cells. In this chapter, the role of unliganded ERα 

activity in regulating the expression of these two genes is evidenced and the effects of the combined silencing 

of ESRP1 and ESRP2 in MCF-7 cells at both transcriptional and post transcriptional levels are reported and 

are compared with those changes observed upon silencing ERα. The results are discussed in the context of 

gene expression as well as AS regulation. 

In the third chapter are described the results obtained from the analysis of the effect of silencing the ERα-

regulated lncRNA, DSCAM-AS1. In this chapter, the expression of DSCAM-AS1 is analysed in 31 public 

microarray datasets in addition to two independent in-house cohorts of patients. The association of DSCAM-

AS1 gene expression with distinct patient’s clinical and molecular features are discussed. The second axis of 

this chapter describes the effect of silencing DSCAM-AS1 on gene expression as well as on cell proliferation 

and phenotypic changes in MCF-7 and other BC cell lines. The last axis of this chapter reports the effects of 

silencing DSCAM-AS1 on AS and isoform expression in MCF-7 cells. In this axis, the physical interaction of 

DSCAM-AS1 with the splicing factor hnRNPL showed in MCF-7 cells is evidenced and suggests that the 

disruption of this interaction, by silencing DSCAM-AS1, induces significant changes in RNA transcripts by a 

3’UTR shortening and exon skipping mechanisms. 

The fourth chapter reports the effects of silencing the splicing factor hnRNPL at both gene and isoform levels 

through the analysis of a paired-end RNA-seq dataset consisting of siRNA-mediated silencing of HNRNPL in 

MCF-7 BC cells. Therefore, a differential gene/isoform expression as well as AS analyses are performed to 

decipher the core biological pathways affected by hnRNPL depletion. Then, this chapter reports transcriptional 

and post transcriptional changes occurring in both HNRNPL and DSCAM-AS1 silencing experiments. The final 

axis of this chapter discusses the prognostic value of hnRNPL in ERα+ and ERα- BC patients. The association 

between hnRNPL gene expression and patient’s clinical features are discussed.  

Finally, at the end of each chapter, the main findings are presented and discussed in the context of gene 

expression and AS levels. 
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2.1 The functional investigation of the hormone-independent Estrogen Receptor alpha 

signaling pathway on transcriptional and post-transcriptional levels 

Our groups have previously reported the functional significance of the hormone independent activity of ERα 

in different BC cell lines and primary BC tissues by performing an integrative analysis of high throughput data 

such as ChIP-Seq and epigenomics data (Caizzi et al. 2014; Miano et al. 2016, 2018). In this chapter, to 

characterise the functional significance of the hormone-independent activity of ERα on both transcriptional 

and post-transcriptional levels in BC cells, we developed an integrative computational pipeline that performs 

a differential expression analysis at both gene and isoform levels, allowing the characterization of AS changes 

at a genome-wide scale and its downstream consequences at the protein isoform level. Therefore, the results 

of this chapter will be organized into three main different sections: 

In section 2.1.1 the results obtained from the hormone-independent activity of ERα on transcription are 

reported. To identify genes whose expression is regulated by the hormone-independent ERα activity, an RNA-

seq experiment consisting of silencing the ERα gene in MCF-7 cells was performed (Miano et al. 2018). Next, 

a differential expression analysis was performed at both gene and isoform levels. genes whose expression 

responded to ERα depletion were screened to identify RNA-binding protein (RBP) genes that are potentially 

involved in post-transcriptional events. Similarly, transcription factors (TFs) genes which are potentially 

involved in the epithelial-to-mesenchymal transition (EMT) process were also identified. 

In section 2.1.2 the results obtained from hormone-independent activity of ERα on the post transcriptional 

level are reported. The effects of unliganded-ERα activity depletion on isoform usage as well as on AS process 

are presented. To this end, a differential isoform usage (dIU) analysis was performed and genes with switc hing 

isoforms upon ERα silencing were identified. In addition, to identify alternatively spliced exons, a differential 

AS analysis considering local alternative splicing events (ASEs) was performed using rMATS (Shen et al. 

2014, 2012). Significant ASEs were identified and annotated using IsoformSwitchAnalyzeR (Vitting-Seerup 

and Sandelin 2019) to identify their potential effects at protein isoform level. Next, to identify putative RBPs 

regulators of the significant ASEs upon ERα silencing, an RBP binding motif enrichment analysis was 

performed for event, region, and direction of regulation of the ASE using MoSEA (Sebestyén et al. 2016) and 

fimo (Bailey et al. 2015). Furthermore, the expression of significant ASEs in primary BC tissues was analysed 

and correlated with ESR1 gene expression in these samples. To identify the potential functional role(s) of the 

ERα-regulated ASEs, a molecular pathway-guided enrichment analysis was performed reporting the 

correlation between ASE expression level (Percent Splice-in Index, PSI) in primary BC samples, and enriched 

hallmarks using PEGASAS algorithm (Phillips et al. 2020). 
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2.1.1 The hormone independent activity of ERα is crucial for cell proliferation and for 

maintaining the epithelial phenotype 

To explore the functional role of the unliganded ERα activity on gene expression process in BC, analysis of 

gene and isoform differential expression (dGE, dIE, respectively) was carried out on a triplicate paired-end 

RNA-seq experiment consisting of hormone-starved MCF-7 BC cells treated with control or with ESR1-

targeting siRNA (siCTRL vs siERα). The quality of the RNA-Seq replicates are reported in the PCA and heat 

map plots in (Figure 2.1-1a,b), respectively. As a result, silencing ERα in MCF-7 cells in absence of hormone 

defined a set of differentially expressed (DE) genes, including protein coding and non-coding genes. Notably, 

a total of 6611 genes were DE (|log2FC| > 0.2 and ajdp <0.05), including 3741 downregulated and 3140 

upregulated genes. The log2FC and statistical significance of these DE genes are reported in (Figure 2.1-1c 

and Supplementary Table 1a), and the expression of the top 500 changing genes is reported in (Figure 2.1-

1d). The functional enrichment analysis of the DE genes revealed that downregulated genes are mainly 

enriched in terms related to cell cycle progression and cell proliferation pathways, DNA replication, DNA 

damage repair, positive regulation of cell cycle process, in line with the previously known role of  ERα as a 

key transcription factor in the luminal BC cells MCF-7 (Caizzi et al. 2014). Conversely, upregulated genes 

were mainly enriched in terms related to EMT process, actin cytoskeleton organization, cell movement, cell 

morphogenesis involved in differentiation, developmental growth and positive regulation of cell migration 

(Figure 2.1-1e,f and Supplementary Table 1b,c), supporting that ERα is a key TF important for the 

maintenance of the epithelial phenotype and for the expression of epithelial genes in the investigated cell lines.  

https://paperpile.com/c/X1X8Dq/4D2Wo
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Figure 2.1-1: The transcriptional effects of silencing ERα gene in MCF-7 BC cells cultured in absence of hormone. (a) 

PCA plot reporting the two different clusters formed by the replicates of each condition. (b) Dissimilarity matrix between 

replicates of siCTRL and siERα conditions. (c) Volcano plot showing the log2FC and significance (adj-p) of genes 

responding to ERα gene silencing. In blue color are represented downregulated genes while in red are represented 

upregulated genes. (d) Heat map the top 500 changing genes upon ERα gene silencing. Color intensities correspond to 

z-score calculated as a difference between mean and variance over samples. Negative and positive z-scores correspond 

to downregulated and upregulated genes, respectively. (e-f) Bar plots showing the gene ontology (GO) enrichment 

analysis related to downregulated and upregulated genes, respectively. Bar size represents the number of genes 

overlapping each enriched GO term and color intensities are proportional to the significance (p -value) of the enriched 

GO terms. 
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2.1.1.1 The Estrogen Receptor alpha signaling pathway controls the expression of RNA 

binding proteins (RBPs) including splicing factors (SFs) in luminal BCs 

Interestingly, the depletion of ERα in MCF-7 induced significant changes in the expression level of RBP genes. 

Notably, significant expression changes were observed in a total of 681 RBP genes upon ERα silencing, most 

of which (486, 71%) were downregulated, while only (195, 29%) were upregulated (Figure 2.1-2a,b and 

Supplementary Table 1d). Importantly, the comparison of these DE RBP genes to a previously published list 

of RBP genes reported to be DE between paired normal and ERα+ BC tissues (Sebestyén et al. 2016), revealed 

413 RBP genes common to both datasets (exact hypergeometric probability, p < 0) (Figure 2.1-2c and 

Supplementary Table 1e). The overlapping DE RBP genes included 130 (31%) RBP genes coherently 

regulated in both datasets (83 downregulated and 47 upregulated in both datasets), and 283 (69%) RBP genes 

showed an opposite gene expression change (233 downregulated in ERα silencing while upregulated in tumors, 

and 50 upregulated in ERα silencing while downregulated in tumors) (Figure 2.1-2c,d and Supplementary 

Table 1e). Moreover, the gene enrichment analysis of the different groups of RBPs revealed distinct GO terms 

enriched for each group (Figure 2.1-2e,h and Supplementary Table 1f). Notably, downregulated RBP genes 

in our dataset and upregulated in tumors were enriched in terms related to pre-mRNA splicing, mRNA 

modification and processing, splicing and localization, ncRNA splicing regulation, and spliceosomal snRNP 

complex assembly, while those RBP genes upregulated in our dataset and downregulated in tumors were 

enriched in terms related mainly to mRNA metabolic process, regulation of translation, actin cytoskeleton 

organization, actin filament bundles assembly, differentiation, extracellular matrix organization, and 

mesenchyme development. The third group including downregulated RBP genes in both datasets was enriched 

in terms mainly related to SRP-dependent cotranslational protein targeting to membrane, ribonucleoprotein 

complex biogenesis, cytoplasmic translation, regulation of protein modification, localization and stabilization 

process, positive regulation of intrinsic apoptotic signaling pathway and RNA 3’end processing.  
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Figure 2.1-2: Effects of unliganded-ERα activity depletion on the expression of RBP genes in MCF-7 cells. (a) Volcano 

plot reporting the log2FC and the significance (adj-p) of DE RBP genes. (b) Heat map of the 681 DE RBP genes. Color 

intensities are proportional to the z-score calculated among samples using RBPs TPM units. Positive and negative z-

scores correspond to upregulated and downregulated RBP genes, respectively. (c) top: Venn diagram reporting the 

number of RBP genes DE upon ERα silencing in MCF-7 and between breast tumor (T) and normal (N) samples, bottom: 

Upset plot reporting the numbers and type of regulation of overlapping RBP genes. Histograms represent the number of 

RBPs per each group. (d) Heat map plot reporting the log2FC of overlapping RBP genes. T/N, Tumor/Normal 
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comparison. (e-h) Bar plots reporting enriched GO terms for different RBP groups classified based on their direction of 

regulation upon ERα silencing in MCF-7 cells and when comparing tumors versus normal breast tissues, including 

down_ERα_UP_TvsN, up_ERα_down_TvsN, down_both, up_both groups, respectively. 

Furthermore, to further support our hypothesis that unliganded-ERα controls EMT in BC by exerting a post 

transcriptional control of gene expression process, the list of RBP genes identified as DE upon ERα silencing 

in MCF-7 cells were overlapped with a well-established dataset by (Shapiro et al. 2011) comparing the 

expression levels of RBP genes between epithelial and mesenchymal BC cell lines. Interestingly, we found 

that ERα silencing induces an enrichment of RBP genes that are highly expressed in mesenchymal cells and a 

depletion of RBP genes that are highly expressed in epithelial cells as compared to mesenchymal cells  

(Supplementary Table 1g,h). Moreover, among the DE RBP genes, 84 splicing factor (SFs) genes which 

represent the key players of pre-mRNA alternative splicing process, as confirmed by (Hegele et al. 2012) (244 

in total, Supplementary Table 2a), were also DE in our dataset, including 63 downregulated SFs, such as 

epithelial splicing regulatory protein 1 (ESRP1) and 2 (ESRP2) genes, core AS regulators in epithelial cells 

and which are downregulated during EMT process as reported by (Shapiro et al. 2011), and 21 upregulated 

SFs such as the QKI, KH domain containing RNA binding (QKI) gene, and the Splicing factor 3b subunit 1 

(SF3B1) gene (Supplementary Table 1i). 

Moreover, ERα silencing not only induced changes in the expression of RBP genes, but also in the expression 

of TF genes that could potentially be involved in the control of RBP genes expression. The list of TFs with 

confirmed DNA-binding ability was obtained from a study by (Lambert et al. 2018) (Supplementary Table 

2b). This analysis revealed 868 DE TF genes upon ERα silencing, including 434 downregulated and 434 

upregulated TFs (Figure 2.1-3a,b and Supplementary Table 1j). The top 100 significant DE TF genes, 

including top 50 downregulated and top 50 upregulated TF genes are presented in (Figure 2.1-3c). In order to 

explain the observed changes in RBP gene expression, an explanatory network was constructed by integrating 

ChIP-seq datasets of DE TFs including ERα together with DE results. Therefore, ChIP-Seq datasets for DE 

TFs in MCF-7 cells under conditions such as with (+E2) or without (-E2) 17-β estradiol, in estrogens-enriched  

medium (full medium, FM) or hormone-deprived condition (HD) were collected from the cistromeDB 

database (Mei et al. 2017; R. Zheng et al. 2019) and from the ENCODE portal  (Davis et al. 2018), except for 

ERα peaks consisting of highly conservative peak sets were obtained from (Ferrero et al. 2017) and the 

enhancer-gene interactions in these conditions were retrieved from (Bai et al. 2019). TF binding peaks were 

searched at the promoter, the body, and at distal regulatory elements of each RBP isoform identified as DE in 

our dataset. Thus, the final network included a set of regulators represented by TFs including ERα and a set of 

targets represented by RBPs and edges are defined based on the evidence from the ChIP-Seq datasets. This 

analysis revealed the presence of ERα peaks at 157 RBP isoforms, including 30 RBP isoforms showing a peak 

at the promoter, and 127 RBP isoforms showing a peak at the gene body (Supplementary Table 1k). 
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Figure 2.1-3: Summary of regulated TFs upon ERα depletion in MCF-7 cells. (a) Volcano plot reporting log2FC and 

adjusted p-value of the downregulated (blue) and upregulated (red) TF genes. (b) Heat map plot reporting the expression 

levels of the 868 DE TF genes. Color bar intensities are proportional to gene expression z-scores, with blue colors 

represent negative z-scores and red colors represent positive z-scores which correspond to downregulated and 

upregulated TF genes, respectively. (c) Heat map plot reporting the log2FC of the top100 DE TF genes ranked based on 

log2FC. Blue and red colors represent downregulated and upregulated TF genes, respectively. 

2.1.2 ERα depletion in MCF-7 BC cells induces a differential expression of gene isoforms 

resulting in differential functional consequences 

Since ERα silencing in MCF-7 cells depleted the expression of hundreds of RBP genes including many SF 

genes, regulators of the AS process, we sought to examine its effects at the isoform level by performing three 

independent types of analyses: (i) an isoform differential expression (dIE) analysis to identify DE isoforms; 

(ii) a differential isoform usage (dIU) analysis, consisting of analysing the changes in the relative abundance 

of individual isoforms and how the contribution of each to the expression of parent gene changes upon ERα 

silencing; and (iii) by performing a differential local AS analysis in order to identify differentially spliced 

exons.  

The dIE analysis revealed 8742 DE isoforms (|log2FC| > 0.2 and ajdp <0.05) in our dataset, 4769 

downregulated and 3973 upregulated (Figure 2.1-4a and Supplementary Table 3a). These DE isoforms 

originated from 5937 genes, of which 4907 (74%) were identified as DE genes according to dGE analysis 

(Figure 2.1-4b and Supplementary Table 3a). Functional enrichment analysis of the parent genes of these 

DE isoforms revealed enriched GO terms similar to those enriched based on dGE analysis. Notably, genes 

with downregulated isoforms were enriched in terms mainly related to cell cycle progression and cell 
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proliferation, while genes with upregulated isoforms were mainly related to cell movement and EMT-related 

processes (Figure 2.1-4c,d and Supplementary Table 3b,c). 

 

Figure 2.1-4: dIE analysis reporting the effect of silencing ERα at isoform level in MCF-7 cells in absence of hormone. 

(a) Volcano plot of DE isoforms upon ERα depletion in MCF-7 cells. in blue are reported downregulated while in red 

are reported upregulated isoforms. The top DE isoforms are labeled. (b) Venn diagram reporting the overlap between 

gene (dGE) and isoform (dIE) differential expression analyses. (c,d)  Gene ontology analysis showing the enriched GO 

terms related to parent genes of downregulated and upregulated isoforms, respectively. 

In addition, dIE analysis revealed genes with both upregulated and downregulated isoforms. For instance, 60 

isoforms were downregulated while their parent genes were reported as upregulated according to dGE analysis. 

Similarly, 63 isoforms were reported as upregulated while their parent genes were considered downregulated 

by dGE analysis (Supplementary Table 3d,f). In addition, as shown in (Figure 2.1-4b), 1030 genes had a DE 

isoform while they were considered as not DE by dGE analysis. Such genes could not be identified as regulated 

by performing a DE analysis at gene level, due to the compensation effect driven by the differential regulation 

of their isoforms. Therefore, to identify genes with isoform switching events driven by ERα silencing, we 

performed a differential Isoform Usage (dIU) analysis by running the isoformSwitchAnalyzeR tool (Vitting-

Seerup and Sandelin 2017a). Briefly, the tool defines isoform usage as an isoform fraction (IF) by calculating 

the ratio (exp(isoform)/exp(parent gene). Next, the IF ratio of each individual isoform is compared between 

siCTRL and siERα conditions, resulting in a dIF obtained by subtracting (IF(siERα) - IF(siCTRL)) as 

illustrated in (Figure 2.1-5a, details are given in MM section). Interestingly, this dIU analysis revealed 605 

https://paperpile.com/c/X1X8Dq/dxpET
https://paperpile.com/c/X1X8Dq/dxpET


Chapter 2 Results 

64 

genes with isoforms differently responding (e.g. one is induced, the other is repressed) to ERα silencing in 

MCF-7 BC cells. Specifically, 758 isoforms showed significant switching events (adjp < 0.05 and |dIF| > 0.05) 

(Figure 2.1-5b and Supplementary Table 4a). In particular, the expression of 379 isoforms was repressed 

while 380 isoforms were induced in the siERα condition (Figure 2.1-5c and Supplementary Table 4a). 

Functional enrichment of genes harbouring significant switching isoform pairs revealed GO terms enriched in 

covalent chromatin organization, regulation of chromosome segregation, response to ionizing radiation, actin 

filament organization, cell-cell junction organization, stress-activated MAPK cascade, DNA replication,  

mitotic DNA damage checkpoints, epigenetic regulation of gene expression process, and lactation 

(Supplementary Table 4b). Moreover, we took advantage of the IsoformSwitchAnalyzeR tool (Vitting-

Seerup and Sandelin 2017a) to annotate switching isoforms. The tool compares the structural features of 

upregulated and downregulated isoforms and reports differences such as intron retention (IR) events, exon 

inclusion/exclusion, alternative transcription start (ATSS) and termination sites (ATTS) usage, presence or 

absence of poison exons involved in the NMD process, in addition to 3’UTR and 5’UTR regions length. The 

enrichment of each of these features is based on the expression changes of the isoform populations resulting 

from opposing features. This analysis showed that ERα silencing results in the enrichment of isoforms with 

longer 3’UTR, longer 5’UTR, have more protein domains, more IR events, insensitive to NMD process, as 

well as a switch from non-coding to coding transcripts (Figure 2.2-5d and Supplementary Table 4c). In 

particular, in 370 genes, the isoform switching pairs resulted in an enrichment of isoforms with longer 3’UTRs 

(187 longer vs 57 shorter, proportion q-value = 8.85E-16), longer 5’UTRs (120 longer vs 74 shorter, proportion 

q-value = 2.46E-3), more protein domains gain (152 gained vs 94 lost domains, proportion q-value = 8.36E-

4), IR events gain (57 IR gained vs 30 IR loses, proportion q-value = 6.59E-3), NMD insensitivity (31 NMD 

insensitive vs 12 NMD sensitive, proportion q-value = 6.59E-3), in addition to enrichment in transcripts with 

coding potential (101 are coding vs 65 are non-coding, proportion q-value = 6.59E-3) (Supplementary Table 

4c). Importantly, we sought that genes harbouring isoform switching events with downstream consequences 

could be of interest. Notably, gene functional enrichment analysis of these genes revealed terms enriched in 

DNA damage checkpoint, G2 DNA damage checkpoint, regulation of chromosome organization, autophagy, 

regulation of protein autophosphorylation, actin filament-based process, and constitutive secretory pathway 

(Supplementary Table 4d). Moreover, a protein-protein interaction (PPI) network analysis of these genes using 

MCODE utility of Metascape (Y. Zhou et al. 2019) revealed a significant enrichment of functionally related 

protein complexes involved in DNA replication, post-translational protein modification, translational 

termination, translational elongation, and regulation of intracellular steroid hormone receptor signaling 

pathway, in addition to RAS protein signal transduction and small GTPase mediated signal transduction 

pathway (Supplementary Figure 1 and Supplementary Table 4d). A gene functional enrichment analysis was 

performed on each group of consequences as provided in (Supplementary Table 5e-k). Furthermore, the 

analysis of putative AS events underlying the observed isoform switching events using the spliceR utility of 

IsoformSwitchAnalyzeR revealed a number of AS events (ASEs) to be enriched. Specifically, this analysis 

showed that in the ERα silencing condition are enriched IR events (nUP=58, nDOWN=30, proportion q-

https://paperpile.com/c/X1X8Dq/dxpET
https://paperpile.com/c/X1X8Dq/dxpET
https://paperpile.com/c/X1X8Dq/Qta8y
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value=1.06E-2), as well as a differential usage of TSS (usage of distal promoter) (nUP= 137, nDOWN=191, 

proportion q-value=1.06E-2) and  TTS (usage of distal 3’UTR exon) (nUP=109, nDOWN=232, proportion q-

value=3.14E-10) and to lesser extent ES events (nUP=184, nDOWN=147, proportion q-value=4.78E-2) and 

A5’SS usage (nUP=111, nDOWN=79, proportion q-value=4.49E-2) (Figure 2.1-5e and Supplementary 

Table 4l). A clear example gene with switching isoform pairs is presented in (Figure 2.1-5f). In this example, 

the isoform switching pairs involve two USO1 isoforms that differ by the inclusion of two exons, one of which 

is encoding for a protein domain. Thus, in this example, ERα silencing results in the upregulation of the 

exclusion form of the event (ENST00000514213.6), while the inclusion form of the event 

(ENST00000264904.8) is downregulated (e.g. two exon skipping (ES) events gained). Consequently, the two 

protein isoforms encoded by the switching isoform pair differ by the presence/absence of a protein domain 

(PF04869) involved in the dimerization of the globular p115 head of USO1 protein (Figure 2.1-5g). The dimer 

formation of this globular domain mediates its interaction with Rab1 as well as its recruitment on COP II 

coated vesicles (An et al. 2009; Heo et al. 2020). 

Noteworthy, most of the genes (512, 85%) reported to have an isoform switching event were also considered 

as regulated by dIE analysis. However, dIU analysis revealed more cases where isoform-specific response and 

the overall gene response to ERα silencing were different. For instance, the expression of 120 isoforms was 

shown to be repressed by ERα silencing, while their parent genes were considered as upregulated by dGE 

analysis (Supplementary Figure 2A). Similarly, 160 isoforms were reported to be induced by ERα silencing, 

while their parent genes were considered as downregulated by dGE.  On the other hand, other genes were 

considered as not regulated by dGE analysis, but were significantly regulated at the isoform level only as 

shown in the selected examples reported in (Supplementary Figure 1B). These results suggest that ERα not 

only controls GE transcriptionally, but also controls the expression of specific RNA isoforms through the 

control of their co-transcriptional and post-transcriptional processing events. 

https://paperpile.com/c/X1X8Dq/JecLX+z5YkD
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Figure 2.1-5: Isoform switching events observed upon ERα gene silencing in MCF-7 in absence of hormone. (a) Scheme 

depicting the principle behind differential isoform usage (dIU) analysis implemented in IsoformSwitchAnalyzeR tool 

(Vitting-Seerup and Sandelin 2019). ERα silencing induces a switch in the relative abundance of the two isoform pairs 1 

and 2 as compared to control condition. (b) Bar plots reporting the number of significantly switching genes and isoforms 

involved in the switching events. (c) Volcano plot reporting the dIF and relative significance ( -log10(adj p-value)) of 

switching isoform pairs. The top significant switches are labeled accordingly. (d) consequences enrichment analysis 

reporting the enrichment of specific isoform features resulting from switching isoform pairs. The x-axis indicates the 

https://paperpile.com/c/X1X8Dq/sJNX4
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relative proportion of isoform switches having the consequence indicated on the y-axis. A relative proportion equal to 

0.5 means no specific enrichment of that feature. A relative Proportion < 0.5 means higher number of isoforms with the 

consequence indicated are enriched in the control condition. A relative Proportion > 0.5 means higher number of 

isoforms with the consequence indicated are enriched in the siERα condition. Proportions statistically different are shown 

in red color. (e)  ASEs enrichment analysis reporting the fraction of switches primarily result ing from each specific ASE. 

MES/MEI, multiple exon skipping/inclusion; ES/EI, exon skipping/inclusion; A5/A3, alternative 5’/3’ splice sites; IR, 

intron retention; ATTS/ATSS, alternative transcription termination/start sites. (f) Isoform switching plot reporting the 

significant isoform switching pairs in USO1 gene induced by ERα silencing. Upper panel shows the isoforms involved in 

the switch and their 5’UTR, 3’UTR, exons, and relative protein domains they encode for. The histograms show the gene 

and isoform expression levels in (normalized TPM units) and their DE status at both gene and isoform levels (ns, not 

significant, ***; p < 0.0001). (g) downstream effects of the isoform switching event observed in USO1 gene. Triangles 

represent the protein domains of the USO1 protein (grey circle), with the domain encoded by the skipped exon 15 is 

highlighted in red and its partener protein domain is highlighted in blue. Dashed green and yellow lines represent the 

suppressing effects of the exon 15 skipping event at protein level. 

2.1.3 ERα depletion in MCF-7 induces internal alternative splicing events 

In order to further support our findings from the dIU analysis, we added an additional layer of information by 

performing a differential AS analysis using rMATS (Shen et al. 2014). rMATS calculates AS changes by 

considering the number of sequencing reads spanning on exon-exon junctions and provides a more precise 

quantification of local ASEs. Interestingly, rMATS analysis revealed 825 unique ASEs upon hormone-

independent ERα activity depletion in MCF-7 BC cells. Specifically, 546 (65%) ASEs were classified as ES, 

followed by 145 (17%) IR, 73 (9%) A3, 45 (5%) A5’, and 37 (4%) Mutually Exclusive Exons (MX) events 

(Figure 2.1-6a,b and Supplementary Table 5a-f). A density plot reporting the differential inclusion levels  

(dPSI, for differential percent spliced-in index) for the significant ASEs identified is reported in (Figure 2.1-

6c and Supplementary Table 5a-f). This plot shows that the dPSI of most of the significant ASEs falls within 

the range (-0.2 to 0.2) with the exception in case of IR events where the dPSI of most of the events falls within 

the range (-0.1 to 0.1). Interestingly, the top100 significant ASEs are ES events of which the top50 are shown 

in (Figure 2.1-6c), most of which are induced upon ERα depletion. Moreover, the functional enrichment 

analysis of genes harbouring ASEs showed significant enrichment in terms related to different processes, 

depending on the ASEs type. For instance, genes harbouring an ES event are related to mitotic cell cycle phase 

transition, chromosome segregation process, phospholipid metabolic process, actin cytoskeleton organization, 

and actin filament-based mouvements. Conversely, genes harbouring an IR event were related to terms 

enriched in DNA mismatch repair, double-strand repair, spindle organization, and transcription by polymerase 

I (Figure 2.1-6e and Supplementary Table 5g-k). Selected examples of genes with the most significant ES 

events including APLP2, LMO7, MYH14, SCUBE2, USO1, and APBB2 are reported in (Figure 2.1-6f). 

https://paperpile.com/c/X1X8Dq/xfmXi
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Figure 2.1-6: General overview of differential AS changes occurring upon hormone-independent ERα activity depletion 

in MCF-7 cells. (a) Stacked bar plots representing the number of significant ASEs divided based on the AS type (x-axis) 

and the regulation type. Red and green colors represent the number of included and repressed ASEs, respectively. (b) 

Pie-chart plot representing the percentage of ASE types. (c) Density plot representing the dPSI of the significant ASEs 

reported in plots (a) and (b). (d) Heat map plot reporting the dPSI values of the top50 significant ASEs per each replicate. 

Color bar intensities are proportional to the inclusion level of each event. (e) Dot plot representing the GO enrichment 

analysis of genes harbouring significant ASEs. The x-axis represents the different ASE types. The size of the dots is 
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proportional to the number of genes enriched per each enriched GO term. The color of the dots is proportional to the 

significance of the enrichment (-Log10 (P)). (f) Sashimi plots reporting selected examples of the top significant ASEs. 

Alternative exons and their flanking constitutive exons involved in each event are reported. The numbers above junctions 

indicate the total number of reads supporting either inclusion or exclusion of the ASE. At the end of each plot are 

represented the isoforms affected by the ASE, with exons involved are highlighted in red. 

Next, we asked the question whether the observed AS changes induced by silencing ERα are enriched for a 

specific cellular phenotype. Therefore, we selected to compare the significant ASEs occurring in our dataset 

with a list of ASEs identified by (Shapiro et al. 2011) as differentially expressed between epithelial and 

mesenchymal BC cell lines. Interestingly, 26 genes overlapped between the two compared datasets (exact 

hypergeometric test p-value, p < 5.82E-8) (Supplementary Figure 3 and Supplementary Table 6a,b). In 

particular, 26 ES and 2 MX events were common to both datasets, of which 19 ES and 1 MX events were 

coherently regulated and 10 ES events were incoherently regulated between the two datasets. For example, the 

most significant ES event upon ERα silencing was a skipping event of the 7th exon of the Amyloid Beta 

Precursor Like Protein 2 (APLP2) gene (dPSI = -0.176; adjp = 0) ranked as the top third significant event in 

the (Shapiro et al. 2011) study and was also skipped (dPSI = -0.53 ; adjp = 2.35E-119) during the EMT process. 

Similarly, the exon skipping event (dPSI = -0.25 ; adjp = 3.70E-8) in the USO1 Vesicle Transport Factor 

(USO1) gene due to ERα silencing was also repressed (dPSI = -0.95 ; adjp = 6.07E-16) during the EMT process 

in (Shapiro et al. 2011). Both events, among others,  were confirmed by qRT-PCR in (Shapiro et al. 2011). 

Furthermore, since the ERα-regulated ASEs seemed to be involved in EMT, we overlapped our list of ERα-

regulated ASEs with a previously published high confidence list of ASEs occurring in a 7-days’ time course 

EMT RNA-seq (total) dataset (Yueqin Yang et al. 2016). In this study, authors induced EMT in epithelial cells 

and measured AS changes over a 7-days’ time course to define a list of significantly changing ASEs (Yueqin 

Yang et al. 2016). Interestingly, this analysis revealed a higher number of overlapping ASEs with our dataset 

(exact hypergeometric test p-value, p < 2.95E-25), including 60 ES, 10 MX, 27 IR, 5 A3, and 3 A5 events. Of 

this, 75 (71%) and 30 (29%) ASEs were coherently and incoherently regulated, respectively (Supplementary 

Figure 4 and Supplementary Table 6c,d). Importantly, similar to our results, genes with strong AS changes 

during EMT process in both (Shapiro et al. 2011) and (Yueqin Yang et al. 2016) were strongly related to the 

regulation of the actin cytoskeleton, cell-cell junctions, regulation of cell migration and wound healing.  

Noteworthy, although most of the gene functions and biological processes affected at the splicing and gene 

levels were largely similar, the sets of genes undergoing a splicing-level and gene-level changes did not overlap 

more than expected by chance (Supplementary Table 7), suggesting that the phenotypical changes occurring 

at the splicing-level upon silencing of ERα in MCF-7 cells, notably EMT, occurs in a manner that is parallel 

to the transcriptional program, and that both gene-level and splicing-level changes may cooperatively and 

coordinately drive changes to the cell morphology. 

Similarly, since ERα depletion strongly hampers the expression of many cell cycle related genes as previously 

shown by gene-level analysis, we sought to determine among the AS changes driven by ERα silencing in MCF-

7 cells, those linked to cell cycle progression and proliferation. Therefore, the set of significant ASEs identified 

https://paperpile.com/c/X1X8Dq/0jIS5
https://paperpile.com/c/X1X8Dq/0jIS5
https://paperpile.com/c/X1X8Dq/0jIS5
https://paperpile.com/c/X1X8Dq/0jIS5
https://paperpile.com/c/X1X8Dq/RobaR
https://paperpile.com/c/X1X8Dq/RobaR
https://paperpile.com/c/X1X8Dq/RobaR
https://paperpile.com/c/X1X8Dq/0jIS5
https://paperpile.com/c/X1X8Dq/RobaR
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in our dataset were overlapped with a set of ASEs that were reported as linked to cell cycle progression in 

HeLa cells by (Dominguez et al. 2016). Dominguez and colleagues identified a set of cell cycle-dependent AS 

changes affecting approximately 1300 genes that were significantly enriched in cell cycle control. 

Interestingly, the overlap revealed 69 genes undergoing significant AS pattern changes in both datasets and 

which were strongly related to cell cycle control terms. This includes the SR kinase protein (CLK1) gene, the 

Anaphase promoting complex subunit 11 (ANAPC11) gene, the Cell Division Cycle 25C (CDC25), the MDM2 

proto-oncogene (MDM2) and the Protein kinase, membrane associated tyrosine/threonine 1 (PKMYT1) gene. 

These results suggest the existence of a link between splicing-level regulation and cell cycle control and that 

this interplay between splicing-level changes and cell cycle progression is potentially under the control of 

hormone-independent activity of ERα in MCF-7 cells. Furthermore, although a small set of cell cycle related 

genes underwent both gene-level and splicing-level changes, the genes functions regulated at both levels are 

similar and converge towards the control of the same biological process, as previously stated. 

2.1.3.1 Identification of putative RBPs regulating the ERα-regulated ASEs 

We further analysed the list of the ERα-regulated ASEs to determine SFs that could be potentially involved in 

the observed AS changes upon ERα silencing. Therefore, a differential RBP-binding motif enrichment analysis 

was performed by considering each event type, the genomic region involved, and direction of regulation (e.g. 

dPSI > 0.05, dPSI < -0.05). MoSEA (Sebestyén et al. 2016) was used in this analysis and binding motifs were 

inferred from position weight matrices (PWM) collected for each SF from the RNAcomplete study (Ray et al. 

2009, 2017). This analysis revealed 95 enriched SF-binding motifs, including 37 enriched for the ES events 

(Figure 2.1-7a,b), 41 for IR (Figure 2.1-7c,d), 49 for A5 events (Figure 2.1-7e,f), 61 for A3 events (Figure 

2.2-7g,h), and 91 SFs enriched for MXE events (Figure 2.1-7i-j). Importantly, while showing a preferential 

binding depending on the direction of regulation and the type of ASEs analysed, most of the enriched SFs were 

common to different ASE types, with the exception of MX events, where 17 SFs were exclusively enriched. 

Furthermore, the binding motifs of three SFs (TUT1, TIA1, and TIAL1) were exclusively enriched in A3 

events. A summary of this analysis is presented in (Supplementary Table 8). 

Among the 95 enriched SFs, 49 were DE upon ERα silencing, either at gene or isoform level (Figure 2.1-7k  

and Supplementary Table 9). For example, in the case of ES events, binding motifs of 10 significantly DE 

SFs were enriched in case of inclusion events (n=377) and 12 DE SFs-binding motifs were enriched in the case 

of exclusion events (n=167) (Figure 2.1-7b and Supplementary Table 9). Importantly, most of the predicted 

SFs in both inclusion and exclusion events were significantly downregulated in our dataset, suggesting that the 

observed AS changes are a consequence of ERα depletion. On the other hand, the enriched SF motifs in case 

of ES events were prevalently predicted upstream of the exons, while in case of inclusion events, the enriched 

SF motifs were prevalent within the spliced exons, coherently with a position-dependent effect, as previously 

reported (Sebestyén et al. 2016). The top 5 most significantly enriched SFs in case of exon inclusion events 

showed an exonic enrichment. This SF set includes HNRNPA1L2 (z-score = 11.42; not DE) which was 

previously reported to be overexpressed in ERα+ BC tumors as compared to normal adjacent samples 

https://paperpile.com/c/X1X8Dq/yfh5n
https://paperpile.com/c/X1X8Dq/vRenm
https://paperpile.com/c/X1X8Dq/ix3Ka+szMcA
https://paperpile.com/c/X1X8Dq/ix3Ka+szMcA
https://paperpile.com/c/X1X8Dq/vRenm
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(Sebestyén et al. 2016), MSI1 (z-score > 5.97; log2FC = 0.22; adjp = 0.05) and MSI2 (z-score = 5.06; log2FC 

= -0.20; adjp = 0.01) both of which were DE at isoform level only; RBM28 (z-score = 4.97; log2FC = -0.82; 

adjp = 1.88E-23), and hnRNPL which was also downregulated at isoform level only (z-score = 4.87; log2FC 

= -0.36; adjp = 0.04). Conversely, the top 5 most significantly enriched SFs in case of ES events showed an 

upstream intronic enrichment and included YBX2 (z-score = 14.0; log2FC = -0.86; adjp = 6.95E-11), followed 

by CELF1 (z-score = 9.91) whose isoforms (but not the gene) were differentially regulated by ERα silencing 

(CELF1-204: log2FC = -0.52; adjp = 2.617E-07; CELF1-202: log2FC = 3.47; adjp = 4.89E-07; CELF1-214: 

log2FC = -0.40; adjp = 0.0027), hnRNPL (z-score = 9.60; log2FC = -0.36; adjp = 0.04), and SFPQ (z-score = 

7.52; not DE) (Supplementary Table 8). 

Noteworthy, among the enriched SFs, 16 showed a significant isoform switching event resulting in significant 

downstream consequences. In particular, for the splicing factor CELF1, the isoforms showed a significant 

isoform switching event (CELF1-204: log2FC = -0.52; adjp = 2.617E-07; CELF1-202: log2FC = 3.47; adjp = 

4.89E-07; CELF1-214: log2FC = -0.40; adjp = 0.0027). This isoform switching event (CELF1-204 

downregulated and CELF1-202 upregulated) had as significant downstream consequences an intron retention 

loss and a shortening 3’UTR region (Supplementary Table 4a-c). Furthermore, the differential AS analysis 

using rMATS revealed a significant ES event of the region located at the beginning position of the longest 

3’UTR region of the downregulated isoform CELF1-204 (chr11:47471997-47472102, dPSI = -0.167; adjp = 

7.69E-07), further supporting the 3’UTR shortening and the IR loss. Noteworthy the two ES events in CELF1-

204 isoform reported by rMATS and by dIU analysis were also confirmed using a different AS tool PSIsigma 

(K.-T. Lin and Krainer 2019) which reported two events involving the shortening of the 3’UTR region of 

CELF1-204 (event region 1: chr11:47470556-47472190; dPSI=-15.76%, adjp=0.01; event region 2: 

chr11:47468892-47472190, dPSI = -15.76, adjp = 0.01) and an IR event resulting in the loss of retained intron 

(IR event region: chr11:47465944-47472102; dPSI = -10%, adp = 0.03) (Supplementary Table 5l). Other 

examples of isoform switching events involving SF-coding transcripts, included those of MSI2 transcripts 

showing significant switching events resulting in the downregulation of a non-coding isoform and upregulation 

of a coding isoform (Supplementary Table 4a-c). 

https://paperpile.com/c/X1X8Dq/vRenm
https://paperpile.com/c/X1X8Dq/Hw6CA


Chapter 2 Results 

72 

 

Figure 2.1-7: Overview of the RBP-binding motifs enrichment analysis performed on ASEs reported upon ERα silencing 

in MCF-7 cells. (a-j) dot plots reporting the enriched RBP motifs for ES, RI, A5’SS, A3’SS, and MXE events, respectively. 

The name of enriched RBP is provided on the y-axis of the plot. The x-axis represents the positions where the binding 

motif is predicted to be enriched (up: upstream intron; E: exon, down: downstream intron). The color intensities represent 

the DE status of enriched RBPs (red for upregulated and blue for downregulated). The significance of the DE status of 

the RBP is represented by the border color of the dot. The size of the dot is proportional to the enrichment z-score (sig: 

z> 1.96). (V1 to V3) in (c,d) represent upstream, within the intron, or downstream exon, respectively. (k) Venn Diagram 

representing the number of enriched RBPs and whether they are or not regulated at gene or isoform level. 

Noteworthy, the differential AS and dIU analyses agreed on a significant number of events. For instance, 98 

genes harbouring an ES event were considered as significantly regulated by both analyses. For example, the 
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top significant ES event (APLP2_chr11:130123611-130123779; dPSI = -0.176; adjp = 0) was also confirmed 

by dIU analysis, which reported a significant increase of isoform APLP2-210 (lacking the exon) and a decrease 

of isoform APLP2-201 (including the exon). Moreover, the two switching isoforms differ by the differential 

inclusion of another exon which was also reported as differentially spliced by rMATS analysis (exon 14, event: 

APLP2_chr11:130137255-130137291; dPSI = -0.05; adjp = 9.46E-05). Interestingly, further annotation of this 

event reveals that the exon (APLP2_chr11:130123611-130123779) encodes for the Kunitz/Bovine Pancreatic 

Trypsin Inhibitor protein domain (Kunitz_BPTI) that is involved in a protein-protein interaction of APLP2 

protein with Kallikrein related peptidase 2 (KLK2) protein (Figure 2.1-8a,b and Supplementary Table 9). 

Moreover, the annotation of this skipped exonic region using DIGGER database (Louadi et al. 2021) reveals 

that it encodes for the residues that lie on the interaction interface of the two proteins (Figure 2.1-8c). 

Furthermore, to completely illustrate the putative ERα-mediated regulation of the exon skipping event in the 

APLP2 gene and exemplify the regulatory mechanisms of other ASEs, we integrated the RBP-binding motif 

enrichment analysis together with the gene-level and splicing-level changes of this event. Notably, RBP-

binding motif enrichment analysis revealed a number of RBP binding sites as enriched within and around the 

spliced exon of APLP2 gene. The top significant predictions revealed PCBP2 and hnRNPK to have the closest 

binding motifs at the upstream intron (200 nt upstream of exon start), FXR2 was enriched at the start of the 

exon, followed by RBM38 and CELF1 which had the binding at the end of the exon, FUS, SAMD4A, CELF1, 

and RBM38 at the downstream intron (200 nt downstream of the exon end) (Figure 2.1-8d). The enrichment 

results including the position, region having predicted binding motif, score and significance of the predictions 

for the top ranked motifs are summarized in (Table 2.1). Importantly, among the top 5 enriched SFs for this 

event, three were DE upon ERα silencing, including SAMD4A which was upregulated, Fus which was 

downregulated at gene-level and CELF1 which had a significant isoform switching and whose binding motif 

had the highest motif prediction score. The genome browser representation of the genomic region of APLP2 

skipped exon and flanking introns, with the annotation of predicted SFs is reported in Figure 2.2-8d. This 

example of APLP2 exon skipping illustrates a possible mechanism through which ERα controls the post 

transcriptional events of a target gene. 

https://paperpile.com/c/X1X8Dq/f6p1V
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Figure 2.1-8: Post-transcriptional events involving APLP2 gene as reported by IsoformSwitchAnalyzeR (a) and by 

rMATS (b). Functional consequences of post-transcriptional events at the protein level as reported by DIGGER analysis 

are reported in (c). The downstream consequences of the switching APLP2 isoform pairs at protein level. Dashed green 

line in (c) highlights the affected PPI due to the skipping of the exon. Pink solid line highlights the PPI interaction 

evidenced from the DIGGER database. (d) Top:  Genome browser representation of the spliced exon and the flanking  

introns. The sequence of the exon is shown in blue in the middle of the plot and first bases of introns in grey. Bottom: A 

predictive model hypothesising the putative SFs regulating the spliced exon based on the RBP-binding motif enrichment 

analysis. In grey, blue and red colors are highlighted the not DE, downregulated, and upregulated SF genes upon ERα 

silencing, respectively. 
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Table 2.1-1: Top significant RBP binding motifs predicted around the spliced in APLP2 gene. 

RBP Position Location Score adj.p-value Motif 

PCBP2 102-108 Up intron 10.63 7.06E-05 CCTCCCC 

HNRNPK 108-114 Up intron 8.95 0.000276 CCAGCCC 

HNRNPK 113-119 Up intron 10.20 8.35E-05 CCATCCC 

FXR2 22-28 Exon 9.26 0.00029 TGACGGG 

RBM38 151-157 Exon 9.55 0.0002 CTGTGTG 

CELF1 152-158 Exon 10.95 6.12E-05 TGTGTGT 

FUS 12-18 Down intron 8.98 0.000383 CTCGCGC 

SAMD4A 17-23 Down intron 10.14 0.0001 GCTGGTC 

RBM38 82-88 Down intron 9.54 0.0002 CTGTGTG 

CELF1 83-89 Down intron 10.82 9.73E-05 TGTGGTG 

 

2.1.3.2 ERα-regulated exons are also differentially expressed in primary tumor tissues 

and correlates with ERα expression status 

The set of ERα-regulated ASEs were further explored in 965 primary breast tumor samples including 773 

ERα+, 192 ERα- and 113 adjacent normal samples (Supplementary Table 10a). First, the events were 

explored using the TCGASpliceSeq database (M. Ryan et al. 2016) which holds information on spliced exons 

and their inclusion (PSI) level in every TCGA sample for 33 different tumor types and when available adjacent 

normal samples (Supplementary Table 10b-d). This step resulted in the identification of 228 (28%) ASEs 

also expressed in breast tumors and normal samples (Supplementary Table 10b-d). Interestingly, among the 

identified events, 81 ASEs were significantly correlated with ESR1 gene expression in the ERα+ tumor 

samples, including 50 ASEs positively correlated and 38 negatively correlated (Figure 2.1-8a and 

Supplementary Table 10e). The most significantly correlated events include an ES event in the Calsyntenin-1 

gene (CLSTN1) (event: CLSTN1_10_11_12_ES; Spearman rho correlation = -0.44; Spearman p-value = 

4.82E-37; dPSI = -0.05), and an ES event in the myoferlin (MYOF) gene (event MYOF_16_17_18_ES; 

Spearman rho correlation = -0.36; Spearman p-value = 4.28E-24; dPSI = 0.153). A summary of ASEs showing 

a significant correlation with ESR1 gene expression in ERα+ tumors is reported in (Figure 2.2-8a and 

Supplementary Table 10e). Furthemore, ERα+ patients were classified using the median expression value of 

ESR1 gene as a threshold into (i) highly ESR1 expressing patients (ESR1 high, n = 386), and (ii) lowly ESR1 

https://paperpile.com/c/X1X8Dq/l0IMP
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expressing patients (ESR1 low, n =387). Then, a dPSI value representing the differential inclusion level of 

each ERα-regulated ASE was calculated among the different groups of patients. This analysis revealed 140 

ASEs as characterized by significantly different inclusion/exclusion levels (|dPSI| > 0.05; Wilcoxon p-value < 

0.05) among the different comparisons, including 53 ASEs were differentially expressed between ERα+ and 

ERα-, 72 ASEs between tumor and normal samples, and 15 ASEs between ESR1 high and ESR1 low patients 

(Supplementary Table 10f). Moreover, the inclusion/exclusion level of 12 ASEs was significantly different 

in all the three comparisons (Figure 2.1-8b and Supplementary Table 10f), all of which were significantly 

correlated with ERα gene expression in ERα+ tumors (Supplementary Table 10f). In particular, in the ERα+ 

tumor versus normal samples comparison, the sixth exon (chr2:238287279-238287878) of the collagen type 

VI alpha 3 chain (COL6A3) gene involved in the ES event (COL6A3_5_6_7_ES), exhibited a significant 

differential inclusion level between the two groups of subjects, where it was more included in tumors (dPSI = 

0.49; Wilcoxon p-value = 2.34E-62), followed by an ES event (COL6A3_2_4_5_ES) involving the same gene 

COL6A3. This event corresponds to the skipping of the third (chr2:238303230-238303847) and fourth 

(chr2:238296225-238296827) exons of the COL6A3 gene; by connecting second to the fifth exon. The event 

was more included in tumors as compared to normal samples (dPSI = 0.21; Wilcoxon p-value = 1.54E-59). 

Conversely, the top third significant event in this comparison was an ES event (CLSTN1_10_11_12_ES) of 

exon 11 (chr1:9797556-9797612) of the Calsyntenin 1 (CLSTN1) gene, which was more included in normal 

samples (dPSI = -0.32; Wilcoxon p-value = 4.12E-53). Furthermore, among the 53 ASEs that exhibited 

differential inclusion/exclusion levels between ERα+ and ERα- patients, 29 ASEs were also significantly 

correlated with ESR1 gene expression (Supplementary Table 10f). Finally, the 15 ASEs which were 

significantly differentially expressed between samples high ESR1 and low ESR1 samples, were also 

significantly correlated with ESR1 expression in ERα+ tumors (Supplementary Table 10f). Selected 

examples of these ASEs are reported in Figure 2.2-9c and the full list is provided in (Supplementary Table 

10f). 
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Figure 2.1-9: Overview of the comparative analysis of the expression of ERα-regulated ASEs in normal and tumor breast 

tissues. (a) Heat map plot reporting the dPSI levels in MCF-7 as well as the correlation coefficient of the of ASEs 

expression (PSI value) with ESR1 gene expression in ERα+ tumor samples retrieved from the BRCA TCGASpliceSeq 

database. The events are labeled as gene name, exons involved in the event (regulated and flanking exons) and the type 

of event. (b) Heat map plot reporting dPSI values of ASEs compared among (i) ERα+ vs ERα-, (ii) ERα+ vs normal and 

(iii) high ESR1 vs low ESR1 expressing patients. The plot reports 51 ASEs which were significant based on (p-value < 

0.05) in all comparisons. (c) Box plots reporting the PSI values of selected ASEs whose inclusion levels are different 

among compared groups (Tumor vs Normal) and (ERα+ vs ERα-) patients. The names of ASEs are shown on the top of 

each boxplot, Wilcoxon p-value (***, p <0.00001). (d) Heat map plot representing the correlation of ASEs PSI values of 

ERα-regulated ASEs with enriched hallmarks as reported using PEGASAS algorithm (Phillips et al. 2020). 

Moreover, to get a functional enrichment of the ERα-regulated ASEs with respect to molecular pathways, an 

analysis with PEGASAS (Phillips et al. 2020) was performed considering the expression levels of regulated 

exons represented by PSI values measured in TCGA BRCA RNA-Seq samples. Interestingly, this analysis 

revealed two main clusters of molecular pathways. Particularly, the first main cluster was related mainly to 

EMT-related terms such as TGFB signaling pathway, EMT, apical junction, KRAS signaling_up, estrogen 

response and cholesterol homeostasis pathways. Conversely, the second cluster was mainly related to cell 

cycle-related and metabolism and included terms such as DNA repair, E2F_targets, G2M checkpoint, Myc 

https://paperpile.com/c/X1X8Dq/XrxoR
https://paperpile.com/c/X1X8Dq/XrxoR
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targets V1 and V2, mitotic spindle, in addition to metabolism-related terms such as oxidative phosphorylation, 

and glycolysis. Interestingly, a particular group of 7 ES events including (PLOD2_14_15_16_ES, 

MYOF_16_17_18_ES, EPB41L1_19_20_21_ES, LMO7_9_12_13_ES, MLLT4_15_16_17_ES, 

ARGEF11_38_39_40_ES, and CLTSTN1_10_11_12_ES) were exclusively positively correlated with 

molecular pathway terms of the first cluster (e.g. EMT related terms, TGFB signaling early and late estrogen 

response, angiogenesis, adipogenesis) while negatively correlated with terms of the second cluster (e.g. E2F 

targets, G2M checkpoints, Myc_targrts_V1 and Myc_targets_V2), with the exception of some terms of this 

cluster including DNA repair and glycolysis molecular pathways with which those events were positively 

correlated. Noteworthy, these ASEs exhibited both a differential inclusion/exclusion level between tumor and 

normal samples and significantly correlated with ERα gene expression. Conversely, the two splicing events 

DNM2_14_15_17_ES and SPTAN1_22_23_24_ES while negatively correlated with all terms of cluster 1, 

they showed a positive correlation with the four cell cycle-related terms of cluster 2 (E2F targets, G2M 

checkpoints, Myc_targrts_V1 and Myc_targets_V2) (Figure 2.1-9d and Supplementary Table 10e). 

Altogether, this data supports that ERα controls the EMT and cell cycle processes in BC not only by a gene-

level control, but also by a splicing-level regulation. 

2.1.3.3 Prognostic value of ASEs regulated by the hormone-independent activity of ERα 

in MCF-7 and their association with clinical breast cancer subtypes 

To determine the prognostic value of the significant ASEs induced by ERα silencing, we sought next to explore 

whether they are associated with overall survival (OS) and disease-free survival (DFS) times in ERα+ patients. 

Therefore, overall and disease-free survival information of 773 ERα+ samples were retrieved from TCGA 

GDC portal (Grossman et al. 2016b), together with PSI values, representing the expression levels of the ASEs, 

which were retrieved from the TCGASpliceSeq database (M. Ryan et al. 2016). Samples with a PSI value 

greater than the median were classified as highly expressing the ASE and samples with PSI value less than this 

threshold were classified as lowly expressing the ASE. This analysis revealed 12 ASEs (11 ES and 1 A3’SS 

events) as significantly associated with overall survival of the patients (Supplementary Table 10h). In 

particular, a higher inclusion of the exon (chr2:238296225-238296827) of the COL6A3 gene is significantly 

associated with longer patient OS time (OS coefficient = 0.59; log-rank p-value = 0.0052) (Figure 2.2-10a and 

Supplementary Table 10h). Similarly, a higher inclusion of the remaining 11 ASEs events is also associated 

with a longer patient OS. Noteworthy, two ES events in the COL6A3 gene (COL6A3_2_4_5_ES, 

COL6A3_5_6_7_ES) were associated with a longer patient OS. On the other hand, 7 ASEs (6 ES and 1 A3’SS 

events) significantly associated with patients DFS (Supplementary Table 10h). In particular, 4 ASEs 

associated with a better DFS and 3 ASEs associated with a worse DFS. Notably, a higher inclusion level of 

the exon (chr2:55573619-55573777) of the Protein Phosphatase 4 Regulatory Subunit 3B (PPP4R3B/SMEK2) 

gene was associated with both better patient DFS (HD = 0.69; log-rank p-value = 0.0061) as well as a longer 

OS (HD = 0.42; log-rank p-value = 0.04) (Figure b and Supplementary Table 10h). 

https://paperpile.com/c/X1X8Dq/PXsI
https://paperpile.com/c/X1X8Dq/l0IMP
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Figure 2.1-10: Survival analysis plots reporting the top significant ASEs associated with overall survival (a) and disease 

free (DFS) survival (b) of ERα+ patients, respectively. Patients are divided into highly expressing (ASE=high) and lowly 

expressing the event (ASE=low) based on the median PSI calculated among all patients. ASE, Alternative Splicing Event; 

ES: Exon Skipping. OS, Overall Survival; DFS, Disease Free Survival. Event names are provided on the top of each plot. 
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2.1.4 Discussion 

In the present study, hormone-independent ERα activity was explored in MCF-7 cells at both transcription and 

posttranscriptional levels. In addition, an important set of relevant AS-level ERα-mediated regulation events 

were also confirmed in tumor tissues and their prognostic value in BCs was investigated. On one hand, the 

crucial role of ERα in maintaining the expression of epithelial genes, and promoting cell cycle progression in 

the investigated cells was evidenced through the analysis of a high quality paired-end RNA sequencing 

experiment in triplicates. Clearly, ERα silencing significantly hampered the expression of cell cycle-related 

genes, essential for cell proliferation and survival, while promoting an increase in the expression and activity 

of a number of mesenchymal markers, which may result in a more mesenchymal-like phenotype in surviving 

cells. Interestingly, ERα silencing significantly repressed the expression of RBP genes, including SF genes, 

which resulted in a significant regulation at the level of isoforms. Notably, in a number of cases, ERα silencing 

had a different effect on the expression of isoforms than that at the gene level as shown by dIE analysis at the 

level of isoforms, by dIU analysis using IsoformSwitchAnalyzeR (Vitting-Seerup and Sandelin 2019) and by 

differential AS analysis using the event-based approach, rMATS (Shen et al. 2014) which further supported 

dIU analysis. On the other hand, our applied computational pipeline sheds light on the importance of 

considering the analysis at the level of isoforms, rather than limiting the attention at the gene level, as 

previously reported (Soneson, Love, and Robinson 2015). Moreover, making use of publicly available 

databases such as DIGGER (Louadi et al. 2021), and APPRIS (Rodriguez et al. 2018) databases, the effects of 

ERα depletion in MCF-7 cells were explored at the protein isoform level, revealing that complex mechanisms 

at the level of RNA transcripts such as differential AS, differential promoter usage, and differential last exon 

usage, drive the expression of specific protein isoforms that may functionally be different.  

Analysis at gene level shows that hormone-independent activity of ERα is crucial for cell proliferation and for 

maintaining an epithelial-like luminal phenotype of MCF-7 cells. Notably, several cell cycle related genes such 

as the E2F transcription factor 1 (E2F1) gene, the checkpoint kinases 1 (CHEK1) and 2 (CHEK2) genes, Cyclin 

dependent kinases 1 (CDK1), 2 (CDK2), 4 (CDK4), 6 (CDK6), and 7 (CDK7), and Minichromosome 

Maintenance Complexes 3 (MCM3), 4 (MCM4), 5 (MCM5), 6 (MCM6), 7 (MCM7) and 10 (MCM10) were 

significantly depleted by silencing ERα. Noteworthy, all of the aforementioned genes were induced under 17β-

estradiol stimulation of MCF-7 cells, as reported in (Duojiao Chen et al. 2021) and in (Dago et al. 2015). On 

the other hand, other genes known to be involved in EMT such as the Tumor Growth Factors Beta 1 (TGFB1), 

2 (TGFB2), 3 (TGFB3) and their receptors type 1 (TGFBR1), 2 (TGFBR2) and 3 (TGFBR3), the CD44 

molecule (Indian blood group) (CD44) gene, the collagen type V alpha 1 chain (COL5A1) gene, type VI alpha 

1 (COL6A1) and 2 chain (COL6A2), and the Filamin A (FLNA) gene were significantly induced by silencing 

ERα (Vasaikar et al. 2021). Such a transition from epithelial to mesenchymal phenotype was indeed reported 

in a study by (Bouris et al. 2015) showing that stably transfected MCF-7 cells by knocking down ERα gene 

using specific shRNA lentiviral particles results in a potent EMT induction and changes in the expression and 

activity of matrix macromolecules, and that the loss of ERα promotes BC cell migration and invasion. 

https://paperpile.com/c/X1X8Dq/sJNX4
https://paperpile.com/c/X1X8Dq/xfmXi
https://paperpile.com/c/X1X8Dq/tAzOv
https://paperpile.com/c/X1X8Dq/f6p1V
https://paperpile.com/c/X1X8Dq/GtWsG
https://paperpile.com/c/X1X8Dq/wL9IL
https://paperpile.com/c/X1X8Dq/bOEcF
https://paperpile.com/c/X1X8Dq/goFWa
https://paperpile.com/c/X1X8Dq/MoEVj
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Therefore, our experiment consisting of a transient transfection of MCF-7 cells with ERα-specific siRNAs in 

hormone-deprived culture conditions mimicked the effects of the stable transfection in (Bouris et al. 2015). 

In addition, our attention was particularly attracted by observing that among the ERα-regulated genes, a 

significant number of RBP genes including SF genes, key players at the post transcriptional level and inducers 

of cellular phenotype, were also regulated. Thus, ERα activity at the splicing-level was investigated. Indeed, 

an important number of studies compared the transcriptome of human breast tumors versus healthy matched 

tissues and revealed that approximately 50% of the protein-coding genes have an altered transcript variant 

expression (Wen et al. 2015; Stricker et al. 2017). These observations were further supported by recent in vitro 

findings that show a significant switch in the splicing pattern during EMT that is accompanied with a specific 

EMT splicing signature (Shapiro et al. 2011). Importantly, this switch in splicing pattern was correlated to the 

concentration level and activity of specific SF genes, especially in cancer (S. Park et al. 2019). 

In particular, ERα silencing repressed the expression of epithelial-specific RBP genes including the PHD finger 

protein 5A (PHF5A), previously identified as an oncogene frequently upregulated and associated with poor 

survival in BC (Y.-Z. Zheng et al. 2018). knocking down this gene significantly suppressed cell proliferation 

and increased apoptotic signalling by promoting the expression of a short truncated Fas -activated 

serine/threonine kinase isoform, enabling Fas-mediated apoptosis in BC cells (Y.-Z. Zheng et al. 2018). 

Furthermore, PHF5A also acted as an oncoprotein in lung carcinoma (Yan Yang et al. 2018), and promoted 

lung cancer progression by regulating AS (Mao et al. 2019). ERα silencing also significantly decreased the 

expression of the nucleolar-related dyskerin pseudouridine synthase 1 (DKC1) encoding gene which was 

proposed as a prognostic marker in BC patients and associated with poor patient outcomes (Elsharawy et al. 

2020). Other groups have reported that DKC1 overexpression conferred a more aggressive phenotype and 

increased intrinsic ribosomal activity in cells derived from normal breast epithelium (Guerrieri et al. 2020). 

Furthermore, the depletion of hormone-independent ERα activity in hormone-deprived MCF-7 cells caused a 

significant decrease in the expression of an important number of SF genes related to epithelial phenotype. 

Among others, this includes the two Epithelial Splicing Regulatory Protein 1 (ESRP1) and 2 (ESRP2) genes, 

the core regulators of AS in epithelial cells (Warzecha et al. 2010; Shapiro et al. 2011; Yae et al. 2012). Since 

these two factors were reported to play a crucial role during EMT, we particularly analyzed the binding of ERα 

at the vicinity of these genes and found that ERα indeed binds these two genes in absence of estrogenic stimuli 

and these binding results in the expression of both genes (Supplementary Figure 6 and Further discussion in 

the next chapter). Other examples of downregulated SF genes included the Muscleblind-like 1 (MBNL1) gene 

which was found to act as a tumor suppressor in BC (Fish et al. 2016) by controlling AS, translation and RNA 

decay through binding of transcripts at their 3’UTRs (Masuda et al. 2012; Batra et al. 2014). Similarly, ERα 

silencing decreased the expression of MBNL3 gene, which is downregulated during EMT of epithelial BC cells 

(Shapiro et al. 2011; Lu et al. 2015). The expression of the Transformer 2 beta homolog (TRA2B) gene which 

was previously characterized to act as an oncogene in BC, and regulates the splicing pattern of CD44 gene 

involved in EMT (Watermann et al. 2006) was also decreased by silencing ERα. 

https://paperpile.com/c/X1X8Dq/MoEVj
https://paperpile.com/c/X1X8Dq/A0tRI+Rj7ua
https://paperpile.com/c/X1X8Dq/0jIS5
https://paperpile.com/c/X1X8Dq/cXKIc
https://paperpile.com/c/X1X8Dq/DOUjy
https://paperpile.com/c/X1X8Dq/DOUjy
https://paperpile.com/c/X1X8Dq/woHXs
https://paperpile.com/c/X1X8Dq/dzbjm
https://paperpile.com/c/X1X8Dq/nNIIm
https://paperpile.com/c/X1X8Dq/nNIIm
https://paperpile.com/c/X1X8Dq/njWSY
https://paperpile.com/c/X1X8Dq/88U19+0jIS5+o7VrV
https://paperpile.com/c/X1X8Dq/eODCS
https://paperpile.com/c/X1X8Dq/GGBtJ+asQM7
https://paperpile.com/c/X1X8Dq/0jIS5+Mfzvw
https://paperpile.com/c/X1X8Dq/FvweK
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On the other hand, ERα silencing induced the expression of 30 SF genes previously reported to be higher 

expressed in mesenchymal phenotype in BC (Shapiro et al. 2011). This includes the Cytoplasmic 

Polyadenylation Element Binding Proteins 1 (CPEB1) gene (top significant DE SF gene in our dataset), 2 

(CPEB2) , and 4 (CPEB4), the eukaryotic translation initiation factor 4E family member 3 (EIF4E) gene, 

essential factors for RNA translation by controlling polyadenylation tails and 3’UTR length of certain EMT- 

and metastasis-related genes (Nagaoka et al. 2016). Similarly, a significant increase was also observed in the 

expression of the Splicing factor 3b subunit 1 (SF3B1), frequently mutated in ERα positive BCs and associates 

with aberrant splicing and poor patient’s prognosis (Maguire et al. 2015; X. Fu et al. 2017). Other upregulated 

RBP genes affecting other aspects of RNA processing included the Programmed cell death 4 (PDCD4) gene 

which was previously reported to be downregulated in BCs by miR-21 and its low levels associated with 

aromatase inhibitor resistance, with HER2-positive status, and a poor prognosis in  ERα-positive BCs (Z. Chen 

et al. 2015), and was later reported to be regulated by miR-421 (Y. Wang, Liu, and Shen 2019). ERα silencing 

also induced the expression of other interesting genes involved in RNA splicing process such as the Pre-mRNA 

Processing Factor 3 (PRPF3) and 6 (PPF6) genes which encode for nuclear proteins core components of the 

U4/U5 and U4/U6&U5 spliceosomal complexes (Lauber et al. 1997; S. Liu 2006), and PRPF8 which was 

identified as essential for the BRCA1-mediated homologous recombination (Onyango, Lee, and Stark 2017). 

ERα silencing also induced the expression of QKI, KH domain containing RNA binding (QKI) gene, which 

was previously considered as the most important RBP regulating the expression of linear and circular RNA 

transcripts during EMT in human mammary epithelial cells (Conn et al. 2015). QKI was also found to 

positively correlate with the expression of EMT markers and its high expression associated with worse overall 

and disease free survival times in BC patients (S. Gu et al. 2019). Taken together, our findings support a crucial 

role of the hormone-independent activity of ERα in maintaining the luminal epithelial phenotype in BC by 

promoting the expression of epithelial SF genes and preventing the expression of mesenchymal SF genes.  

Specifically, ERα silencing in MCF-7 cells induced not only a gene-level regulation of SF genes but also a 

splicing-level regulation. Notably, ERα silencing induced a splicing pattern switch in 20 SF genes. In 

particular, an isoform switching event in CELF1 isoform pairs resulted in the upregulation of the isoform with 

shorter 3’UTR and downregulation of the isoform with longer 3’UTR. Noteworthy, although no regulation at 

the gene level was observed, four CELF1 isoforms were regulated and responded in opposite directions to ERα 

silencing, which explains the none overall change at the gene level. Strikingly, analysis of ChIP-seq data 

revealed that the spliced out (intron + 3’UTR) region of CELF1 transcript overlaps with the binding of several 

transcription factors including ERα, CTCF, TRIM24, SPDEF, AHR, DNMT3A, RARG, and TP63 

(Supplementary Figure 5), most of which are DE upon ERα silencing. Moreover, the switching CELF1 isoform 

pairs encode two protein isoforms that differ in their sequence by an hydrophobic Alanine (A p.104) residue 

at position 104, which overlaps with a splice site (Ota et al. 2004). Interestingly, RBP-binding motif enrichment 

analysis revealed strong enrichment of the CELF1 binding motif in 320 ASEs, in particular ES events 

(Supplementary Table 11).  Moreover, predicted binding sites on 179 ERα-regulated ASEs overlapped with 

CELF1 binding peaks reported by an CLIP-Seq experiment in Hela cells (Le Tonquèze et al. 2016). 

https://paperpile.com/c/X1X8Dq/0jIS5
https://paperpile.com/c/X1X8Dq/ilOS4
https://paperpile.com/c/X1X8Dq/a6TVN+DWd1p
https://paperpile.com/c/X1X8Dq/spZcs
https://paperpile.com/c/X1X8Dq/spZcs
https://paperpile.com/c/X1X8Dq/iCxzp
https://paperpile.com/c/X1X8Dq/fcArn+kyhDS
https://paperpile.com/c/X1X8Dq/xovdT
https://paperpile.com/c/X1X8Dq/KkayU
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Noteworthy, this comparison confirmed the predicted binding site of CELF1 at the alternatively spliced exon 

7 of APLP2 gene presented in earlier sections (Supplementary Table 11). The genomic distribution of the 

predicted CELF1 binding sites on our list of ASEs revealed that there are about twice as many intronic than 

exonic bindings of CELF1, in line with the genomic distribution of the binding clusters reported by (Le 

Tonquèze et al. 2016). Thus, ERα-mediated regulation of CELF1 at both gene and splicing levels could explain 

in part the observed AS changes identified in our dataset. Furthermore, Le Tonquèze and colleagues identified 

a high number of CELF1 binding sites within the 3’UTR regions of target transcripts, one of the significantly 

regulated events in our dataset. We identified that 69 genes showing a 3’UTR shortening/lengthening event 

overlapped with the binding sites on 3’UTRs identified by the CLIP-Seq experiment in Hela cells (Le 

Tonquèze et al. 2016), further suggesting that CELF1 could be premonintly involved in the splicing-level 

events identified in our dataset. CELF1 was reported to be upregulated upon TGFB treatment of epithelial 

MCF10A and MCF-7 cells and regulated a set of EMT drivers post transcriptionally by binding to GRE-rich 

elements, typical binding sites for CELF1 and MBNL1, on their 3’UTRs (Chaudhury et al. 2016; Van Nostrand 

et al. 2020).  

Moreover, isoform switching analysis on our RNA-seq dataset revealed different aspects of post transcriptional 

and splicing-level regulation exerted by ERα on target genes. In particular, the 3’UTR lengthening/shortening 

events showed as the most significant posttranscriptional events induced by ERα silencing. The functional 

importance of such mechanisms has been previously reported in the context of cancer (Stumpf et al. 2013), 

notably in epithelial BC cells under EMT-inducing treatments (Chaudhury et al. 2016), as well as in other 

cancer types, where it was considered as a recurrent event involved in cancer development and progression 

(Xue et al. 2018). Recent studies have reported 3’UTR lengthening events as a novel mechanism involved in 

the process of cellular senescence, and that genes in senescent cells tended to use distal APA sites, leading to 

a global 3’UTR lengthening. These global 3’UTR lengthening events were associated with a decreased gene 

expression of senescence-associated genes (M. Chen et al. 2018). Other recent studies have shown that 3’UTR 

length differs among ERα+ and ERα- BC subtypes and that 3’UTR shortening events contributes to tumor 

growth by interfering with the stability of an endogenous competitive  RNA (ceRNA) network in ERα- tumors, 

especially in association with the aggressive and metastatic phenotypes (Z. Fan et al. 2020). In line with (M. 

Chen et al. 2018), silencing ERα in MCF-7 cells under hormone deprivation induced a global 3’UTR 

lengthening than shortening events. Importantly, genes with a 3’UTR lengthening event were significantly 

enriched in terms related to regulation of cellular response to stress (13 genes), DNA checkpoint (6 genes), 

positive regulation of cell cycle (8 genes), cell junction organization (11 genes), and protein localization to 

membrane (11 genes). However, no clear association was observed between 3’UTR lengthening events and 

gene expression changes (92 upregulated and 89 downregulated). In contrast, genes harbour ing a 3’UTR 

shortening event tended towards a decreased expression (21 downregulated vs 9 upregulated). Moreover, genes 

harbouring a 3’UTR shortening event were enriched in terms related to actin filament organization, RNA 

splicing, and developmental maturation. Therefore, we foresee that this posttranscriptional events involving 

https://paperpile.com/c/X1X8Dq/8yt8Q
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3’UTRs could be an important mechanism underlying isoform regulation by ERα in BC and further 

investigation of these events could reveal important aspects of RNA biology in BC. 

Furthermore, using MCF-7 and siRNA-mediated silencing of ERα and RNA sequencing experiments, we 

successfully identified a set of ASEs whose expression is dependent on the expression of ERα in MCF-7 cells. 

Interestingly, a number of ASEs were confirmed to be differentially spliced in BCs. For instance, the top 

significant ASE regulated in MCF-7 cells corresponds to the ES event of the 7th exon of the amyloid beta 

precursor like protein 2 (APLP2). The same exon was previously reported by AS-sensitive microarrays to be 

differentially spliced between MCF-7, MDA-MB-231 in one hand and the human mammary epithelial cells 

(HMEC) on the other hand, showing a more inclusion level in MCF-7 as compared to other cell lines under 

2D and 3D cell cultures and in vivo mice models (C. Li et al. 2006). However, the mechanisms involved in 

these differences were not illustrated. The APLP2 gene encodes for a transmembrane glycoprotein associated 

with Alzheimer’s disease (Suzuki et al. 1997) and is recently shown to be dysregulated in a number of cancers, 

including neuroblastoma (Adlerz et al. 2003), colon cancer, where it induces an increase in cell proliferation 

(Moss, Doran, and Macmathuna 2007), in Ewing’s sarcoma (Peters, Yan, and Solheim 2013), and melanoma 

(Tuli et al. 2009), and was shown to increase cell growth and migration in pancreas cancer (Pandey et al. 2015). 

The 7th alternative exon of APLP2 gene is a 168 nucleotides exon encoding for the Kunitz protease inhibitor 

domain (Sandbrink, Masters, and Beyreuther 1994) and its differential AS results in two protein isoforms either 

lacking or containing the entire Kunitz protease inhibitor domain. The ES events of this exon and the one of 

exon 14 were reported to be recurrently misspliced in a panel of cancers including LIHC, KIRC, LUAD, and 

LUSC when matched to their adjacent normal samples, as reported in (Danan-Gotthold et al. 2015; Sebestyén 

et al. 2016). Our differential AS analysis indicates that this 168 nucleotides exon is skipped upon silencing of 

ERα, suggesting that ERα when expressed maintains the expression of the isoform including the exon, thus 

favouring the expression of the protein isoform containing the Kunitz protease inhibitor domain. The domain-

containing protein isoform is involved in 5 different protein-protein interactions, including the interaction with 

APBB3, DAB2, APBB2, APBB1, APBA3, DAB1, and KLK2 (Huttlin et al. 2015, 2017; Louadi et al. 2021). 

The Kunitz protease inhibitor domain is located on the extracellular region of the protein and harbours 

intramolecular disulfide bounds and an O-linked glycosylation site and is involved in the interaction with 

KALK2 protein, which is completely removed as consequence of skipping the exon (Louadi et al. 2021). 

Clearly, further investigations are needed to unveil the downstream consequences of this ES event of the 7 th 

alternative exon of APLP2 gene upon hormone-independent ERα activity and whether it drives a specific 

cellular phenotype in MCF-7 cells. Similarly, a number of ASEs identified in our dataset were also reported 

to be recurrently misspliced in different cancers, including, among others, the ES events of the 4th (12 

nucleotides length) and the 14th exons (21 nucleotides) of USO1 gene which was found to be misspliced in 2 

cancer types including LIHC, the ES event of the 12th exon (30 nucleotides) of LMO7 gene which was 

recurrently misspliced in 6 tumors including BRCA, LUAD, PRAD, KIRC, HNSC, and COAD, the ES event 

of the 7th exon (24 nucleotides) of the MYH14 gene which was reported to be highly expressed in BRCA, 

LUAD, and LUSC samples as compared to adjacent normal tissues, the ES event of the 6th (174 nucleotides 
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length) and the MXE events of the 8th (84 nucleotides length) and 9th exons (127 nucleotides length) of PGAP2 

gene which were reported to be misspliced in BRCA, COAD, LIHC, LUAD, and LUSC (Danan-Gotthold et 

al. 2015; Sebestyén et al. 2016). 

Furthermore, by performing an RBP-binding motif enrichment analysis we identified putative SFs involved in 

the observed AS changes. Notably, this analysis revealed a high number of ASEs showing a predicted binding 

motif for the splicing factor CELF1, that underwent a splicing-level regulation in our dataset. For instance, the 

ES event involving the LMO7 gene showed a strong enrichment of CELF1 binding motif (5’-TGTGTGT-3’) 

downstream the exon, in line with the previously reported results showing that the inclusion of exon 10 

(chr13:75809153-75809183) of LMO7 gene, a marker gene of breast cancer, especially metastatic cancer cells 

(Perou et al. 2000) is positively regulated by CELF1  (Xia et al. 2017). The integration of CELF1 CLIP-Seq 

dataset by (Le Tonquèze et al. 2016) further supported most of the predicted binding sites of CELF1 in our 

dataset. 

Analysis of the association of the identified ASEs with clinical BC phenotypes revealed a number of events to 

be significantly associated with the overall and disease-free survival of ERα+ patients. This includes 12 ES 

events involving 11 genes that were highly expressed in BCs and positively associated with a better overall 

survival time, and 7 events including 6 of type ES and one of type A3’SS, of which four events positively 

associated with better disease-free survival time while three negatively associated with it. Noteworthy, the 19 

events were confirmed using an independent differential AS analysis tool PSIsigma (Supplementary Table 5). 

In particular, the ASEs involving exons E3, E4, and E6 in the COL6A3 gene showed a good association with 

patient overall and disease-free survival time of ERα+ patients. These same events were particularly 

investigated in other cancer types including pancreatic ductal carcinoma (PDA) (Arafat et al. 2011; C. Y. Kang 

et al. 2014), in colon cancer (Lian et al. 2020; W. Liu et al. 2018), in gastric cancer, bladder as well as in 

prostate cancer (Thorsen et al. 2008), indicating that the splicing change may play a role in multiple cancer 

types. The COL6A3 gene encodes for the ɑ3 chain of the COL6 protein, and is formed by a short triple helical 

(TH) non collagenous domain of 200 repeating amino acids, 5 C-terminal domains (C1-C5), and 10 (N1-N10) 

tandem globular N-terminal modules similar to the von Willebrand factor type A (vWF-A) domain, each 

encoded by a single exon. The tumor-specific AS of E3, E4, and E6 results in the production of protein isoforms 

either including or lacking the N7, N9 or N10 domains. The expression of the three exons (E3, E4 and E6) was 

tumor-specific in PDA tissues (Arafat et al. 2011). In CRC, high expression of the gene is associated with poor 

prognosis, and its knockout significantly reduces cell proliferation and invasion, and induces apoptosis 

signaling in cancer cells  (Lian et al. 2020; W. Liu et al. 2018). In particular, higher inclusion levels of the E5-

E6 junction was specifically associated with better overall survival time of CRC patients . In line with these 

studies, we confirm the tumor-specific expression of these three exons in ERα+ BCs supported by 

TCGASpliceSeq AS information analysis and we provide evidence that these high expressions are associated 

with a better overall survival time. Similarly, we identified a set of regulated ASEs upon ERα+ silencing with 

higher expression levels associated with a better disease-free survival time, which could be used as a prognostic 

marker in BC. 
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Taken together, these data suggest the functional role of hormone-independent ERα activity in controlling 

post-transcriptional events by controlling the expression of RBP genes acting at different levels, including AS, 

intron retention, and polyadenylation (polyA) tail and polyA site selection. Such control exerted at this level 

is clearly to maintain cell proliferation and survival pathways and to prevent cellular transition of epithelial 

cells towards a more mesenchymal aggressive phenotype. Therefore, this data will further increase our 

understanding of the ERα-regulatory mechanisms exerted at the post transcriptional level and will help to 

identify putative target nodes and hubs acting downstream of ERα in BC. 
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2.2 The epithelial ESRP1 and ESRP2 factors control AS in ERα+ BCs and their expression 

is tightly controlled by hormone-independent activity of ERα 

This chapter reports in four different sections the findings related to the gene-level and splicing-level effects 

of the combined silencing of ESRP1 and ESRP2 (ESRP1/2) genes in the ERα+ MCF-7 BC cell line. The first 

section of the chapter, (Section 2.2.1), presents the findings related to the expression and copy number 

alterations of ESRP1/2 in different BC subtypes and their association with specific clinical and molecular 

features of BC subjects. In addition, this section reports evidence that the expression of ESRP1/2 in MCF-7 

BC cells is strongly dependent on ERα expression in both cell lines and primary BC tissues. In line with this, 

a clear correlation between the expression of the three genes ESR1, ESRP1 and ESRP2 in BC tissues is  

reported. In section 2.2.2, the effects of the combined silencing of ESRP1/2 genes at both gene- and splicing-

level in MCF-7 cells are reported. Therefore, the results of differential isoform expression (dIE), differential 

isoform usage (dIU) and differential alternative splicing (AS) analyses are presented. In section 2.2.3, the 

expression of significant ASEs regulated by ESRP1/2 are explored in BC tissues and their correlation with the 

expression of both genes is reported. The prognostic value of the identified ASEs in the context of the BC is 

presented. Finally, we foresee that ESRP1/2 are downstream effectors of the ERα signaling pathway in ERα+ 

BC. Thus, post-transcriptional events found common to ERα and ESRP1/2 silencing experiments are discussed 

in the last section (section 2.2.4). 

2.2.1 ESRP1 and ESRP2 expression is altered in ERα+ BCs and is regulated by ERα 

The two Epithelial Splicing Regulatory Proteins 1 (ESRP1) and 2 (ESRP2) represent the core regulators of AS 

patterns in epithelial cells. They are crucial for maintaining the epithelial phenotype of cells by inhibiting the 

EMT process (Shapiro et al. 2011; Ishii et al. 2014; Hayakawa, Saitoh, and Miyazawa 2016). EMT induction 

by treating epithelial cells with TGFB generally downregulates these factors (Shapiro et al. 2011; Horiguchi 

et al. 2012). The observed downregulation of these factors was reported to be mediated by EMT-related 

transcription factors such as SNAI1 and ZEB1, which repress ESRP1 expression at the transcriptional level 

(Reinke, Xu, and Cheng 2012; Larsen et al. 2016), and ZEB2 which represses the expression of ESRP2 

(Horiguchi et al. 2012). Other regulatory mechanisms of both factors at the posttranscriptional level were 

recently discovered. For instance, the oncogenic AML4-ELK kinase activity repressed the expression of 

ESRP1 and ESRP2 in normal and lung cancer cells (Voena et al. 2016). The arkadia (ring finger protein 111, 

RNF111) is involved in the ubiquitination of ESRP2, thus it regulates its expression post-transcriptionally in 

clear-cell renal cancer cells (Mizutani et al. 2016). Conversely, the overexpression of these factors in 

mesenchymal cells induces a splicing pattern switch promoting the expression of epithelial-like transcripts, 

consequently resulting in a mesenchymal to epithelial transition (MET) (Warzecha et al. 2009). Furthermore, 

increasing evidence was recently reported that ESRP1/2 genes are both overexpressed in many cancer types 

including ovarian (Jeong et al. 2017) and breast cancers (Sebestyén et al. 2016), where the overexpression was 

frequently associated with copy number variations affecting both genes. Recently, several studies have shown 

that the expression of both ESRP1/2 genes is regulated by the activity of hormone receptor signaling pathways. 
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In prostate cancer, the androgen receptor directly regulates ESRP2 expression promoting the onset and 

progression of the disease by controlling a splicing program in prostate cancer (Munkley et al. 2019). In BC, 

a recent work of Gökmen-Polar and colleagues demonstrated that ESRP1 expression correlates with worse 

ERα+ BC patient overall survival and endocrine treatment outcome, showing also ESRP1 overexpression in 

two different endocrine-resistant BC cellular models (Gökmen-Polar et al. 2019). 

In this study, the depletion of hormone-independent activity of ERα in MCF-7 cells strongly decreased the 

expression of both ESRP1/2 genes (log2FC = -0.50 and -0.55 for ESRP1 and ESRP2, respectively; adj-p 

<0.0001) (Supplementary Table 1a and Supplementary Figure 6), suggesting that ERα regulates the 

expression of these genes independently of estrogenic stimuli. Furthermore, to investigate the relationship 

between ERα, ESRP1 and ESRP2 gene expressions in BCs, ESRP1/2 Copy Number Variation (CNV) status 

and RNA levels were analyzed in 773 ERα+ BC samples from TCGA (Supplementary Table 12a). On one 

hand, this analysis revealed that the genomic region harboring the ESRP1 locus was characterized by frequent 

copy number gain (60% of samples), while ESRP2 locus was characterized by a frequent heterozygous deletion 

(62% of samples) in the analysed samples (Supplementary Figure 7a), in line with previously reported results 

(Sebestyén et al. 2016). The analysis of ESRP1/2 gene expression levels revealed a set of tumor molecular and 

clinical features related to these genes (Figure 2.3-1a and Supplementary Table 12b). Specifically, the 

expression of both genes was correlated with the estimated fraction of genome altered (p<0.0001), particularly 

for ESRP1 (Spearman rho = 0.50, p<0.0001) (Figure 2.3-1b) and was higher in luminal B tumors compared 

to the other molecular subtypes (p<0.0001) (Supplementary Figure 7b). The expression of both genes was also 

lower in patients presenting micrometastasis (p<0.01 and p<0.05 for ESRP1 and ESRP2, respectively) while 

only the expression of ESRP1 was related to the menopause status (p<0.05), and worse OS (p<0.05) 

(Supplementary Figure 7c and Supplementary Table 12b), as previously observed (Gökmen-Polar et al. 

2019). 

This analysis also highlighted a significantly higher expression of ESRP1/2 genes in tumors characterized by 

the highest ERα mRNA level (p<0.001) (Figure 2.3-1c) as confirmed by a correlation analysis between the 

expression of these genes (Spearman rho = 0.30 and 0.20 for ESRP1 and ESRP2, respectively; p<0.0001) 

(Supplementary Figure 7d). Analysis of public ERα ChIP-Seq experiments performed in BC cell lines and 

primary tissues confirmed ERα chromatin binding in proximity of both genes (Figure 2.3-1d). Specifically, 

considering ESRP2 gene, ERα binding was observed at gene promoter and second intron by integrating in the 

analysis public ChIP-Seq data of ERα chromatin binding in estrogens-treated or estrogens-deprived MCF-7 

cells (Ferrero et al. 2017). Moreover, ERα binding sites were also detected in tamoxifen-responsive and 

resistant cell lines (MCF-7, BT474) and primary BCs (Ross-Innes et al. 2012). Conversely, ERα binding at 

ESRP1 gene was observed at gene promoter but only in a subset of drug-responsive MCF-7 and primary BC 

tissues. These data suggest that ESRP1/2 genes are overexpressed in BCs, correlate with the expression of ERα 

gene in ERα+ tumors, and significantly associate with a set of specific molecular and clinical features of these 

tumors. Importantly, their expression in the ERα+ MCF-7 BC cell lines is strongly dependent on ERα gene 

expression and occurs independently of estrogenic stimuli as shown by RNA-Seq and ChIP-seq data analysis. 
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Figure 2.2-1: (a) Heat map reporting the p-value obtained by the analysis of TCGA BC patients clinical data with respect 

to ESR1, ESRP1, and ESRP2 expression. The analysis was performed by considering continuous expression levels (first, 

third, and fifth columns) or by dividing subjects into high and low groups based on the gene expression. PR, Progesterone 

Receptor; IHC, Immuno-histochemistry; HER2, human growth factor receptor-2. (b) Scatter plots reporting the 

expression level of ESRP1 (top) and ESRP2 (bottom) in relation with the degree of genome alteration of TCGA BC 

samples. Samples are color-coded based on their associated BC molecular subtype. (c) Box plots reporting the ESRP1 

(top) and ESRP2 (bottom) expression levels in TCGA BC patients divided based on the ESR1 expression levels. p -value 

by Wilcoxon Rank-Sum test. ***, p-value < 0.0001. (d) Genome browser view of ESRP1 (top) and ESRP2 (bottom) loci 

with indication of the ERα binding sites detected by ChIP-Seq BC cell lines and primary BC tissues. Data of Tamoxifen 

(Tam) sensitive cell lines and tissues are color-coded in light-blue and orange, respectively. Data obtained in Tam-

resistant cell lines/tissues were color-coded in blue (MCF-7), dark-blue (BT-474), and red (primary BC tissues). 
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2.2.2 ESRP1 and ESRP2 regulate metabolism, cell proliferation, in addition to EMT 

pathways in MCF-7 cells 

Since their expression was tightly dependent on the expression of ERα, the activity of ESRP1 and ESRP2 on 

the ERα+ BC transcriptome was explored by performing a triplicate paired-end RNA-seq, consisting of 

transfecting MCF-7 cells with siRNAs specific to ESRP1 and ESRP2 mRNAs (combined) (siESRP1/2) 

(Supplementary Figure 8) or control siRNA. The resulting RNA-Seq dataset (Figure 2.2-2a,b) was analysed 

for both gene-level and splicing-level changes induced by siESRP1/2. Notably, dGE analysis revealed 915 DE 

genes of which, 479 downregulated and 436 upregulated (Figure 2.2-2c,d and Supplementary Table 13a). 

Functional enrichment analysis showed that downregulated genes were mainly enriched in terms related to 

type I interferon signalling pathways, regulation of cell adhesion, morphogenesis of an epithelium, and 

regulation of cell population proliferation. Conversely, upregulated genes were enriched in terms such as 

regulation of exocytosis, metabolism, oxidative phosphorylation, wound healing, regulation of vesicle 

mediated transport, extracellular matrix organization, and response to oxidative stress (Figure 2.2-2e,f and 

Supplementary Table 13b,c). Furthermore, a hallmark gene sets enrichment analysis revealed terms 

differentially enriched for upregulated and downregulated genes, including EMT, apical junction, KRAS 

signaling, androgen response, and early estrogen response hallmarks, related to downregulated genes. 

Conversely, late estrogen response (top significant hallmark), adipogenesis, oxidative phosphorylation, 

glycolysis, hipoxia, UV response_up, DNA repair, and reactive oxygen species enriched for upregulated genes 

(Supplementary Figure 9 and Supplementary Table 13d,e). These results suggest that the expression of 

ESRP1 and ESRP2 splicing factors in the ERα+ MCF-7 BC cell line tends to regulate the expression and 

activity of genes related to EMT, intracellular signaling, metabolism and, most importantly, to estrogen 

response. 
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Figure 2.2-2: General overview of the gene-level changes induced by the combined silencing of ESRP1 and ESRP2 genes 

with specific siRNAs. (a) PCA plot showing the separation of the analyzed RNA-Seq replicates. (b) dissimilarity matrix 

heat map showing the distance between the RNA-seq experiment replicates. (c) Volcano plot reporting the Log2FC (x-

axis) and the significance (adj p-value) (y-axis) of DE genes responding to siESRP1/2. Labels are accordingly provided 

for top DE genes. (d) Heat map plot reporting the expression levels in (TPM units) of the top 500 changing genes. Color 

intensities representing the z-scores are proportional to the expression level of genes, with red and blue colors indicating 

upregulated and downregulated genes, respectively. (e-f) bar plots reporting the top 20 enriched GO clusters for 

downregulated (blue) and upregulated (red) genes, respectively. The bar lengths are proportional to the number of genes 

per each GO cluster, and color intensities are proportional to the significance (log10 transformed p -value) of the 

enrichment. 

Similarly, to identify an isoform-specific response upon the combined silencing of ESRP1 and ESRP2 genes, 

a DE analysis at the level of isoforms (dIE) was performed. This analysis revealed the differential expression 

of 1461 isoforms, including 756 and 705 downregulated and upregulated, respectively (Figure 2.2-3a,b and 

Supplementary Table 14a). Notably, the overlap with dGE analysis revealed a total of 522 overlapping genes 

which were considered as DE at both gene- and isoform-levels (Figure 2.2-3c). However, a set of DE isoforms 
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originated from 624 genes that were considered as not DE at the gene-level (Figure 2.2-3c), suggesting that 

isoform-level analysis captures more regulatory events occurring either at the transcriptional or post 

transcriptional levels and improves the detection of these hidden events. Furthermore, this also implies that an 

isoform-level regulation event does not potentially drive an overall gene expression change, further supporting 

the outperformance of an isoform-level over a gene-level analysis. 

In order to identify potentially affected by DE isoforms, genes harboring a DE isoform were subjected to an 

GO enrichment analysis. In addition to confirming the terms enriched for genes regulated at gene-level, the 

isoform-level analysis revealed the enrichment of other terms that were not enriched by the dGE analysis . For 

instance, in the case of downregulated isoforms, we observed significant enrichment of GO terms related to 

regulation of cell cycle and cell division, regulation of mRNA metabolic process, regulation of RNA splicing, 

cell-substrate junction organization, and vesicle organization. Similarly, novel terms were enriched for 

upregulated isoforms, including mRNA catabolic process, and translation which appeared as the top significant 

term (Figure 2.2-3d,e and Supplementary Table 14b,c). In addition, hallmark gene sets enrichment analysis 

at isoform level confirmed the terms enriched at the gene-level and revealed further enriched terms. In 

particular, G2M checkpoint, MYC_targets_V2, and protein secretion terms were exclusively enriched for 

downregulated isoforms (Figure 2.2-3f,g and Supplementary Table 14d,e). 

On the other hand, the comparison of gene-level and isoform-level analyses revealed a number of gene 

isoforms pairs that responded differently to the silencing of ESRP1/2 genes, as compared to their parent genes. 

For instance, 4 isoform pairs of 4 genes (MYO1B, ANP32E, DNMT3B, and CYB561A3) were downregulated 

while their parent genes were upregulated. Similarly, 5 isoform pairs of 5 genes (CD99L2, AP1B1, MYL6, 

OTUB1, and FLNB) were downregulated while their parent genes were upregulated (Supplementary Table 

14a). 
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Figure 2.2-3: Overview of isoform-level changes induced by the combined silencing of ESRP1 and ESRP2 genes with 

specific siRNAs in MCF-7 cells. (a) Volcano plot representing the log2FC (x-axis) and significance (adjp, y-axis) of DE 

isoforms. The name of the top DE isoforms is reported. (b) Heat map plot reporting the expression levels in (TPM units) 

of the top 500 changing isoforms. Color intensities representing the z-score are proportional to the expression level of 

genes, with red and blue colors indicating upregulated and downregulated genes, respectively. (c) Venn diagram 

reporting the overlap between gene-level and isoform-level analysis. (d-e) Bar plots reporting the enriched biological 

process for downregulated (d) and upregulated isoforms (e), respectively. (f-g) Bar plots reporting the enriched hallmark 

gene sets related to downregulated (f) and upregulated isoforms (g), respectively. 
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In order to identify those events where isoforms responded differentially to the combined silencing of ESRP1/2 

genes and to analyse their downstream effects with ease, a differential isoform usage (dIU) analysis reporting 

isoforms switching events was performed using IsoformSwitchAnalyzeR (Vitting-Seerup and Sandelin 2019) 

(Figure 2.2-4a). This analysis revealed a set of isoform switching events not captured by dGE and dIE 

analyses. Notably, 674 isoforms (of 567 genes) were involved in 814 significant switches, resulting in the 

induction of 338 isoforms and repression of 336 isoforms upon ESRP1/2 silencing (Figure 2.2-4b,c and 

Supplementary Table 15a). The 567 switching genes were enriched in terms such as interferon-alpha 

response, mitotic spindle, mTORC1 signaling, apoptosis, cholesterol homeostasis, p53 pathway, early estrogen 

response, MYC targets, TGFB signaling and EMT hallmarks (Figure 2.2-4f,g and Supplementary Table 

15b). 

The identified isoform switching events resulted in significant downstream consequences distinguishing 

induced from respressed isoforms. Notably, switching isoform pairs differ by 3’UTR and 5’UTR lengths, by 

type and number of protein domains, by IR events, by sensitivity to NMD process, by presence/absence of 

signal peptide sequence, and by their coding potential (Figure 2.2-4d and Supplementary Table 15c). In 

particular, the combined silencing of ESRP1/2 genes resulted in the expression of isoforms characterized by 

longer 3’UTRs (169 longer vs 99 shorter, proportion q-value =2.5E-5), longer 5’UTRs (134 longer vs 104 

shorter, proportion q-value = 0.05), having more protein domains (244 protein domain gains vs 161 loss, 

proportion q-value = 4.6E-5), more IR events (94 gain vs 60 loss, and 4 IR switches, proportion q-value = 

7.8E-3), less sensitive to NMD process (43 NMD insensitive vs 23 NMD sensitive, proportion q-value = 0.02), 

with more coding potential (176 coding vs 162 non coding, proportion q-value = 0.4) and more signal peptides 

(28 gains vs 13 loss, proportion q-value = 0.02) (Figure 2.2-4d and Supplementary Table 15c). Furthermore, 

this analysis revealed specific ASE types enriched in the silencing as compared to the control condition. 

Notably, switching isofom pairs involved more ES events ( 249 ES vs 197 EI; proportion q-value = 0.02), 

more IR gains than losses (93 IR gained vs 61 IR lost; proportion q-value = 0.02), more A3 gains than losses 

(171 A3 gained vs 137 A3 lost; proportion q-value = 0.05), less ATTS (usage of distal 3’exon) (153 gains vs 

241 losses, proportion q-value = 9.3E-5), and more ATSS (usage of proximal promoter) losses than gains (174 

gained vs 238 lost; proportion q-value= 0.0007) (Figure 2.2-4e and Supplementary Table 15d). 
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Figure 2.2-4: Overview of the differential isoform usage (dIU) events induced by the combined silencing of ESRP1 and 

ESRP2 genes. (a) The principle behind the isoform switching analysis. Relative abundances of the example isoforms 1 

and 2 are compared among siCTRL and siESRP1/2 conditions. (b) Bar plots reporting the number of significant switching 

events, and the isoforms and genes involved. (c) Volcano plot reporting the differential isoform fraction/usage (dIF) on 

x-axis and their relative significance (Q value) on y-axis. Top significantly switching isoforms are labeled accordingly. 

For example, USO1 gene has two switching isoform pairs, USO1-201 repressed and USO1-204 induced, by the combined 

ESRP1/2 silencing. (d) Functional consequences of switching events (y-axis) and the proportion of switches (x-axis) 

having either of the opposing consequences. (e) Alternative splicing events (ASEs) (y-axis) predicted by 

IsoformSwitchAnalyzeR to be enriched and the proportions (x-axis) of switches resulting from either opposing ASEs. 

MES: multiple exon skipping, MEI: multiple exon inclusion, ES: exon skipping, EI: exon inclusion, A5: alternative 5’ 

splice site; A3: alternative 3’ splice site; ATTS: alternative transcription termination site; ATTS: alternative transcription 

start site. (f-g) Bar plots reporting enriched biological processes (f) and gene set hallmarks (g) related to switching genes, 

respectively. (h) Isoform switch plot reporting the example of SLK gene having two switching isoforms SLK-201 

(induced), and SLK-202 (repressed). Protein domains resulting from each exonic region are shown in the top panel. The 

expression of the gene and its isoforms in both conditions are reported in the histograms in the bottom panel. (ns, not 

significant, *** < adj-p < 0.00001). 

Furthermore, this analysis confirmed the observed changes reported by dIE analysis. Notably, the most 

significant switching isoform pairs in dIU analysis were also reported by dIE analysis to respond in opposite 

directions to the combined silencing of ESRP1/2 genes. This includes switching events in the USO1 gene 

isoforms, where the isoform USO1-201 is repressed (dIF = -0.36, adjp = 3.79E-78) while the isoform USO1-

204 is induced (dIF = 0.36, adjp = 5.04E-83); in the PRIM2 gene isoform pairs, where PRIM2-201 is repressed 

(dIF = -0.29, adjp = 3.53E-81) and PRIM2-207 is induced (dIF = 0.29, adjp = 1.19E-41.); in the SLK gene 

isoform pairs, where the isoform SLK-202 is repressed (dIF = -0.49, adjp = 7.60E-73), while SLK-201 isoform 

is induced (dIF = 0.39, adjp = 8.45E-42); in the UAP1 gene isoform pairs, where the isoform UAP1-204 is  

induced (dIF = 0.43, adjp = 1.71E-64) while UAP1-201 isoform is repressed (dIF = -0.28, adjp = 4.66E-5); 

and in the FLNB gene where the isoform FLNB-202 is induced (dIF = 0.27, adjp = 6.56E-33), while the isoform 

FLNB-201 is repressed (dIF = -0.10, adjp = 8.04E-13) (Figure 2.2-4c and Supplementary Table 15a). 

Importantly, all these switching isoform pairs involved an ES/EI event targeting an exon that in several cases 

encodes for a protein domain. For instance, as shown in Figure 2.2-4h, the switching isoform pairs of SLK 

gene differ by the inclusion/exclusion of the 13th exon, and a consequent effect of this switch is that the isoform 

including the exon (SLK-202) is repressed while the one lacking the exon (SLK-201) is being induced by the 

combined silencing of ESRP1/2 genes. As a result of this switch, the encoded PKK protein domain is lost in 

the silencing condition and the number of PKK protein domains is decreased (Figure 2.2-4h). However, other 

similar events but targeting exons not encoding for protein domains were also reported. For instance, the 

switching isoform pairs of FLNB gene differ by the inclusion/exclusion of the 16th and 30th exons, both are 

repressed by the silencing of ESRP1/2 genes. While the 16th exon encodes for a protein domain (filamin), the 

30th exon is not annotated to encode for a protein domain (Supplementary Figure 10). Noteworthy, the 

skipping of this same exon, (30th exon), was reported to be sufficient for EMT induction in MCF-7 and MDA-
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MB-231 BC cell lines, and that this ES event resulted in releasing the transcription factor FOXC1 in BC cell 

lines (J. Li et al. 2018). 

Furthermore, to further support our findings reported by the dIU analysis and their putative downstream effects 

at protein isoform level, local ASEs were explored in our siESRP1/2 RNA-Seq dataset by performing a 

differential alternative splicing (AS) analysis using the event-based approach, rMATS (Shen et al. 2014). 

Indeed, this analysis revealed that ESRP1/2 knock-down induces changes in the splicing pattern of 788 genes. 

A total of 1,052 ASEs were significantly (p<0.05) differentially regulated upon ESRP1/2 silencing, including 

810 (77%) ES/EI in 650 genes, 109 (10%) MX in 91 genes, 62 (6%) A5 in 58 genes, followed by 48 (5%) A3 

in 45 genes, and 23 (2%) IR events involving 21 genes (Figure 2.2-5a-c and Supplementary Table 16a-e). 

The top 50 significant ASEs in this analysis correspond to 45 ES events and 5 MX events including 27 excluded 

and 23 included exons by ESRP1/2 silencing (Figure 2.2-5d and Supplementary Table 16a-e). Enrichment 

analysis on the ASEs harbouring-genes showed an overrepresentation of terms such as microtubule 

cytoskeleton organization, organelle localization, cell projection assembly, positive regulation of GTPase 

activity, in addition to regulation of cell cycle process (Figure 2.2-5e and Supplementary Table 16f). These 

results were enriched in genes harboring ES/EI events, while genes harbouring MX events were 

overrepresented in terms related to metabolic processes, including carbohydrate derivative biosynthetic 

process, cholesterol biosynthetic process, as well as EMT process (Figure 2.2-5e and Supplementary Table 

16f). Moreover, a hallmark gene sets enrichment analysis of significantly spliced genes reported enrichment 

of terms related to mitotic spindle, estrogen response, MYC targets, G2M checkpoint, DNA repair, 

angiogenesis, interferon-alpha response, cell junction organization, in addition to metabolism-related terms 

such as oxidative phosphorylation, glycolysis, heme metabolism, and fatty acid metabolism (Figure 2.2-5f and 

Supplementary Table 16g). Selected examples of the top ES/EI events induced by the combined silencing of 

ESRP1 and ESRP2 genes are shown in Figure 2.2-5g. 

https://paperpile.com/c/X1X8Dq/PvnUk
https://paperpile.com/c/X1X8Dq/xfmXi
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Figure 2.2-5: Overview of differential AS changes induced by the combined silencing of ESRP1 and ESRP2 genes as 

reported using rMATS (Shen et al. 2014). (a) Stacked bar plots reporting the number of ASEs classified by ASE type and 

type of regulation (e.g. inclusion/exclusion). (b) Pie-chart reporting the proportions of each ASE type reported to be 

significantly differentially spliced by rMATS. (c) Density plot reporting the distribution of dPSI values for each ASE type. 

Only dPSI of significant ASEs are reported. (d) Heat map plot representing the PSI value of the top 50 ASEs differentially 

spliced upon ESRP1 and ESRP2 silencing. (e) Dot plot reporting the enriched biological processes for each ASE type. 

Number of genes per ASE type is proportional to dot size. Color intensities represent the significance (p-value) of the 

enrichment. (f) Bar plot representing the enriched gene sets hallmark terms related to all significantly spliced genes. Bar 

length is proportional to the number of genes overlapping each enriched term. Color intensities epresent the significance 

(p-value) of the enrichment. (h) Sashimi plots showing selected examples of ES events induced or repressed by the 

combined silencing of ESRP1 and ESRP2 genes. First panel represents skipping events (blue color). Second panel reports 

examples of inclusion events (red color). Normalized read counts supporting either inclusion or exclusion of regulated 

exons are reported near to corresponding junctions. Isoforms representing the inclusion and inclusion forms of the events 

are reported, with exons involved in the events are highlighted in red. 

https://paperpile.com/c/X1X8Dq/xfmXi
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Given that ESRP1 and ESRP2 are two factors linked to epithelial phenotype and play a crucial role during the 

EMT process, our list of significant ASEs was explored to identify EMT-related splicing patterns previously 

reported in literature. Indeed, this analysis confirmed in our dataset a number of ASEs affecting the splicing 

patterns of ESRP-regulated genes involved in EMT as previously reported (Yueqin Yang et al. 2016; Shapiro 

et al. 2011; Warzecha et al. 2010, 2009), including USO1 (ES), SLK (ES), ARGFAP2 (ES), FLNB (ES and 

A5’SS), SCRIB (ES), MAGI1 (ES), RALGPS2 (ES), ENAH (ES), ARHGEF10L (ES), and RAC1 (ES) (Figure 

2.2-6 and Supplementary Table 16a). 

 

Figure 2.2-6: Sashimi plots reporting the AS changes involving the top10 EMT-related splicing patterns. For each ASE, 

inclusion and exclusion levels in the control and ESR1/2 silencing conditions are given. Numbers above each junction 

indicate the normalized read counts supporting either inclusion or exclusion of the ASE. ES events are indicated in blue 

color, while EI events in the SCRIB gene are indicated in red color. Selected genes are based on literature in (Yueqin 

Yang et al. 2016; Shapiro et al. 2011; Warzecha et al. 2010, 2009). 

Furthermore, besides EMT-related ASEs, ESRP1/2 combined silencing induced significant switches in the AS 

patterns of genes involved in cell signaling for motility and proliferation, including the Rac family small 

GTPase 1 (RAC1), KRAS proto-oncogene, GTPase (KRAS) and Annexin A6 (ANXA6) genes. We observed 

https://paperpile.com/c/X1X8Dq/RobaR+0jIS5+88U19+PPZKJ
https://paperpile.com/c/X1X8Dq/RobaR+0jIS5+88U19+PPZKJ
https://paperpile.com/c/X1X8Dq/RobaR+0jIS5+88U19+PPZKJ
https://paperpile.com/c/X1X8Dq/RobaR+0jIS5+88U19+PPZKJ
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from dIU and differential AS analysis a significant switch in RAC1 gene isoforms, resulting in the significant 

decrease in the relative abundance of Rac1 b (Rac1b) isoform and a significant increase in the expression of 

the canonical Rac1 isoform, lacking exon 4 (also known as exon 3b) (Supplementary Figure 11). The Rac1b 

isoform which is more expressed in cells treated with siRNA control includes exon 4 and has been described 

to be constitutively active and highly expressed in different cancers including breast, thyroid, colorectal and 

lung tumors (Schnelzer et al. 2000; Gonçalves et al. 2014; C. Zhou et al. 2013). Our results are in line with 

Eiden and coworkers showing a higher expression of Rac1b isoform and low expression of the canonical RAC1 

in epithelial BCs including MCF-7 and patients biopsies, and that Rac1b/RAC1(canonical) ratio is inverted in 

undifferentiated BC tissues and mesenchymal cell lines (Eiden and Ungefroren 2021). Moreover, the top 

significant ASE induced by ESRP1/2 combined silencing is an exon inclusion (EI) event of exon 21 of ANXA6 

gene (dPSI = 0.44, adj-p= 0) (Supplementary Table 16a), in line with dIU analysis showing a significant 

increase in the ANXA6 gene canonical isoform that includes exon 21 (Supplementary Figure 12 and 

Supplementary Table 15a). Noteworthy, changes in the aforementioned ASEs were confirmed using three 

independent differential AS analysis tools, including rMATS (Shen et al. 2014), PSIsigma (K.-T. Lin and 

Krainer 2019), and Whippet (Sterne-Weiler et al. 2018) algorithms, all of which indicated the exon inclusion 

event of the ANXA6 exon as among the top significant events in our dataset (Supplementary Table 16e-f). 

The ANXA6 gene has been characterized for its important and diverse functional roles in a wide range of 

cancers including different BC subtypes (Qi et al. 2015). In addition, ANXA6 was reported as a potential marker 

for the detection of BC and prediction of survival (Koumangoye et al. 2013). 

2.2.2.1 ESRP1/2 knockdown-induced ASEs cooperatively alter functional protein-protein 

interaction networks in MCF-7 BC cells 

To understand downstream consequences of the AS changes induced by ESRP1/2 silencing, both a protein-

level and exon-level analyses were performed. Specifically, genes harbouring an ES/EI event were subjected 

to protein-protein interaction (PPI) enrichment analysis using the STRING database (Szklarczyk et al. 2019). 

Next, exons involved in each ES/EI event were explored using the results from the dIU analysis to identify 

whether an alternatively spliced exonic region encodes for a protein domain. The identified protein domains 

were then explored using the DIGGER database (Louadi et al. 2021), to identify their interacting partners (e.g. 

domain-domain and protein-protein interactions). Interestingly, functionally related PPI networks were 

enriched for this group of ES/EI events (Figure 2.3-7 and Supplementary Table 17a). In particular, a high 

confidence, experimentally supported PPI network (selecting highest confidence 0.9, and setting active 

interaction sources to experiments, curated databases) was significantly enriched in biological processes, 

including cell cycle, microtubule-based process, intracellular transport, protein localization, and cellular  

localization processes (number of edges=399, expected number of edges=306, PPI enrichment p-value=2.01E-

7). The enriched PPI network includes 66 nodes (e.g. proteins) involved in cell cycle, 91 in protein localization, 

80 in cell localization, 71 in intracellular transport, and 201 in cellular component biogenesis (Figure 2.3-7 

and Supplementary Table 17a). Moreover, a physical PPI network, where interacting proteins form 

https://paperpile.com/c/X1X8Dq/JJ19D+AStS6+vxgkO
https://paperpile.com/c/X1X8Dq/saZzi
https://paperpile.com/c/X1X8Dq/xfmXi
https://paperpile.com/c/X1X8Dq/Hw6CA
https://paperpile.com/c/X1X8Dq/Hw6CA
https://paperpile.com/c/X1X8Dq/9RiXw
https://paperpile.com/c/X1X8Dq/khBA7
https://paperpile.com/c/X1X8Dq/JF7yO
https://paperpile.com/c/X1X8Dq/mzmmc
https://paperpile.com/c/X1X8Dq/f6p1V
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functional protein complexes, was enriched (Supplementary Figure 13 and Supplementary Table 17b), 

suggesting that AS changes observed upon the combined silencing of ESRP1/2 genes may target functional 

protein complexes by splicing in/out exonic regions encoding protein domains. On the other hand, analysis of 

the exonic regions involved in ES/EI events using DIGGER (Louadi et al. 2021) revealed that ASEs have a 

combinatorial effect at the protein level, by either suppressing or inducing a number of functionally related 

protein domains. For instance, 17 ES events involving the Rac family small GTPase (RAC1) gene resulted in 

the complete removal of the protein domains involved in the mutual interactions between RAC1 protein and 

its partners. In particular, the skipped exon (chr7:6398661-6398718) of RAC1 encodes for the Ras family 

protein domain (Ras, PF00071), involved in 169 PPIs, including its interaction with fibronectin (FN1). On the 

other hand, the skipped exon (chr2:215380810-215381080) of FN1 gene encodes for the protein domain 

Fibronectin type III domain (fn3, PF00041), mediating 89 protein interactions, of which 69 interactions are 

completely removed upon the skipping of the exon, including the interaction with RAC1 (Figure 2.3-7 and 

Supplementary Table 17c), 6 interactions are partially affected (20%-75% suppressed) and 3 are unaffected 

by the skipping of that exon. Altogether, these data suggest that, in addition to measuring local AS changes, 

one has to consider a protein-level analysis to decipher downstream targets of the switching AS patterns, and 

not only limiting the attention to common AS events (e.g. differentially spliced genes). This is especially 

relevant when comparing different experimental contexts, since different ASEs targeting different genes could 

result in the alteration of the same PPI network. 

https://paperpile.com/c/X1X8Dq/f6p1V
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Figure 2.2-7: Protein-protein interactions (PPIs) network enriched for genes harbouring an ES event induced by the 

combined silencing of ESRP1/2 genes. Nodes of the network represent the potential proteins encoded by spliced genes 

and the edges are experimentally supported interactions in STRING database (Szklarczyk et al. 2019). Colors indicate 

enriched biological processes related to ES harbouring genes. A node with different colors indicates that the node is 

involved in more than one biological process. 

2.2.2.2 ESRP1 and ESRP2 binding motifs are enriched in the ASEs induced by the 

combined knock down of both genes 

To determine whether ESRP1 and ESRP2 splicing factors are directly involved in the control of the observed 

AS changes, the ASEs were further analysed for the presence of RBP-binding motifs. Therefore, an RBP-

binding motif enrichment analysis was performed for 105 SFs (122 binding motifs) including ESRP1 and 

https://paperpile.com/c/X1X8Dq/mzmmc
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ESRP2. First, ASEs were classified based on event type, and direction of regulation (included/excluded). 

Second, the sequences of the genomic regions involved in the ASEs and 200 nucleotides on both sides were 

scanned for RBP binding motifs, with the exception of MX events which were extended by 100 nucleotides  

on both sides. As expected, ESRP1 and ESRP2 binding motifs were predicted in 694 significant ASEs in 457 

genes, consisting of 540 (51.33%) ES/EI events (274 skipped, 266 included) in 364 genes, 37 (3.52%) A5 (19 

skipped, 18 included) in 34 genes, 28 (2.66%) A3 (17 skipped, 11 included) in 26 genes, 70 (6.65%) MX 

events (34 skipped, 36 included) in 57 genes, 18 (1.71%) RI events (8 skipped, 10 included) in 16 genes 

(Supplementary Table 18a,b). ESRP1/2 binding motifs were predicted at both exons and their flanking 

regions involved in the ASE. For example, among the 274 ES events, 85 binding motifs were exonic, 99 

upstream and 122 were predicted downstream of spliced exons. Similarly, among the 266 EI events, 87 

predicted motifs were exonic, 118 upstream and 114 downstream of spliced exons. Furthermore, an RBP-

binding motif enrichment analysis performed between the exons involved in the regulated ASEs and a control 

set of expressed exons showing no regulation upon ESRP1/2 gene silencing (|dPSI| <0.01, adj-p >0.05) 

revealed, as expected, an enrichment of ESRP1 and ESRP2 binding motifs. In particular, ESRP1 and ESRP2 

binding motifs were enriched in ES events, with binding motifs prevalently predicted within exons 

(Supplementary Table 18a,b). Interestingly, functional enrichment of genes harbouring an ASE showing a 

predicted binding motif for ESRP1 and ESRP2 factors were enriched in terms related to estrogen response, 

angiogenesis, interferon alpha response, mitotic spindle, DNA repair, in addition to EMT and metabolism-

related processes such as protein localization, cholesterol homeostasis and adipogenesis (Supplementary 

Table 18c). Noteworthy, only a subset of other RBPs for which a binding motif was predicted to be enriched 

for the ASEs were also DE upon the combined silencing of ESRP1/2 genes. For instance, CELF1, ANKHD1, 

MBNL1, MBNL3, and RBM3 were both enriched and showed significant regulation at either gene or isoform 

level (Supplementary Table 18d-k). 
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Figure 2.2-8: Dot plots reporting the RBP-binding motifs enrichment results induced by the combined silencing of ESRP1 

and ESRP2 genes. (a-b) Enriched RBP-binding motifs in case of exon inclusion (EI) (a) and exon skipping (ES) events, 

respectively. up, E, and down (x-axis) refer to intronic upstream, exonic, and downstream intronic genomic regions 

showing a predicted motif for the indicated RBP (y-axis). (c-d) Enriched RBP-binding motifs in case of IR events. (e-f) 

Enriched RBP-binding motifs in case of A5’SS. up and down refer to upstream and downstream of splice sites, 

respectively. (g-h) Enriched RBP-binding motifs in case of A3’SS events. up and down refers to upstream and downstream 

of splice sites, respectively. (i-j) Enriched RBP-binding motifs in case of MX events. V1-V6 refer to genomic locations, 

upstream and downstream of mutually exclusive exons, respectively. Color bar intensities represent the DE status of 
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enriched RBPs. Dot size is proportional to the enrichment z-score. Dot border color indicates the significance of the DE 

status of the RBP. 

2.2.3 ESRP1 and ESRP2 splicing factors control a set of ASEs in ERα+ BCs 

To verify the importance of the set of ASEs detected upon the combined silencing of ESRP1/2 genes in the 

ERα+ MCF-7 BC cells,  a differential inclusion/exclusion analysis was performed also in primary BC samples 

by exploring the ASEs PSI data from TGCASpliceSeq (M. Ryan et al. 2016). This analysis revealed 351 out 

of 1,052 ASEs (33%) detectable in BC samples including 773 ERα+, 192 ERα- tumors, in addition to 113 

normal breast tissues (Supplementary Table 19a-c). Among these events, 175 and 107 ASEs showed in ERα+ 

BC samples a significant correlation with the expression of ESRP1 and ESRP2 genes (|Spearman rho| >0.1, p-

value <0.05), respectively, of which 90 ASEs coherently correlated with the expression of both genes (Figure 

2.2-9a and Supplementary Table 19d). In particular, 82 ASEs positively and 93 ASEs negatively correlated 

with ESRP1 gene expression, respectively. Similarly, 57 ASEs positively and 52 ASEs negatively correlated 

with ESRP2 gene expression (Figure 2.2-9a and Supplementary Table 19d). Furthermore, 40 ASEs were 

differentially expressed relatively to the expression level of ESRP1 (ESRP1 high versus ESRP1 low) and 

ESRP2 genes (ESRP2 high versus ESRP2 low) (Figure 2.2-9b and Supplementary Table 19e). Importantly, 

most of the correlation between the ASEs PSI values and the expression of the investigated genes in ERα+ 

BCs mirrored the induced effect of silencing the genes in MCF-7 cells (Figure 2.2-9a). Among the ASEs 

correlating with ESRP1/2 mRNA levels in ERα+ BC samples, the most significant positive correlation was 

observed between an ES event in the splicing factor MBNL1 gene (exon: MBNL1_chr3:152446703-

152446757) and ESRP1 and ESRP2 gene expression (Spearman rho=0.5, p-value=2.42E-48; Spearman 

rho=0.30, p-value=6.38E-17, for ESRP1 and ESRP2, respectively) (Figure 2.2-9c and Supplementary Table 

19d). Consistently with our findings, the exon involved in this ES event is also strongly repressed during EMT 

process (Shapiro et al. 2011), and was found to play a functional role in the proper cellular localization of 

MBNL1 proteins within cells (Gates, Coonrod, and Berglund 2011). The MBNL1 isoforms containing this 

exon were identified as recurrently associated with different tumors such as colorectal, lung, and breast cancers 

(Danan-Gotthold et al. 2015). Moreover, MBNL1 regulates the splicing of its own premRNA by binding on 

the intron upstream of the spliced exon, resulting in the upregulation of isoforms lacking the exon (Terenzi 

and Ladd 2010). The higher inclusion of this exon in many cancers, including BC as compared to normal 

tissues (Figure 2.3-9c and Supplementary Table 19a) is believed to be driven by the frequent downregulation 

of the MBNL1 protein in cancer (Gates, Coonrod, and Berglund 2011). Noteworthy, a second alternative exon 

(chr3:152455541-152455577) of MBNL1 gene, important for MBNL1 protein homodimerization (Tabaglio et 

al. 2018), was induced upon combined silencing of ESRP1 and ESRP2, and negatively correlated with ESRP1 

mRNA levels in ERα+ BC samples (Spearman rho=-0.13, p-value= 0.0005) (Supplementary Table 19d). The 

expression of this exon is higher in cancer cell lines as well as in several solid tumors including BC as compared 

to adjacent normal tissues (Tang, Zhao, and Kong 2019). MBNL1 isoform lacking this exon was reported to 

act as a tumor suppressor in prostate and breast cancers by regulating the AS pattern and transcript abundance 

of genes involved in DNA repair, cell cycle, migration, and suppresses breast metastasis by regulating 

https://paperpile.com/c/X1X8Dq/l0IMP
https://paperpile.com/c/X1X8Dq/0jIS5
https://paperpile.com/c/X1X8Dq/zxFrH
https://paperpile.com/c/X1X8Dq/nDBET
https://paperpile.com/c/X1X8Dq/Q3lJ7
https://paperpile.com/c/X1X8Dq/Q3lJ7
https://paperpile.com/c/X1X8Dq/zxFrH
https://paperpile.com/c/X1X8Dq/2eQxY
https://paperpile.com/c/X1X8Dq/2eQxY
https://paperpile.com/c/X1X8Dq/onQxW
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transcript abundance of certain genes involved in these pathways (Tang, Zhao, and Kong 2019). Coherently 

with local AS analysis using rMATS, both dIU and dIE analyses revealed a differential regulation of MBNL1 

isoforms including or lacking the differentially spliced exons (Supplementary Figure 14). In contrast, an 

exon inclusion event in the SPAG9 gene inversely correlated with ESRP1/2 gene expressions in ERα+ BCs 

(Figure 2.3-9c and Supplementary Table 19d), where higher inclusion of this event associates with a lower 

expression of ESRP1 and ESRP2 genes (Spearman rho=-0.48, p-value=8.59E-46; Spearman rho=-0.34, p-

value=2.39E-22, for ESRP1 and ESRP2, respectively). In line with the siESRP1/2-induced effects in our 

cellular model, the inclusion of SPAG9 exon 24 was reported to increase during EMT, with exon inclusion is 

induced by hnRPM and is inhibited by ESRP1 (Harvey et al. 2018). Moreover, higher inclusion of this exon 

was reported to associate with poorer patients survival in BC, and Harvey and coworkers showed that genes 

positively correlated with higher inclusion of this exon in mesenchymal cells, not expressing ESRP1, were all 

EMT-related genes (Harvey et al. 2018). In addition, the genomic blockade by silencing SPAG9 gene using 

specific siRNAs targeting exons shared among all SPAG9 isoforms was reported to suppress cell growth and 

inhibit invasive potential in TNBC cell lines (Sinha et al. 2013). However, expression analysis revealed a 20 

to 52 folds higher expression of SPAG9 mRNA and protein levels in a panel of BC cell lines, including MCF-

7, MDA-MB231, BT20, and SK-BR-3, relative to that in normal mammary epithelial cells (Sinha et al. 2013).  

 In order to decipher which core molecular pathways are associated with the observed ASEs changes upon 

ESRP1/2 gene silencing, a correlation analysis between the inclusion level (PSI) of each ASE in ERα+ BCs 

and molecular pathways was performed using PEGASAS algorithm (Phillips et al. 2020). This pathway-guided 

enrichment analysis revealed a differential enrichment of ASEs in molecular pathways, resulting in two distinct 

clusters (Figure 2.2-9d and Supplementary Table 19f). In particular, the first cluster contained terms mainly 

related to interferon response, TGFB signaling, EMT and metabolism, while the second cluster contained terms 

mainly related to proliferation, estrogen response, and cell cycle progression (Figure 2.2-9d and 

Supplementary Table 18f). Furthermore, unsupervised hierarchical clustering of ASEs PSI levels revealed 

subsets of ASEs differentially correlated with the two main clusters (Figure 2.2-9d). Notably, 20 ASEs were 

positively correlated with terms of the first cluster (e.g. PI3K-AKT-mTOR signaling, TGFB signaling, EMT, 

interferon response and immune response pathways), while they were negatively correlated with terms of the 

second cluster (e.g. cell cycle, proliferation, estrogen response, and G2M checkpoint pathways). A second 

subset of ASEs, while they were negatively correlated with terms of the first cluster, they positively correlated 

with terms of the second cluster (Figure 2.3-9d and Supplementary Table 18f). 

https://paperpile.com/c/X1X8Dq/onQxW
https://paperpile.com/c/X1X8Dq/HJv8H
https://paperpile.com/c/X1X8Dq/HJv8H
https://paperpile.com/c/X1X8Dq/vlTav
https://paperpile.com/c/X1X8Dq/vlTav
https://paperpile.com/c/X1X8Dq/XrxoR
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Figure 2.2-9: Overview of the expression analysis of ASEs detected in breast tumor data. (a) Heat map plot reporting the 

correlation between ASEs with the expression of ESRP1 and ESRP2 genes in ERα+ tumors and The dPSI representing 

the changes of the correlating ASEs upon silencing ESRP1 and ESRP2 in MCF-7 cells. (b) Heat map plot reporting the 

dPSI values of ASEs as a function of ESRP1 and ESRP2 gene expressions in ERα+ tumors. Only the ASEs significant in 

both comparisons (ESRP1 high, ESRP1 low and ESRP2 high, ESRP2 low) are reported. (c) Boxplots reporting the 
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expression level (PSI) of 2 selected ASEs as a function of ESRP1 expression (top), ESRP2 expression (middle), and in 

tumors compared to normal samples (bottom) (Wilcoxon p-value, *** < 0.001). (d) Heat map plot showing the correlation 

between the expression of ASEs regulated by ESRP1/2 silencing in MCF-7 cells and related molecular pathways in ERα+ 

tumors. 

2.2.3.1 The splicing factors ESRP1 and ESRP2 regulate the expression of a set of ASEs 

with a prognostic value in ERα+ BCs 

To determine the  prognostic value of the ASEs significantly changing upon the combined silencing of ESRP1 

and ESRP2 genes in the ERα+ MCF-7 BCs, the association of the PSI level of each ASE, retrieved from 

TCGASpliceSeq (M. Ryan et al. 2016), with the overall and disease-free survival times, retrieved from the 

TCGA GDC data portal (Grossman et al. 2016b), was explored. This analysis revealed 36 ASEs significantly 

associated with overall survival (OS) or disease-free survival (DFS) times of ERα+ BC subjects. In particular, 

20 ASEs including 16 and 4 were positively and negatively associated with OS time, respectively. Similarly, 

16 ASEs including 8 and 8 were positively and negatively associated with DFS, respectively. The top 

significantly associated event with patient OS is an EI of exon 2 of the SPINT2 gene, where higher expression 

of the exon associates with longer OS time (HR= 0.73; log-rank p-value =5.73E-4) (Figure 2.2-10a and 

Supplementary Table 19g), while the top significantly associated event with DFS was an ES of exon 4 of 

LSR gene, where higher inclusion of the exon associates with better DFS (HD= 0.96; log-rank p-value =2.22E-

4) (Figure 2.3-10b and Supplementary Table 19g). Noteworthy, higher expression of the EI event in the 

ANXA6 gene is also associated with a longer patient OS (HD= 0.42, log-rank p-value = 0.04) (Supplementary 

Table 19g). In contrast, higher expression of an EI event in the FLNA gene involving exon 32 is associated 

with both shorter OS and worse DFS in ERα+ BCs (HR=-0.63, log-rank p-value=0.0021; HR=-0.57, log-rank 

p-value=0.02, for OS and DFS, respectively) (Supplementary Table 19g). Noteworthy, the annotation of the 

exon involved in this event revealed that it encodes for a protein domain (filamin/ABP238 repeats, PF00630) 

involved in the direct physical interaction of FLNA protein with ERα, androgen receptor (AR), and the Nuclear 

Receptor Subfamily 2 Group C Member 2 (NR2C2) proteins (Louadi et al. 2021; Tarallo et al. 2011; Cheng, 

Chang, and Chen 2010). In addition, dIU analysis also revealed a switching behaviour in the relative abundance 

of FLNA gene isoform pairs, where the the inclusion form of the event was induced while the exclusion form 

of the event was repressed (Supplementary Figure 15), Taken together, these data suggest that ESRP1, 

notably ESRP2, regulate the expression levels of ASEs that could serve as prognostic biomarkers in the context 

of BC, some of which some encode for protein domains physically interacting with ERα at the protein level. 

https://paperpile.com/c/X1X8Dq/l0IMP
https://paperpile.com/c/X1X8Dq/PXsI
https://paperpile.com/c/X1X8Dq/f6p1V+xVyKO+XBXl3
https://paperpile.com/c/X1X8Dq/f6p1V+xVyKO+XBXl3
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Figure 2.2-10: Kaplan Meier survival plots reporting top ASEs significantly associated with overall survival (OS) (a) 

and disease-free survival (DFS) times (b) in ERα+ subjects, respectively. Patients are divided into highly expressing 

(ASE=High) and lowly expressing the event (ASE=Low) based on the median inclusion level (PSI) calculated among all 

patients. ASE, alternative splicing event; ES, exon skipping; OS, overall survival, DFS, disease-free survival. Events 

names are provided above the plots accordingly. 

2.2.4 A set of ESRP1/2 regulated ASEs occurs also upon silencing ERα in hormone-

deprived MCF-7 cells 

In this study, we provide evidence that unliganded-ERα regulates the expression of ESRP1 and ESRP2 genes 

independently of estrogenic stimuli in hormone-deprived MCF-7 BC cells. Therefore, we sought to identify 

those AS changes occurring in both ERα and ESRP1/2 silencing experiments. The overlap between the two 

experiments revealed 64 commonly dysregulated events (exact hypergeometric test p-value, p < 0.001), 

particularly classified as ES (50, 78%), MX (5, 7.80%), A5 (4, 6.25%), A3 (2, 3.13%), and finally 3 (4.68%) 

IR events (Figure 2.2-11a and Supplementary Table 20a). The analysis of the ASEs dPSI values obtained in 

the two experiments confirmed a significantly high correlation (Spearman rho = 0.55, p<0.0001), that was 

particularly high for ES/EI events (Spearman rho = 0.89, p<0.0001) (Figure 2.2-11b) with 46 events (86%) 

showing a coherent dysregulation (Supplementary Table 20a). The top four significant ASEs overlapped and 

coherent between the two experiments included the skipping of exon 14 of USO1 gene, skipping of exon 7 of 

APLP2 gene, the inclusion of exon 13 of SCUBE2 gene, and the inclusion of exon 17 of MYOF gene (Figure 

2.2-11c and Supplementary Table 20a). 
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Figure 2.2-11: An overview of ASEs regulated upon both si-ERα in MCF-7 BC cells and si-ESRP1/2. (a) Venn diagram 

reporting the number of ASEs overlapping both datasets. (b) Correlation plot showing the correlation between the dPSI 

values of the 64 overlapping events shown in (a). (c) heat map showing the direction of splicing changes (dPSI values) of 

the overlapping ASEs. (d) sashimi plots of selected examples of ASEs regulated in both datasets. Numbers representing 
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the normalized read counts supporting either inclusion or exclusion of regulated exons (highlighted in red colors) are 

reported. Isoforms concerned by the ASEs are also shown. 

2.2.4.1 Analysis of ERα and ESRP1/2 regulated ASEs in tumor tissues data 

The set of ASEs detected as overlapped in the ESRP1/2 and ERα silencing experiments were explored in 

primary BC ASE data from TCGASpliceSeq (M. C. Ryan et al. 2012) revealing 27 unique events detectable 

in primary BCs (Supplementary Table 20b). Among these events, 23 (85.2%) and 18 (66.7%) correlate 

significantly (p<0.05) with ESRP1 and ESRP2 gene expressions, respectively (Figure 2.2-12a and 

Supplementary Table 20b). Twelve ASEs were correlated with the expression of both genes. The most 

significantly correlated event was an ES on USO1 gene (Spearman rho = 0.44 and 0.45 for ESRP1 and ESRP2, 

respectively; p<0.0001). Finally, six ASEs were also correlated with ESR1 expression, particularly an ES event 

at SPTAN1 (Spearman rho=0.39, 0.19, and 0.42 for ESRP1, ESRP2, and ESR1, respectively; p<0.0001), MYOF 

(Spearman rho=-0.30, -0.23, and -0.36 for ESRP1, ESRP2, and ESR1, respectively; p<0.0001) and VPS39 

genes (Spearman rho=0.34, 0.19, and 0.23 for ESRP1, ESRP2, and ESR1, respectively; p<0.0001) (Figure 2.2-

12a). Analysis of the 27 ASEs using siESRP1 RNA-Seq data of endocrine-resistant BC cell lines (2C3, 9C3 

cell lines) from (Gökmen-Polar et al. 2019), confirmed 14 ASE (63.6%) significantly (adj. p<0.05) regulated 

upon ESRP1 silencing in these cells (Figure 2.2-12b). The regulation of these ASEs was coherent between 

our siESRP1/2 silencing experiment and the one performed in 2C3 (Spearman rho = 0.61, p<0.05) and in 9C3 

cells (Spearman rho = 0.65, p<0.05). 

Then, the differential inclusion/exclusion levels of the 27 ASEs were evaluated in the TCGA BC data relative 

to the median mRNA expression levels of ESPR1, ESRP2, or ESR1 genes in these tumors (Figure 2.2-12c). 

This analysis confirmed a coherent opposite inclusion/exclusion level between the siESRP1/2 silencing in 

MCF-7 and tumors underexpressing ESRP1 (Spearman rho = 0.83, p<0.0001), ESRP2 (Spearman rho = 0.65, 

p<0.001). Furthermore, when BC PSI data were compared with PSI values computed using RNA-Seq of 

normal breast tissues, a total of 21 ASEs were confirmed as characterized by significantly different 

inclusion/exclusion levels (Figure 2.2-12c). The two most significantly different ASEs obtained in this 

analysis are reported in Figure 2.2-12d. In particular, the most significant ASE was an ES of the MYOF gene 

where exon 17 was significantly more excluded in BC compared to normal tissues (dPSI = -0.33, p<0.0001). 

Conversely, the exon 23 of SPTAN1 was significantly more included in BC compared to normal samples (dPSI 

= -0.16, p<0.0001). Coherently with the analysis of clinical data in relation to ESRP1 and ESRP2 expression 

levels, most of the 27 ASEs were significantly related (p<0.05) to the tumor molecular subtype (22 events), 

the fraction of altered genome (20 events), and menopause status and diagnosis age (8 events) (Supplementary 

Table 20c). 

To functionally enrich the 27 ASEs with respect to specific molecular pathways, an analysis with PEGASAS 

(Phillips et al. 2020) was performed considering the PSI values of these ASEs measured in TCGA BCs 

(Supplementary Table 20d). The analysis revealed two main clusters of pathways correlated with the 27 

ASEs (Figure 2.2-12e). Specifically, a cluster composed of terms mainly to inflammation process, including 

interferon gamma response, TNFa signaling via NFKB, and IL6/JAK/STAT3 signaling was positively 

https://paperpile.com/c/X1X8Dq/ZKw3R
https://paperpile.com/c/X1X8Dq/2kwDH
https://paperpile.com/c/X1X8Dq/XrxoR
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correlated (r > 0.30) with six ES events involving MYOF, SULF2, MYL6, TBC1D13, ZNF267, and SCRIB 

(Figure 2.2-12e and Supplementary Table 20d). Terms related to EMT and metabolism were also included 

in this cluster. Conversely, another cluster of molecular pathways related mainly to cell proliferation processes 

like G2M checkpoint, and E2F targets was positively related to ES events at USO1, PTPRF, NF2, MYOB, 

SCUBE2, VPS39, and SPTAN1. 

 

Figure 2.2-12: Analysis of the 27 ASEs overlapping between the two experiments in tumor data. (a) heat map plot showing 

the correlation between ESRP1, ESRP2 and ESR1 genes expression and the expression of ASEs exons in tumor samples, 

whose inclusion changes (dPSI values) upon ESR1 or ESRP1/2 silencing in wild type (MCF-7) or resistant (LCC2, LCC9) 
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BC cell lines are reported in (b). (c) heat map plot showing the inclusion levels of the 27 ASEs in primary BC samples 

classified according to the expression levels of ESRP1, ESRP2 and ESR1 genes. (d) box plots representing the inclusion 

levels (Percent Spliced-in Index, PSI) of exon 22 of SPATIN1 and exon 16 of MYOF genes in tumor versus normal 

samples. (e) heat map showing the correlation scores between ASEs and the enriched molecular pathways obtained from 

PEGASAS analysis. 
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2.2.5 Discussion: 

In this study, the functional roles of the two splicing factors ESRP1 and ESRP2 in the control of ERα+ BC 

transcriptome were explored. Moreover, evidence for the direct regulation of the expression of these two 

epithelial factors by ERα in ERα+ BC was provided, as shown by ERα RNA-Seq and ChIP-Seq data analysis 

in both cell lines as well as in primary BCs. The effects of ESRP1/2 depletion on the ERα+ MCF-7 BC cells 

transcriptome were explored, revealing a significant number of regulated events at both gene and splicing 

levels. Furthermore, the potential role(s) and clinical significance of these events were explored in primary 

BCs by analyzing the expression of both genes and its association with AS data in different BC subjects. 

Finally, the observed posttranscriptional events resulting from the depletion of ESRP1/2 in MCF-7 cells were 

compared to those resulting from silencing the upstream regulator of both genes, ERα, in MCF-7 cells. This 

resulted in the identification of common post transcriptional events, some of which could serve as prognostic 

markers in the context of BC. 

The splicing factors ESRP1 and ESRP2 are not only overexpressed in ERα+ BCs but also showed significant 

copy number alterations in these tumors. In particular, we show that the ESRP1 locus is amplified in 60% of 

analysed samples, suggesting that this amplification may be a mechanism underlying the overexpression of 

ESRP1 gene in ERα+ BCs. Our results  are in line with (Sebestyén et al. 2016) showing that ESRP1 among 

other genes located near the reported 8q24 amplification (Cancer Genome Atlas Network 2012) is  

overexpressed in BCs and its overexpression is frequently associated with frequent amplification of the gene 

in these tumors. Our results are also in line with (Jeong et al. 2017) showing that ESRP1 is overexpressed in 

ovarian cancer and that this overexpression is associated with copy number amplification of the gene locus in 

these tumors. Jeong and coworkers also demonstrated DNA hypomethylation as another mechanism 

underlying the observed ESRP1 and ESRP2 overexpression in ovarian cancers (Jeong et al. 2017). In contrast, 

our results regarding ESRP1 amplification are discordant with observations of ESRP1 and ESRP2 genes 

underexpression in colorectal cancer tissues (Deloria et al. 2016), which potentially suggests that the 

expression of these two factors may be cancer-type-specific. 

 As expected, siRNA-mediated silencing of both ESRP1 and ESRP2 genes in the epithelial ERα+ MCF-7 BC 

cells led the cells towards a more mesenchymal phenotype, as previously reported in other cell lines (Yueqin 

Yang et al. 2016; Warzecha et al. 2010; Huang, Xu, and Cheng 2014). ESRP1/2 combined silencing induced 

significant changes in the expression as well as the AS patterns of EMT-related genes, in line with previously 

reported studies (Yueqin Yang et al. 2016; Shapiro et al. 2011). Noteworthy, although ESRP1 and ESRP2 are 

well described for their role in controlling EMT, silencing the two factors in MCF-7 cells did not induce a 

strong overall gene expression change of the EMT-related genes as reported by GO enrichment analysis at 

gene level, in line with previous observations (Shapiro et al. 2011; Gökmen-Polar et al. 2019). In contrast, 

ESRP1/2 depletion strongly hampered the splicing patterns of a great number of EMT-related genes. Notably, 

comparing of the list of genes whose expression or AS patterns significantly changed under ESRP1/2 silencing 

in our cellular model with a study by Yang and colleagues (Yueqin Yang et al. 2016), 109 coherent (100%) 

AS pattern changes were common to both studies (Supplementary Figure 16a,b and Supplementary Table 

https://paperpile.com/c/X1X8Dq/vRenm
https://paperpile.com/c/X1X8Dq/DGIqF
https://paperpile.com/c/X1X8Dq/GOeBY
https://paperpile.com/c/X1X8Dq/GOeBY
https://paperpile.com/c/X1X8Dq/f76XT
https://paperpile.com/c/X1X8Dq/RobaR+88U19+mh5Qa
https://paperpile.com/c/X1X8Dq/RobaR+88U19+mh5Qa
https://paperpile.com/c/X1X8Dq/RobaR+0jIS5
https://paperpile.com/c/X1X8Dq/0jIS5+2kwDH
https://paperpile.com/c/X1X8Dq/RobaR
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21a). Furthermore, the comparison of our list of ASEs differentially expressed upon ESRP1/2 silencing with 

an EMT time-course RNA-Seq dataset by overexpressing ZEB1 in epithelial cells, by (Yueqin Yang et al. 

2016), revealed 171 common ASEs, most of which (155 ASEs, 90.64%) showed coherent changes between 

the two studies (Supplementary Figure 16c,d and Supplementary Table 21b), further supporting our 

findings. In addition, RBP-binding motif enrichment analysis revealed a higher number of ASEs with a 

predicted binding motif for ESRP1/2 splicing factors, suggesting the direct implication of these two factors in 

the observed AS pattern changes in our cellular model. Among this, 33 ASEs regulated in our dataset and 

harboured a predicted motif for ESRP1 and ESRP2 splicing factors are in line with previously reported results 

(Harvey et al. 2018), showing the presence of ESRP1/2 binding motifs within 233 target exons. Moreover, the 

inclusion of these events was found to be induced or repressed by the two antagonistic factors ESRP1 and 

hnRNPM during the process of EMT (Harvey et al. 2018). In line with previous results, most genes harbouring 

a predicted binding site for ESRP1/2 splicing factors were primarily enriched in EMT-related processes.  

In addition to EMT, ESRP1/2 silencing in MCF-7 cells induced significant changes in the expression as well 

as the AS patterns of genes primarily involved in interferon signaling, metabolism, and cell cycle pathways. 

In particular, genes encoding for cell signaling molecules were strongly associated with a splicing regulation 

induced by ESRP1/2 combined silencing. For instance, the Rac family small-GTPase 1 (RAC1), and KRAS 

proto-oncogene, GTPase (KRAS) genes had a significant AS pattern switch induced by ESRP1/2 silening. In 

the case of RAC1 gene, the Rac1b isoform including the exon 3b was decreased by ESRP1/2 combined 

silencing, while the canonical RAC1 was induced. The Rac1b isoform is constitutively active and highly 

expressed in different cancers including breast, thyroid, colorectal and lung tumors (Schnelzer et al. 2000; 

Gonçalves et al. 2014; C. Zhou et al. 2013). Furthermore, canonical RAC1 and Rac1b isoforms were 

characterized using data from pancreatic ductal adenocarcinoma and BC cell lines as antagonistically acting 

on the EMT process, where RAC1 induces EMT, while Rac1b represses EMT (Zinn et al. 2019; Eiden and 

Ungefroren 2021). The correlation analysis of exon 4 (or conventionally exon 3b) inclusion levels with 

molecular pathways in ERα+ BCs showed an inverted correlation of high inclusion of exon 4 with each of 

PI3K/Akt/mTOR signaling pathway, metabolism and oxidative phosphorylation, with interferon signaling, 

JAK/STAT3 signaling, TGFB and EMT pathways (Supplementary Table 19f), in line with previously 

reported results (Melzer et al. 2019, 2017), indicating that Rac1b isoform is not able to activate these pathways 

(Ungefroren et al. 2020). In contrast, higher inclusion level of exon 4 (and thus higher Rac1b isoform 

expression) positively correlated with estrogen response and Myc targets pathways (Supplementary Table 

19f), in line with (Eiden and Ungefroren 2021) showing a clear association between higher Rac1b/RAC1 ratio 

and ERα+ epithelial BC phenotype. 

Analysis of ESRP1/2 silencing-induced AS changes revealed a number of ASEs with potential prognostic 

value in the context of BC. Of interest, 11 ESRP1/2-regulated ES/EI events were recently identified as robust 

classifiers of Basal-like BCs into A and B subtypes based on their aggressiveness and drug-response (Villemin 

et al. 2021). Noteworthy, all of these 11 ASEs in genes (ANXA6, AP1B1, CTNND1, DNM2, ENAH, FNBP1, 

MBNL1, SLK, SPAG9, TSC2) were also differentially expressed in the ESRP1 knock down study by (Yueqin 

https://paperpile.com/c/X1X8Dq/RobaR
https://paperpile.com/c/X1X8Dq/RobaR
https://paperpile.com/c/X1X8Dq/HJv8H
https://paperpile.com/c/X1X8Dq/HJv8H
https://paperpile.com/c/X1X8Dq/JJ19D+AStS6+vxgkO
https://paperpile.com/c/X1X8Dq/JJ19D+AStS6+vxgkO
https://paperpile.com/c/X1X8Dq/xrbEJ+saZzi
https://paperpile.com/c/X1X8Dq/xrbEJ+saZzi
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Yang et al. 2016). The top significant ASE among this list of events corresponds to the significant exon 

inclusion of exon 22 of the annexin A6 (ANAX6) gene (Figure 2.2-13a and Supplementary Table 16a). 

Although it is completely unknown for its splicing role in BC, this event was reported to be highly expressed 

in the Basale-like B as compared to Basale-like A BC patients and cell lines, and was proposed as a novel ASE 

to stratify these groups of patients based on their prognoses and drug-response (Villemin et al. 2021). The 

expression analysis of this exon inclusion event in normal, ERα+, and ERα- breast samples indicate the higher 

expression of the event in normal and ERα- breast tissues with respect to ERα+ samples, suggesting a negative 

correlation of event expression and ERα+ status (Figure 2.2-13c). More particularly, this analysis in ERα+ 

BC subtype revealed that the event is significantly inversely correlated with the expression status of the ERα-

regulated ESRP1 and ESRP2 genes (Spearman rho = -0.42, adj-p = 1.04E-33; Spearman rho = -0.32, adj-p = 

3.39E-19, for ESRP1 and ESRP2, respectively) (Figure 2.2-13b and Supplementary Table 19d). 

Furthermore, differential expression analysis of the event indicated significant inclusion differences between 

highly and lowly ESRP1/2 expressing patients (dPSI = -0.075, adj-p = 2.61E-23; dPSI = -0.06, adj-p = 2.52E-

14 for ESRP1 and ESRP2, respectively) (Figure 2.3-13c and Supplementary Table 19e). In addition, the 

association analysis of this event with the OS and DFS in ERα+ patients revealed that high expression of the 

event associates with a better patient OS time (HR=0.42, log-rank p-value = 0.04) (Figure 2.2-13d and 

Supplementary Table 19f). Conversely, a high expression of ESRP1 gene in ERα+ BCs is associated with 

worse patient's outcomes, including shorter OS, and both worse DMFS and RFS (HR=2.11, log-rank p-

value=0.029; HR=2.82, log-rank p-value=0.014; HR=1.8, log-rank p-value=8.4E-5, for DMFS and RFS, 

respectively) (Figure 2.2-13d). Noteworthy, in ERα+ BCs, the overall ANXA6 gene expression is also 

associated with a better patient OS (Figure 2.2-13d). Furthermore, a high expression of the event in ERα+ BC 

patients positively correlated with molecular pathways such as the IL2/STAT5 and IL6/JAK/STAT6 signaling 

pathways, with KRAS signaling, EMT, and TGFB signaling pathways, with TNFa signaling via NFKB, with 

PI3K/Akt/mTOR and P53 signaling pathways, in addition to androgen and estrogen signaling pathways. 

Conversely, a high expression of the event is inversely correlated with MYC targets, G2M checkpoints, and 

E2F targets hallmarks (Supplementary Table 19g). All together, these data suggest a potential role of the 

discussed event in BC and that it could serve as a potential biomarker for patients' outcomes.  

Moreover, the isoform switch analysis (dIU) applied on our siESRP1/2 RNA-seq dataset indicated that the 

ANXA6 exon 22 encodes for the Annexin protein domain (PF00191). Further annotation of this protein domain, 

using the DIGGER database  (Louadi et al. 2021) and other literature (Garbuglia et al. 2000), indicated its 

involvement in the interaction with the two calcium sensing proteins, S100A1 and S100B. The functional 

biological role of these complexes (ANXA6-S100A1 and ANXA6-S100B) is poorly annotated in literature, 

with some exceptions where these complexes were suggested to play a role in regulating Ca2+ fluxes in skeletal 

cells (Arcuri et al. 2002). Noteworthy, the domain-domain interaction of ANXA6 with S100A1 and S100B 

proteins mediated by the Annexin protein domain (PF00191) encoded by exon 22 is completely lost (Louadi 

et al. 2021) by the skipping of the exon regulated by ESRP1/2 silencing in our dataset. In addition, ANXA6 

long (including exon 22, ANXA6-1) and short (excluding exon 22, ANXA6-2) isoforms were described for their 

https://paperpile.com/c/X1X8Dq/RobaR
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differential regulation of Ca2+ influxes in PC12 cell lines (Podszywalow-Bartnicka et al. 2010). Importantly, 

among the interactions involving S100B protein is its direct physical interaction with the fibroblast growth 

factor 2 (FGF2) protein via its EF_hand_1 interaction domain (Louadi et al. 2021), as previously confirmed 

by (Gupta et al. 2013). Furthermore, S100B was shown to bind the basic FGF2 (bFGF2) and this binding 

interferes with FGF2-FGFR1 interaction, which decreases the FGF2-induced activation of the PI3K/Akt 

signaling pathway and consequently reduces FGF2-induced cellular proliferation of MCF-7 and MDA-MB468 

BC cell lines (Gupta et al. 2013). Moreover, a recent study in triple-negative BCs showed that the S100B gene 

is relatively lowly expressed in tumor samples compared to normal samples (Yen et al. 2018). Yen and 

colleagues observed a significant inhibitory effect on cell migration and an increase in the expression of 

epithelial E-cadherin when transfected the TNBC cell lines, MDA-MB-231 and Hs578T, with recombinant 

human S100B, suggesting S100B as a biomarker for metastasis in BC (Yen et al. 2018). 

The ANXA6 gene was indeed investigated in multiple cancers, revealing the usefulness of its mRNA and 

protein expression states as a biomarker in various cancers (Qi et al. 2015). Particularly in BC, ANXA6 is  

downregulated in EGFR-overexpressing and ERα- BC cells, and was identified to inhibit the EGFR/Ras 

signaling pathway (Vilá de Muga et al. 2009). The reduced expression of ANXA6 gene in BT-549 invasive BC 

cell lines promoted a rapid degradation of the active EGFR, consequently attenuated the downstream signaling 

activity of the MAPK/ERK/PI3K/Akt pathway, and enhanced the anchorage-independent cell growth (Vilá de 

Muga et al. 2009). ANXA6-deficient cells were also more sensitive to EGFR-targeted tyrosine kinase 

inhibitors, lapatinib and PD153035 (Vilá de Muga et al. 2009). The reduced expression of ANXA6 gene is also 

associated with better RFS but with poorer DMFS of basal-like BC patients (Vilá de Muga et al. 2009). 

Recently, it was reported that a prolonged exposure to lapatinib of TNBC cell lines, expressing low ANXA6 

levels, induced a significant increase in the ANXA6 mRNA levels and led to accumulation of cholesterol in 

late endosomes (Widatalla et al. 2019). The inhibition of lapatinib-induced upregulation of ANXA6 in lapatinib-

resistant BC cell lines, MDA-MB468, using specific siRNAs for ANXA6 or by withdrawal of lapatinib from 

these cells, localized cholesterol to plasma membrane, restored the EGFR-dependent activation of the ERK1/2 

pathway, and sensitized the cells to tyrosine kinase inhibitors (Widatalla et al. 2019). Loss of ANXA6 was 

associated with early onset and rapid tumor growth of xenograft TNBC tumors in mice (Whalen et al. 2019). 

Efforts investigating the molecular mechanisms underlying ANXA6 contribution to TNBC cell growth and 

motility indicated the Ca2+ activated RasGRF2 as the potential mediator of ANXA6 tumor suppressor effects 

in TNBC (Whalen et al. 2019). All together, these data suggest evidence that the expression status as well as 

the AS patterns of ANXA6 in ERα+ BCs will open new strategies that may improve the prognosis of BC 

patients and predict their response to certain targeted therapeutic options. 

ESRP1/2 combined silencing in the ERα+ MCF-7 BC cells induced a significant increase in the expression of 

PGR gene (log2FC= 1.14, adj-p= 1.73E-12) (Supplementary Table 13a). Noteworthy, the observed increase 

in the PGR gene expression occurred with no observed changes in the expression level of ERα (log2FC = 0.21, 

adj-p = 0.22), suggesting that ERα pathway is not primarily involved in the observed ESRP1/2-mediated 

increase of PGR gene expression. PGR was previously characterized to attenuate tumor growth by contracting 
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the mitogenic signals and actions of ERα in BCs co-expressing both receptors (ERα+/PGR+) (Finlay-Schultz 

et al. 2017). The treatment of (ERα+/PGR+) patient-derived xenografts with natural or synthetic (MPA) 

progestins was able to antagonize mitogenic effects of estrogens, blunted ERα-mediated gene expression, and 

reduced tumor growth of these BC models (Finlay-Schultz et al. 2017). The genome-wide analysis of the PGR-

mediated actions in these models indicated that only less than 25% of ERα bindings are affected by progestins 

treatment, suggestive of other possible PGR-mediated mechanisms (Finlay-Schultz et al. 2017). DNA-binding 

profiling of both receptors indicated two distinct groups based on the binding profiles of PGR. In one group, 

more than 50% of PGR binding sites where co-occupied by ERα, showing a propensity for both receptors to 

coordinately gain or lose target binding in presence of progesterone, while in a second group, PGR but not 

ERα, associated with a large fraction of RNA polymerase III-transcribed tRNA genes, independent of hormone 

treatment (Finlay-Schultz et al. 2017). 

Interestingly, ESRP1/2 silencing also regulated the AS pattern of PGR gene in our cellular model 

(Supplementary Figure 17). This regulation at splicing level resulted in the differential expression and usage 

of PGR isoforms. PGR isoforms expression in BC cell lines and prognostic values in BC patients have been 

previously reported. Notably, the association of PGR-A isoform with invasion and metastasis activation was 

previously indicated (McFall et al. 2018). PGR-A isoform promoted metastasis in luminal BCs by controlling 

the expression of microRNAs involved in the crosstalk with ERα signaling pathway (McFall et al. 2018). In 

contrast, PGR-B isoform was found to counteract and reduce luminal BC aggressiveness and to inhibit the 

transcription of critical genes involved in proliferation such as cyclin D1 (Montalto et al. 2019).  In different 

BC cell lines, such as T47D, the exposure to progesterone induces a rapid activation of the EGFR, c -Src, and 

MAPK signaling pathways which results in an increase in the phosphorylation levels of PGR at Ser345 

(Pedroza, Subramani, and Lakshmanaswamy 2020). On one hand, ESRP1 is reported to be associated with 

worse outcomes in ERα+ but not ERα- BC patients and is overexpressed in tamoxifen and fulvestrant resistant 

cell lines (Gökmen-Polar et al. 2019). On the other hand, PGR gene expression is lost during endocrine therapy 

which leads to more aggressive tumors (Branković-Magić et al. 2002) and ERα+/PGR- BC patients had poorer 

survival outcome compared to ERα+/PGR+ ones (Blows et al. 2010). In addition, other studies reported that a 

loss in PGR results in the activation and upregulation of the PI3K pathway in tamoxifen resistant cell lines 

(Arpino et al. 2005). Putting these together, it is reasonable to conclude that the ERα/ESRP1/PGR axis 

presented in this study could be a good target to further investigate the molecular mechanisms underlying the 

worse ESRP1 prognostic value in ERα+ BCs, especially by deciphering its impact on PGR protein isoforms 

and their interacome at the promoter or enhancers of target genes. 

A recently published study reported that FGF2 is capable of inducing BC growth through the ligand-

independent activation and recruitment of ERα and PGR isoforms A, B, and 4 (PGRA, PGRB, PGRΔ4, 

respectively) to regulatory sequences of target genes, such as Myc (Giulianelli et al. 2019). In this study, 

authors treated hormone-deprived MCF-7 and T47D cell lines with FGF2 for 5 minutes and observed a 

significant increase in the phosphorylation levels of both ERα (pSer167 and pSer118) and PGR (pSer294) 

(Giulianelli et al. 2019). Interestingly, this increase was accompanied by increased ERK1/2 and AKT 
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activation in both cell lines. The application of small molecule inhibitors specific for ERK1/2 (PD98059), 

PI3K (LY294002), or FGFR (PD173074 and BGJ398), blocked the FGF2-induced ERα and PGR 

phosphorylation, suggesting that the signal transduction pathways activated by FGF2 through different FGFRs 

are responsible for the increased ERα and PGR phosphorylation in hormone-deprived cells (Giulianelli et al. 

2019). Similarly, the FGF2-induced cell proliferation was strongly inhibited by addition of antiestrogens 

(fulvestrant, ICI 182.780), or by the FGFR inhibitors (PD173074 and BGJ398) to hormone-starved cell lines 

(Giulianelli et al. 2019). Genetic blockade using siRNA targeting ERα in hormone-starved MCF-7 cell lines 

had similar inhibitory effects on cell proliferation as those induced by antiestrogens (Giulianelli et al. 2019). 

Importantly, using T47D cell lines which have a higher basal estrogen-independent expression of PGR, authors 

showed that FGF2-induced Myc expression is mediated by ERα binding at both promoter and enhancer regions 

of the gene, and by PGR binding at enhancer region (Giulianelli et al. 2019). Interestingly, authors showed 

that FGF2 induces an isoform-specific expression of PGR isoforms A, B and PGRΔ4 under hormone-starved 

conditions, which interact with ERα at the promoter of target genes (Giulianelli et al. 2019).  

Importantly, mass-spectrometry-based proteomics analysis of ERα and PGR protein interactome at the 

regulatory sequences of target genes revealed significant changes in the relative abundance of ANXA6 isoforms 

(P08133-1, and P08133-2) upon FGF2 stimulation of hormone-starved MCF-7 and T47D cell lines (Giulianelli 

et al. 2019). Particularly, the ANXA6 long isoform increased by ESRP1/2 silencing in our dataset was relatively 

increased upon stimulation with FGF2 (Giulianelli et al. 2019). These data suggest that silencing ESRP1/2 

may induce an increase in the activation of the PI3K/AKT signaling pathway through the 

ANXA6/SB100/FGF2 axis, which results in an increased expression of PGR. On the other hand, silencing 

ESRP1/2 in our cellular model regulated the AS patterns of 40 genes coding for protein partners of PGR, 

including ANXA6, that were confirmed to interact with PGR at the regulatory sequences (promoters and 

enhancers) of target genes such as Myc (Giulianelli et al. 2019). All together, these data suggest a possible 

implication of ESRP1/2 splicing factors in the control of PGR signaling and transcriptional activity, either 

directly, by regulating the expression of the PGR gene, or indirectly, by regulating the AS patterns of genes 

encoding for upstream regulators of PGR or for its partners. In addition, ESRP1/2 through the control of the 

AS patterns of genes involved in intracellular signaling such as those involved in growth receptor signaling 

pathway, notably, ANXA6, previously described to inhibit the Ras/ERK1/2 signaling pathway, attenuate the 

expression of PGR gene, and mediates its downstream effects. 

ESRP1/2 regulated the expression of 22 ASEs exhibiting differential inclusion levels with respect to ESRP1 

mRNA expression levels in ERα+ BCs, where lower inclusion levels of these ASEs associated with high 

expression of ESRP1 mRNA levels (dPSI > 0.05, p <0.0001). Among these, an ES event of HNRNPA2B1 exon 

12 repressed by ESRP1/2 silencing showed a lower expression in highly ESRP1 expressing as compared to 

lowly expressing patients (dPSI = -0.11, Wilcoxon p-value = 5.18E-16). This ES event involved an exon within 

the 3’UTR of the gene which is annotated to be sensitive to NMD process (McGlincy et al. 2010). Splicing at 

this 3’UTR region recruits the exon junction complex to a position located about 60 nucleotides downstream 

of the stop codon, creating a premature context that triggers NMD (McGlincy et al. 2010). Furthermore, 
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HNRNPA2B1 was described as upregulated in tamoxifen-resistant cell lines (Klinge et al. 2019), has an 

oncogenic role in BC, and its high expression levels are associated with better patient prognosis (Hu et al. 

2017). However, no changes were observed in the expression of HNRNPA2B1 gene and isoforms upon 

silencing ESRP1/2 in our cellular model. Other ASEs include a multiple exons skipping event in the 

bromodomain PHD transcription factor (BPTF) gene. Both exons 5 and 6 were more included under ESRP1/2 

silencing in our cellular model and showed expression difference with respect to ESRP1 mRNA expression 

levels in ERα+ BCs, and negatively correlated with ESRP1 gene expression in these tumors. Correlation 

analysis of the expression of this event with molecular hallmarks revealed that high expression level in ERα+ 

BCs is positively correlated with UV response_down, with apical junction, KRAS signalling_up, EMT, TGFB 

signaling, protein secretion, coagulation, angiogenesis, Notch signaling, apoptosis, hypoxia, p53, cholesterol 

homeostasis, estrogen response, PI3K/Akt/mTOR pathway, and glycolysis (Supplementary Table 18f). In 

contrast, a high expression of the event inversely correlates with Myc targets, G2M checkpoints,  and E2F 

targets. Other ASEs included MYOF exon 17 which is more included upon ESRP1/2 silencing. Correlation 

analysis of the event expression levels with molecular hallmarks in ERα+ BCs revealed that a high expression 

is positively correlated with wnt beta catenin signaling, coagulation, with EMT, TNFa signaling via NFKB, 

hypoxia, with IL2/STAT5 signaling, with apoptosis and KRAS signaling. Conversely, high expression levels 

are inversely correlated with E2F targets, Myc targets, and oxidative phosphorylation hallmarks. MYOF exon 

17 was found to be differentially expressed between luminal and TNBC subtypes, showing an increased 

expression level in high-metastatic TNBCs while strongly excluded in epithelial BCs (Oh et al. 2021). 

Furthermore, the same exon was found to be associated with increased metastatic potential of BC cells lines, 

where a higher inclusion level was observed in highly-metastatic BT-549 as compared to lowly-metastatic 

T47D BC cell lines (Oh et al. 2021).  

Similarly, ESRP1 was found to induce the expression of several exons that are associated with patients' 

outcomes. In particular, an ES event involving exon 5 of the splicing factor MBNL1 was strongly repressed 

by ESRP1/2 silencing in our cellular model, showed a positive correlation with ESRP1/2 expression in ERα+ 

BCs (Spearman rho=0.50, p=2.41E-48; Spearman rho=0.30, p=6.38E-17 for ESRP1 and ESRP2, respectively), 

where exon 7 was higher expressed in patients with high ESRP1/2 expression levels as compared to those 

lowly expression the gene (dPSI=0.13, p=7.18E-31; dPSI=0.10, p=2.01E-13, for ESRP1 and ESRP2, 

respectively). Indeed, MBNL1 gene isoform representing the inclusion form of the regulated exon was 

identified as being the most differentially included exon in cancer, both in cell lines and patients samples 

(Tabaglio et al. 2018). Interestingly, analysis of the exon expression levels in ERα+ BCs and its association 

with molecular hallmarks revealed that high expression of the exon is inversely correlated with IL2/STAT5 

signaling, apoptosis, IL6/JAK/STAT3 signaling, TNFa signaling via NFKB, KRAS signaling,  

PI3K/Akt/mTOR signaling, Notch signaling, hypoxia, with EMT, p53 signaling, fatty acid metabolism, 

cholesterol homeostasis, adipogenesis, with androgen and estrogen response pathways (Supplementary Table 

18e). Conversely, higher inclusion levels of the exon positively correlated with proliferation related hallmark 

terms such as G2M checkpoints, Myc targets and E2F targets. Efforts to identify upstream regulators of 
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MBNL1 exon 5 higher inclusion in cancer cell lines and patient samples revealed that the frequent 

downregulation of MBNL1 in cancers is responsible for the higher inclusion levels of this exon and that 

MBNL1 binding upstream of exon 5 results in its exclusion (Gates, Coonrod, and Berglund 2011). Other events 

included an ES of exon 6 of the CCDC50 gene, resulting in an increased expression of the short truncated 

isoform and decreased expression of the full length isoform. The expression of the exon positively correlated 

with higher ESRP1/2 mRNA levels in ERα+ BCs (Spearman rho=0.35, p=5.38E-24; Spearman rho=0.35, 

p=4.23E-23, for ESRP1 and ESRP2, respectively) and consistently showed higher inclusion levels in ERα+ 

BCs highly expressing ESRP1/2 (dPSI=0.11, p=3.46E-17, dPSI=0.10, p=2.66E-16) (Supplementary Table 

18e). Furthermore, higher expression of the exon inversely correlated with EMT related terms, immune 

response and IFN signaling pathways, while positively correlated with proliferation-related hallmarks 

(Supplementary Table 18f). The exon was identified as recurrently overexpressed in multiple human solid 

tumors (Danan-Gotthold et al. 2015). In particular, the short CCDC50 isoform lacking exon 6, increased in 

our dataset, is overexpressed in clear cell renal cell carcinoma (ccRCC), and its overexpression is associated 

with better survival in ccRCC patients (Sun et al. 2020). In vivo and in vitro functional experiments indicated 

that the overexpression of the short isoform induces proliferation, migration, invasion, and tumorigenesis of 

ccRCC through its interaction with the zinc finger protein ZNF395, while the full length isoform exerted tumor 

suppressor effects (Sun et al. 2020). Other reports showed that the expression of CCDC50 short isoform is  

triggered by the overexpression of the splicing factor SRSF3 by skipping of exon 6 in hepatocellular carcinoma 

(HCC) (Che and Fu 2020; H. Wang et al. 2019).  SRSF3 improved the stability of CCDC50 short isoform in 

the cytoplasm which further increased the activation of Ras/Foxo4 signaling pathway and induced proliferation 

and metastasis of HCC (H. Wang et al. 2019). Conversely to ccRCC, increased mRNA levels of CCDC50 

short isoform significantly correlated with poor tumor differentiation, advanced tumor grade metastasis stage, 

and unfavorable prognosis (H. Wang et al. 2019). All together, these data suggest a potential role of ESRP1 

and ESRP2 in ERα+ BCs by controlling the AS patterns of downstream targets associated with patient 

outcomes. 

Furthermore, we show in the present study that ESRP1 and ESRP2 expression in the epithelial MCF-7 BC 

cells is strongly dependent on hormone-independent ERα activity, and that their mRNA levels correlate with 

that of ERα in ERα+ BCs. In line with these findings, the analysis of overall isoforms changes upon ESRP1/2 

silencing based on dIU analysis revealed similar results to that induced by ERα gene silencing. Notably, both 

conditions resulted in the enrichment of isoforms characterized by longer 3’UTR and 5’UTRs, by loss in 

expressed protein domains, more intron retention events, and high proportion of protein coding and NMD-

insensitive isoforms. Moreover, both conditions resulted in a significant differential usage of alternative first 

and last exons. Indeed, a global protein-RNA interaction map of ESRP1 binding based on enhanced 

crosslinking immunoprecipetation coupled with high throughput sequencing (eCLIP-seq) in mouse epidermis 

has been recently published and showed evidence for a widespread binding of ESRP1 at 3’UTR and 5’UTR 

regions of target epithelial genes, further supporting its posttranscriptional functions beyond splicing 

regulation (Peart et al., n.d.). On the other hand, we identified 64 local ASEs commonly regulated by silencing 
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ERα or by that of ESRP1 and ESRP2 genes in our cellular model. Importantly, association analysis of the 

expression of the identified ASEs with respect to clinical and molecular tumor features in ER+ BCs revealed 

their association with molecular BC subtypes, fraction of genome altered, luminal versus non luminal subtypes, 

and menopause status, coherently to molecular features significantly associated with ESRP1 expression in 

these tumors. Importantly, the expression levels of three ASEs including SULF2, MYO6, and VPS39 

significantly associated with PGR expression status in ERα+ BCs, where higher expression of these three 

events was associated with higher PGR expression (Supplementary Table 20c). In particular, SULF2 gene in 

addition to the significant exon inclusion event of exon 20 showed a significant isoform switch upon silencing 

ESRP1/2, resulting in the upregulation of the canonical full length isoform and a significant decrease in the 

alternative short isoform (Supplementary Figure 17). Although exon 20 of SULF2 gene does not encode for 

a protein domain, its higher expression levels positively correlated with molecular pathways in ERα+ BCs 

including IL2/STAT5 and IL6/JAK/STAT3 signaling pathways, inflammatory response and complement 

activation, with PI3K/Akt/mTOR, KRAS and Notch signal transduction pathways. In contrast, higher 

expression of exon 20 negatively correlated with estrogen response, Myc and E2F targets (Supplementary 

Table 19f). Clearly, further studies of these commonly regulated ASEs are required in order to decipher their 

downstream effects at the molecular level. 
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Figure 2.2-13: Top significant ASE (ANXA6 exon 22 inclusion) induced by ESRP1/2 silencing in ERα+ MCF-7 BC cell 

lines, its expression status in different BC subtypes and its prognostic value in ERα+ BC patients. (a) Sashimi plots 

representing the significant increase in the inclusion level of the exon under siESRP1/2 as compared to control condition. 

Total number of reads supporting either inclusion or exclusion of the exon. Isoforms representing the inclusion or 

exclusion form of the event are represented at the end of the Sashimi plots, with the exon 22 involved in the event 

highlighted in red color. (b) Correlation plots reporting the correlation between the expression of the event and that of 

ESRP1 and ESRP2 genes in ERα+ BCs, respectively. The correlation coefficient is indicated. (c) The expression level of 

the event (PSI) in Normal, ERα+ and ERα- BC samples, and relative to the expression level (High vs Low) of ESRP1 and 

ESRP2 genes in ERα+ BCs, respectively. (d) Associations of the expression levels of the exon inclusion event, ESRP1, 

and ANXA6 genes with the patient’s outcomes (OS, DFS, DMFS, and RFS) in ERα+ patients, respectively. 
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2.3 DSCAM-AS1-driven proliferation of breast cancer cells involves regulation of 

alternative exon splicing and 3’UTR usage. 

 

This chapter is based on the following publications: 

Elhasnaoui, Jamal; Miano, Valentina; Ferrero, Giulio; Doria, Elena; Leon, Antonette E.; Fabricio, Aline S.C.; 

Annaratone, Laura; Castellano, Isabella; Sapino, Anna; De Bortoli, Michele. 2020. "DSCAM-AS1-Driven 

Proliferation of Breast Cancer Cells Involves Regulation of Alternative Exon Splicing and 3′-End Usage" 

Cancers 12, no. 6: 1453. https://doi.org/10.3390/cancers12061453. 

 

Based on a previous publication by our group, we knew that hormone-independent activity of ERα in the ERα+ 

MCF-7 BC cells controls the expression of not only protein coding genes but also that of noncoding RNA 

transcripts, among which, DSCAM-AS1, the most highly expressed lncRNA in our MCF-7 cells (Miano et al. 

2016). Silencing ERα in this model strongly reduced the expression of DSCAM-AS1 (log2FC=-0.73, adj-

p=4.78E-13) (Supplementary Figure 19 and Supplementary Table 1a). After having confirmed DSCAM-

AS1 expression to be luminal-specific using data of both ERα+ BC cell lines and primary BC tissues (Miano 

et al. 2016), DSCAM-AS1 was silenced in MCF-7 BC cells using two specific siRNAs, recapitulating the ERα 

silencing effects, by inducing a cell growth arrest and promoting expression of EMT markers. Therefore, we 

further characterized the expression of DSCAM-AS1 in different BC microarray datasets and in-house cohorts 

and investigated its association with clinical and molecular features of the investigated patients. In addition, 

DSCAM-AS1-mediated proliferation of BC cells was investigated in different BC cells lines including MCF-7 

cells. Furthermore, based on a previous publication, we knew that the lncRNA DSCAM-AS1 physically 

interacts with the splicing factor hnRNPL in MCF-7 cells (Niknafs, Han, Ma, Speers, et al. 2016). Thus, we 

checked this interaction also in our MCF-7 cells investigating its functional role in these cells. To this end, a 

paired-end RNA-seq experiment consisting of MCF-7 cells transfected with control or DSCAM-AS1-targeting 

LNA (locked nucleic acids) was performed. The resulting RNA-seq dataset was analysed for the downstream 

effects of DSCAM-AS1 knockdown at both gene and splicing levels. All the results of this chapter can be found 

in the aforementioned publication (Elhasnaoui et al. 2020) that is included in the appendix of this thesis. 
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2.4 Deciphering the role of the splicing factor hnRNPL in the control of luminal epithelial 

BC transcriptome 

The splicing factor hnRNPL is a member of the Heterogeneous nuclear ribonucleoproteins family. We and 

others have shown, as presented in the previous section, that hnRNPL physically interacts with the lncRNA 

DSCAM-AS1 in MCF-7 BC cell lines. Therefore, to further understand the biological role of this interaction, 

an RNA-seq experiment consisting of transfecting MCF-7 cells with control or HNRNPL-targeting siRNA was 

performed. This dataset was analyzed for downstream effects of hnRNPL depletion at both gene and isoform 

levels. DE genes and isoforms and their functional pathways were identified. Isoform and splicing level 

changes were identified using an isoform switch analysis (dIU) and rMATS, respectively. To understand the 

functional role of the interaction of DSCAM-AS1 with hnRNPL, changes common to both HNRNPL and 

DSCAM-AS1 silencing conditions were identified and were analyzed for their downstream consequences. 

Therefore, the results of this chapter will be then presented into four different sections. The first section 2.4.1 

is dedicated to the gene and isoform differential expression changes occurring upon HNRNPL silencing in 

MC-7 BC cells. In the second section 2.4.2 are presented the significant changes induced by hnRNPL depletion 

at the level of isoforms and alternative splicing (AS). The expression of identified ASEs is then evaluated in 

different BC tissue samples based on ERα positivity status and on the level of HNRNPL mRNA expression. 

The ASEs detected in BC samples are then subjected to a pathway-guided enrichment analysis to determine 

the molecular pathways correlated with the expression of each event. In section 2.4.3 are presented the 

overlapping ASEs common to DSCAM-AS1 and HNRNPL silencing experiments. Finally, the findings of this 

chapter and their potential implication in BC progression are shortly discussed at the end of this chapter. 
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2.4.1 HNRNPL knock-down strongly hampers the proliferation of MCF-7 BC and induces 

a mesenchymal-like phenotype 

To investigate the functional role of HNRNPL in ERα+ BCs, we performed an RNA-seq experiment of MCF-

7 cells transfected with control or HNRNPL-targeting siRNA (Supplementary Figure 25). The analysis of this 

dataset (Figure 2.4-1a,b) evidenced 3,050 DE genes (adj-p <0.05) upon HNRNPL silencing (Figure 2.4-1a,b 

and Supplementary Table 28a). Specifically, 1,547 genes showed a significant decrease in their expression 

levels, while 1,502 were upregulated (Figure 2.4-1c,d and Supplementary Table 28a). Notably, the mRNA 

and protein expression levels of HNRNPL were confirmed by qRT-PCR and western blot analysis 

(Supplementary Figure 24). Furthermore, a functional enrichment analysis of the genes DE upon HNRNPL 

silencing was performed and showed distinct biological processes related to downregulated and upregulated 

genes. Specifically, downregulated genes were mainly related to cell division, DNA repair, cell cycle 

checkpoints, and G1/S transition (Figure 2.4-1c and Supplementary Table 28b), while upregulated genes 

were mainly enriched in terms related to cytokine-mediated signaling pathway, programmed cell death, 

positive regulation of cell migration, response to wounding, morphogenesis of an epithelium, and activation 

of the immune response (Figure 2.4-1d and Supplementary Table 28c). In addition, a hallmarks gene sets 

enrichment analysis showed distinct hallmark terms enriched for downregulated and upregulated genes. In 

particular, repressed genes are enriched in hallmark gene sets such as E2F targets, G2M checkpoints, MYC 

targets V1, mitotic spindle, estrogen response late, DNA repair, MTORC1 signaling, and fatty acid 

metabolism. In contrast, upregulated genes were mainly enriched in hallmark gene sets such as interferon 

gamma response, TNFα signaling via NFKB, hypoxia, apoptosis, EMT, inflammatory response, complement, 

p53 pathway, IL6/JAK/STAT3 signaling, in addition to metabolism related terms such as glycolysis and 

cholesterol homeostasis (Supplementary Table 28d,e). 
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Figure 2.4-1: Gene differential expression changes induced by siRNA-mediated silencing of HNRNPL in MCF-7 cells. 

(a) PCA plot showing the quality of the RNA-seq replicates analysed. (b) Heat map plot representing the distance between 

the RNA-seq replicates. (c) volcano plot showing the Log2FC and significance of genes identified as DE. Downregulated 

and upregulated genes are represented by blue and red colors, respectively. The labels of the first top DE genes are 

provided. (d) heat map showing the top 500 varying genes upon HNRNPL silencing. The z-score color bar represents in 

blue repressed (z-score < 0) and in red induced genes (z-score > 0), respectively. (e,f) bar plots showing the top20 

enriched GO clusters related to downregulated and upregulated genes upon HNRNPL silencing, respectively. 
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In addition to identifying HNRNPL-silencing mediated effects at gene level, isoform level changes were also 

identified by performing a differential isoform expression (dIE) analysis. This resulted in the identification of 

a total of 4,148 DE isoforms, including 2,285 downregulated and 1,863 upregulated (Figure 2.4-2a and 

Supplementary Table 29a). Furthermore, dIE and dGE analyses overlapped for 1,941 genes (exact 

hypergeometric test p-value, p <0, representation factor=12.3) that were identified as DE by both types of 

analyses (Figure 2.4-2b). Functional enrichment analysis using gene names of the parent genes of DE isoforms 

revealed distinct terms differentially enriched for downregulated and upregulated isoforms. Notably, parent 

genes of downregulated isoforms were mainly enriched in cell cycle, cell proliferation (Figure 2.4-2c,e and 

Supplementary Table 29b,c), while genes of upregulated isoforms were mainly enriched in EMT process, 

TGFBR signaling pathway, extracellular matrix organization (Figure 2.4-2d,f and Supplementary Table 

29d,e). Importantly, dIE analysis indicated isoforms that responded in opposite direction with respect to that 

of their parent genes. For instance, 18 isoforms were downregulated while their parent genes showed an 

increased expression upon HNRNPL silencing and 24 isoforms were identified as upregulated by dIE analysis 

while their parent genes were repressed by HNRNPL silencing (Supplementary Table 29a). 
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Figure 2.4-2: Isoform level differential expression changes induced by HNRNPL silencing. (a) Volcano plot reporting 

Log2FC (x-axis) and significance (y-axis) of DE isoforms. Downregulated and upregulated gene isoforms are represented 

by blue and red colors, respectively. (b) Venn diagram showing the overlap between genes with at least one DE isoform 

and those genes reported as DE by differential gene expression analysis. (c-d) Enriched biological processes related to 

parent genes of downregulated (c) and upregulated (d) isoforms, respectively. (e-f) enriched Hallmark Gene Sets related 

to parent genes of downregulated (c) and upregulated (d) isoforms, respectively. 
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2.4.2 HNRNPL sustains cell proliferation of MCF-7 BC cells by stabilizing the expression 

of DSCAM-AS1 and ESR1 isoforms 

In order to identify those gene isoforms responding to HNRNPL silencing in a different manner than the 

response of their parent genes, isoform differential usage (dIU) (Figure 2.4-3a) was applied on our RNA-seq 

dataset. Indeed, dIU analysis identified a total of 1,086 isoform pairs of 783 genes responding differently to 

HNRNPL silencing in MCF-7 cells (Figure 2.4-3b,c and Supplementary Table 30a). Genes harbouring 

switching isoform pairs included 80% protein coding and 20% noncoding genes (Supplementary Table 30a). 

Among these, DSCAM-AS1 RNA transcripts were among the top significant switching genes, where the 

DSCAM-AS1-203 isoform is repressed while DSCAM-AS1-201 isoform is induced. Similarly, the ESR1 gene 

ranked among the top 15 significant switching protein coding genes, with the canonical full length ESR1-207 

isoform induced and the short ESR1-203 isoform is repressed (Figure 2.4-3c and Supplementary Table 30a). 

In case of DSCAM-AS1, the switching isoform pairs differ by the inclusion/exclusion of an alternative exon 

and an alternative 5’ splice site (Figure 2.4-3f), while in case of ESR1 gene the switching isoform pairs differ 

by the length of their open reading frames, which resulted in the repression of the full length isoform (6,466 

bp, 595 amino acids) and induction of the shortest, 3’truncated isoform (624 bp, 84 amino acids) 

(Supplementary Figure 26). Functional enrichment analysis of genes harbouring an isoform switching event 

revealed an enrichment of biological process terms such as covalent chromatin organization, negative 

regulation of cell cycle, DNA replication, cell cycle checkpoints, and autophagy (Supplementary Table 30b). 

Furthermore, hallmark gene sets enrichment analysis revealed enriched terms such as estrogen response (top 

significant, 29 genes), apoptosis (22 genes), E2F targets (22 genes), and DNA repair (15 genes) 

(Supplementary Table 30c). On the other hand, the identified switching events resulted in the enrichment of 

some isoform features in the silencing condition as compared to the control condition (Figure 2.4-3d and 

Supplementary Table 30d) such as the number of expressed protein domains which were less in silencing 

condition (262 losses vs 205 gains, proportion q-value=0.009), and number of protein coding isoforms which 

were less expressed than protein coding isoforms in silencing condition as compared to control condition (163 

noncoding vs 124, proportion q-value=0.024). In contrast, other isoform features such as the 3’UTR (190 

shorter vs 173 longer, proportion q-value=0.40) and 5’UTR length (149 shorter vs 186 longer, proportion q-

value=0.05), NMD-sensitivity (46 NMD-sensitive vs 39 NMD-insensitive, proportion q-value=0.51), and IR 

events (129 IR losses vs 108 IR gains, proportion q-value=0.19) were not significantly different among 

compared conditions (Figure 2.4-3d). The comparison of both conditions for differences in AS predicted some 

ASE types to be enriched upon HNRNPL silencing such as single ES (232 skipped vs 270 included, proportion 

q-value=0.01) and multiple exons skipping events (12 skipped vs 30 included, proportion q-value=0.0003) 

(Figure 2.4-3e and Supplementary Table 27e). The proportions of isoforms resulting from other opposing 

types of ASEs were not significantly different between compared conditions. 
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Figure 2.4-3: Differential isoform usage (dIU) and their potential downstream consequences induced by HNRNPL 

silencing in MCF-7 BC cells. (a) Schematic representation of the principle behind dIU analysis. (b) Number of significant 

switching events and isoforms/genes involved. (c) Volcano plot reporting differential isoform fractions (dIF) on x-axis 

and their significance -log10(q-value) on y-axis. (d) functional consequences of identified isoform switching pairs. 

Fractions of isoforms with either the indicated or opposing consequence are statistically compared among conditions. 

Dot size is proportional to the number of switches having the indicated or opposing consequence. Significantly different 

isoform fractions are highlighted in red. (d) AS enrichment analysis among compared conditions indicating differences 

in the fraction of isoforms resulting from either the indicated or opposing ASE. Dot size is proportional to the number of 

switches having the indicated or opposing consequence. Significantly different isoform fractions are highlighted in red. 

(f) Switch plot showing the switching isoform pairs of DSCAM-AS1 RNA gene. Gene isoforms are represented with their 
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exons as black blocks and introns as solid lines. Histograms report the expression level of the gene and isoforms indicated 

as well as their differential usage, respectively. Statistically significant differences are indicated. ns, nonsignificant; ***, 

p < 0.00001. 

2.4.3 Analysis of alternative splicing changes induced by HNRNPL silencing reveals 

important functions of hnRNPL in MCF-7 BC cells 

In order to identify hnRNPL-regulated exons, a differential AS analysis was performed using rMATS (Shen 

et al. 2014, 2012) and Whippet (Sterne-Weiler et al. 2018). Since rMATS is the most well documented and 

most stable algorithm, only rMATS results will be discussed. Analysis of AS changes induced by HNRNPL 

silencing in MCF-7 BC cells revealed a high number of ASEs differentially spliced among compared 

conditions. Notably, 1,864 ASEs (|dPSI| > 0.05, adjp < 0.05) in 1,464 genes classified as 1,469 (78%) ES in 

1,244 genes, 181 (9%) MX in 189 genes, 90 A5 in 84 genes, 87 A3 in 83 genes, and finally 37 IR in 35 genes 

(Figure 2.4-4a,b and Supplementary Table 31a-e). Noteworthy, HNRNPL silencing induced more inclusion 

than exclusion ASEs (e.g. 926 EI vs 543 ES) in almost all the ASE types (Figure 2.4-4c and Supplementary 

Table 31a), suggesting possible defects in the splice sites recognition by the spliceosomal machinery and line 

with the inhibitory effect of hnRNPL on AS process (Motta-Mena, Heyd, and Lynch 2010; Heiner et al. 2010). 

The top 50 significant ASEs occurred at genes involved in BC cell proliferation and survival, including 

DSCAM-AS1 (Elhasnaoui et al. 2020), NSD2, TRIM37, and MYB involved in histone modification process 

(Kuo et al. 2011; Bhatnagar et al. 2014; Audia and Campbell 2016), GNAS involved in macromolecules 

methylation and BC cell proliferation and migration (Jin et al. 2019), HMG20A involved in peptidyl-lysine 

modification, and the ERα-target gene Tubulin delta 1 (TUBD1) involved in mitotic cell cycle progression 

(Hua et al. 2008) (Figure 2.5-4d and Supplementary Table 31a). Importantly, a differential enrichment of 

GO biological processes for spliced genes depending on the ASE types was observed (Figure 2.4-4e and 

Supplementary Table 31f). ES harbouring genes were mainly enriched in cell division and chromosome 

maintenance, DNA repair, and microtubule cytoskeleton organization. MX harbouring genes on the other hand 

were enriched in terms such as apoptotic signaling pathway, antigen processing and presentation, and 

microtubule-based cell movement. A5 harbouring genes were mainly enriched in translation, translational 

elongation, histone modification, and ribonucleoprotein complex biogenesis. A3 harbouring genes were 

enriched in histone H4-K16 acetylation, tRNA aminoacylation for protein translation, and fatty acid beta-

oxidation (Figure 2.4-4e and Supplementary Table 31f). Similarly, a Hallmark Gene Sets enrichment 

analysis revealed distinct terms enriched for spliced genes depending on ASE type, with ES harbouring genes 

predominantly involved in cell cycle related terms, estrogen response, in interferon signaling pathway and 

metabolism (Figure 2.4-4f and Supplementary Table 31f). The top five significant ASEs induced by 

HNRNPL silencing in our cellular model includes an A5 and ES events in DSCAM-AS1 RNA gene that were 

more included upon HNRNPL silencing, an EI event in GNAS, MX inclusion event in KYNU, and EI in each 

of HNRNPR and NSD2, as reported in Figure 2.4-4g. 

https://paperpile.com/c/X1X8Dq/xfmXi+aYHEV
https://paperpile.com/c/X1X8Dq/xfmXi+aYHEV
https://paperpile.com/c/X1X8Dq/9RiXw
https://paperpile.com/c/X1X8Dq/bX8hq+9KApy
https://paperpile.com/c/X1X8Dq/5wCOh
https://paperpile.com/c/X1X8Dq/73JlV+M5aju+hj403
https://paperpile.com/c/X1X8Dq/OUKMC
https://paperpile.com/c/X1X8Dq/7WwAm
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Figure 2.4-4: Differential AS changes induced by HNRNPL silencing in MCF-7 BC cells. (a) Stacked barplot reporting 

the number of significantly changing ASEs upon HNRNPL silencing classified on ASE type and type of regulation (e.g.  

inclusion, exclusion). (b) Pie-chart showing the relative proportion of ASE types, with ES events as most (78%) 

represented ASEs. (c) Density plot showing the distribution of the differential inclusion levels (dPSI) of different ASE 

types. (d) Heat map plot showing the relative inclusion level (PSI) of the top 50 significant ASEs in the RNA-seq replicate 

samples. (e-f) Dot plots showing the biological process and Hallmark Gene Sets terms enriched for genes harbouring a 

significant ASE classified by ASE type, respectively. (g) Sashimi plots of selected ASEs showing a significant differential 
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inclusion level upon HNRNPL silencing in MCF-7 BC cells. Gene isoforms involved in each ASE are plotted below the 

plots, with exons involved in the ASE are highlighted in red. The number of normalized read counts supporting either 

inclusion or exclusion of the indicated exon are reported. 

2.4.3.1 hnRNPL binding motifs are enriched around the identified ASE in our cellular 

model 

We sought next to determine whether hnRNPL is primarily involved in the observed AS patterns changes. 

Thus, an RBP-binding motif enrichment analysis was performed involving the genomic regions involved in 

each ASE. The identified ASEs were classified based on their types and direction of regulation (e.g. 

inclusion/exclusion). This analysis, as expected, revealed hnRNPL binding motifs to be present in 965 (52%) 

ASEs in 723 (49%) genes, classified as 747 ES (198 excluded, 549 excluded), 118 MX (70 included, 48 

excluded), 34 A5 (21 included, 13 excluded), 30 A3 (18 included, 12 excluded), and 36 (21 included, 15 

excluded) IR events (Supplementary Table 32a).  

In addition, an RBP binding motif enrichment analysis was performed with respect to a control set of expressed 

exons not significantly regulated by HNRNPL silencing (e.g. |dPSI| < 0.01, adjp > 0.5) revealed significant 

enrichment of different RBP sets enriched for different ASEs based on their direction of regulation. In 

particular, in case of cassette exons, hnRNPL binding motifs were predicted to be enriched only exclusively 

in case of exon inclusion events, with the highest enrichment score associated with intronic binding (Figure 

2.4-5a and Supplementary Table 32b). In addition to hnRNPL binding motifs, 16 other RBPs, three of which 

(QKI, DAZAP1, TARDBP) are DE upon HNRNPL silencing, were enriched in case of exon  inclusion events, 

showing enriched motifs most frequently in exons (Figure 2.4-5a and Supplementary Table 32b), suggesting 

these RBPs to enhance the inclusion of bound exons, as previously suggested (Sebestyén et al. 2016). In 

contrast, 19 RBPs motifs, four of which (MBNL2, FUS, DAZAP1, SAMD4A) are DE upon HNRNPL silencing, 

were predicted to be enriched in case of exon exclusion events, with motifs are most frequently enriched in 

upstream intronic and in exonic regions (Figure 2.4-5a and Supplementary Table 32b), consistent with a 

possible positional effect (Sebestyén et al. 2016). Furthermore, hnRNPL binding motifs were enriched in case 

of IR exclusion, A5 inclusion, A3 inclusion, and MX events (Figure 2.4-5b-e and Supplementary Table 32c-

f). 

https://paperpile.com/c/X1X8Dq/vRenm
https://paperpile.com/c/X1X8Dq/vRenm
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Figure 2.4-5: Dot plots representing predicted RBP binding motifs (y-axis) to be enriched and their locations (x-axis) in 

the identified ASEs upon HNRNPL silencing, including (a) ES/EI, (b) IR, (c) A5, (d) A3, and (e) MX inclusion/exclusion 

events, respectively. Dot size represents the enrichment z-score. Color bar plots represent the log2FC of enriched RBPs 

upon HNRNPL silencing, and dot borders represent the significance of gene level DE status. In case of IR events, V1-V3 

represent upstream, within intron, and downstream of regulated introns, respectively. In case of A5/A3 events, V1-V2 

represent upstream and downstream regulated splice sites, respectively. In case of MX events, V1 to V6 represent the 

mutual exclusive exons (V2, V5) and their upstream (V1, V4) and downstream (V3, V6) flanking 100 nucleotides intronic 

sequences. (f) Venn diagram plot reporting the overlap between genes with CLIP-seq binding site and those regulated in 

our datasets. 

To support our RBP binding motif prediction analysis, predicted hnRNPL binding motifs were overlapped 

with hnRNPL binding sites reported in two different CLIP-seq experiments, in the epithelial HepG2 and K562 

cell lines retrieved from the POSTAR2 database (Zhu et al. 2019; Fei et al. 2017). This database in its newly 

released version POSTAR3 database includes 2,075 public CLIP-seq datasets from six different species (Zhu 

et al. 2019). On one hand, this analysis revealed 580 genes identified as differentially spliced in our dataset 

also harboured an hnRNPL CLIP-seq binding site, of which 296 harboured a predicted binding motif for 

https://paperpile.com/c/X1X8Dq/ePukx+bpWJR
https://paperpile.com/c/X1X8Dq/ePukx
https://paperpile.com/c/X1X8Dq/ePukx
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hnRNPL (Figure 2.4-5f and Supplementary Table 32g), further supporting our predictions. On the other 

hand, 283 differentially spliced genes showed an hnRNPL CLIP-seq binding site but did not show any 

predicted hnRNPL binding motif. This may be a result of the narrow sequences (event + 200 nucleotides 

length) scanned for RBP binding motifs in our analysis, and this set of genes could have an hnRNPL binding 

motif outside of the scanned sequence interval (ASE ± 200 nt). Noteworthy, two of our candidate genes, ESR1 

and ESRP1, that were both downregulated and differentially spliced upon HNRNPL silencing showed both a 

predicted and CLIP-seq hnRNPL binding sites. On the other hand, although no hnRNPL binding sites on 

DSCAM-AS1 gene body were observed from CLIP-seq, our RBP binding motif predictions indicated three 

binding sites for hnRNPL on DSCAM-AS1, in line with previously reported results (Niknafs, Han, Ma, Speers, 

et al. 2016; Gawronski et al. 2018). Importantly, DSCAM-AS1 alternative splice site donor event (A5, 

dPSI=0.187, adjp=0) contained predicted binding motifs for 27 splicing factors of which eight (U2AF2, 

HNRNPC, PTBP1, PTBP2, MATR3, RALY, RBM5, and RBM6) are bound by hnRNPL based on both 

hnRNPL CLIP-seq (Zhu et al. 2019) and RIP experiments (Fei et al. 2017), suggesting that the spliced DSCAM-

AS1 region upon HNRNPL silencing could play a role in mediating hnRNPL interactions with other factors 

and/or target pre-mRNAs. 

2.4.3.2 hnRNPL regulated events are differentially expressed among BC subtypes and are 

related to disease prognosis 

HNRNPL silencing in our MCF-7 cells induced 1,864 ASEs resulting in the alteration of splicing patterns of 

1,464 genes. To understand whether the expression of the identified ASEs depends on HNRNPL mRNA levels 

in ERα+ BC samples, the expression levels (e.g. PSI) of ASEs in BC samples was retrieved from 

TCGASpliceSeq (M. Ryan et al. 2016) together with HNRNPL mRNA expression levels from TCGA BRCA 

database. This analysis resulted in the retrieval of 585 ASEs that were detectable in 1,207 BC samples 

classified as 773 ERα+, 193 ERα- and 113 normal tissues (Supplementary Table 33a). Among retrieved 

ASEs, 200 ASEs correlated (Average Spearman coefficient =-0.11, p<0.05) with HNRNPL mRNA levels in 

ERα+ BC samples. In particular, 90 ASEs positively correlated with HNRNPL mRNA levels while 110 ASEs 

inversely correlated with HNRNPL mRNA levels in ERα+ samples (n=773) (Supplementary Table 33b). On 

the other hand, 155 ASEs were significantly correlated (Average Spearman coefficient =, p<0.05) with 

HNRNPL mRNA levels in ERα- samples (n=193), including 59 positively and 96 negatively correlated, 

respectively (Supplementary Table 33c). Importantly, different subsets of ASEs correlated with HNRNPL 

gene expression in the analysed samples in an ERα status-dependent manner. In particular, while 68 ASEs 

correlated with HNRNPL mRNA levels in both ERα+ and ERα- BC samples (Figure 2.4-6a), 132 ASEs 

exclusively correlated with HNRNPL mRNA levels in ERα+ samples, and 87 ASEs exclusively correlated 

with the expression of the gene in ERα- BC samples (Supplementary Table 33b,c), suggesting that hnRNPL 

may function in a BC subtype-dependent manner and its function could be regulated by factors exhibiting a 

BC subtype-specific expression, among which, its partner, the luminal-specific lncRNA DSCAM-AS1. 

https://paperpile.com/c/X1X8Dq/Tf3Zn+TAcDi
https://paperpile.com/c/X1X8Dq/Tf3Zn+TAcDi
https://paperpile.com/c/X1X8Dq/ePukx
https://paperpile.com/c/X1X8Dq/bpWJR
https://paperpile.com/c/X1X8Dq/l0IMP
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Furthermore, this observation is in line with the different prognostic values of HNRNPL in BC samples 

depending on ERα gene expression status. 

Notably, the analysis of the association between HNRNPL mRNA expression levels and patients clinical 

features indicates that HNRNPL overexpression associates with worse patients outcomes, including short 

overall survival (OS), worse relapse-free survival (RFS), and worse distant-metastasis-free survival (DMFS) 

in ERα+ BC patients, while higher HNRNPL mRNA levels associate with better outcomes in ERα- patients, 

including longer OS, and better RFS and DMFS (Figure 2.4-6b,c). In addition, no significant differences in 

ASEs inclusion/exclusion levels between highly HNRNPL expressing and lowly HNRNPL expressing ERα+ 

patients, classified based on the median HNRNPL gene expression level (Supplementary Table 33d). In 

contrast, significant differences (|dPSI|>0.05; Wilcoxon test p-value <0.0001) in the inclusion/exclusion levels 

of 108 ASEs (57 excluded, 51 included) were observed between ERα+ and ERα- BC samples (Supplementary 

Table 33d). The most significant event between these two groups of samples was an ES event at the 

RALGAPA1, showing a higher inclusion level in ERα- as compared to ERα+ BC samples (dPSI= -0.48; 

Wilcoxon p-value=1.49E-58). Noteworthy, this ES event showed a different correlation with HNRNPL 

expression depending on ERα status. Notably, The ES event at RALGAPA1 gene is positively correlated 

(Spearman rho=0.16, p=0.014) with HNRNPL expression in ERα-, while is inversely correlated (Spearman 

rho=-0.10, p=0.004) with HNRNPL expression in ERα+ tumors (Figure 2.4-6a). A similar event with inverted 

correlation coefficients relatively to ERα status is an ES event at MYH14 gene, showing a positive correlation 

(Spearman rho=0.11, p=0.004) in ERα+ tumors while an inverse correlation (Spearman rho=-0.15, p=0.039) 

with HNRNPL mRNA levels in ERα- tumors (Figure 2.5-6a). The second top significant ASE is an ES event 

at the IFT172 gene, showing a higher inclusion level in ERα+ as compared to ERα- BC samples (dPSI=0.20, 

Wilcoxon p=1.14E-47). In ERα+ BC samples, no differences in the inclusion/exclusion levels of the detectable 

ASEs were observed based on the expression level of ERα gene (e.g ESR1 high vs ESR1 low), nor based on 

DSCAM-AS1 gene expression levels (e.g. DSCAM-AS1 high vs DSCAM-AS1 low). In addition, 138 ASEs (77 

excluded, 61 included) were significantly differentially expressed between tumor and normal breast tissue 

samples (Supplementary Table 33d), with the most significant ASE being an ES at PRMT2 gene, showing a 

higher inclusion level normal as compared to tumors samples (dPSI= -0.32, Wilcoxon p=5.48E-56) 

(Supplementary Table 33d). The ASEs with significant differences in inclusion/exclusion levels between 

both ERα+ and ERα-, and tumors compared to normal samples are shown in Figure 2.4-6d, of which two 

example ASEs, at RALGAPA1 and MYL6 are shown in Figure 2.4-6e. 
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Figure 2.4-6: (a) Heat map plot showing the Spearman correlation coefficient between hnRNPL-regulated ASEs and 

HNRNPL mRNA levels in BC samples with respect to ERα status (e.g. ERα+ and ERα -). Only ASEs significantly 

correlated with HNRNPL gene expression levels in both sample types are reported in  the plot. (b,c) Kaplan-Meier plots 

reporting the association between HNRNPL gene expression levels and clinical outcomes in ERα+ (b) and ERα- (c) 

patients, respectively. HR, Hazard Ratio, significance, log rank test p-value. OS, Overall Survival; RFS, Relapse-Free 

Survival; DMFS, Distant-Metastasis-Free Survival. The analysis was performed with the 35201_at microarray probe set. 

(d) difference in the inclusion levels of hnRNPL-regulated ASEs between (i) ERα+ and ERα- and (ii) tumors versus normal 

breast tissues. Only significantly different ASEs in both comparisons are reported. (e) Box plots reporting the inclusion 

levels (PSI) of two ASEs in ERα-, ERα+ and normal breast tissues, respectively. ***, p < 0.0001. 

In order to understand the molecular oncogenic pathways associated with the ASEs detectable in tumor 

samples from TCGASpliceSeq database, a correlation analysis of each ASE with 50 molecular pathways in 

these samples was performed using the PEGASAS (Phillips et al. 2020). This analysis revealed two main 

https://paperpile.com/c/X1X8Dq/XrxoR
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molecular pathway clusters differentially correlated with the analysed ASEs. In particular, the first main cluster 

contained molecular pathways such as EMT, TGFB signaling, P53 pathway, Hypoxia, es trogen response, 

cholesterol homeostasis, and signal transduction pathways such as KRAS and PI3K/Akt/mTOR signaling 

pathways. This cluster also contained metabolism-related terms such as adipogenesis, fatty acid metabolism, 

and oxidative phosphorylation. The second cluster contained terms related to cell cycle progression such as 

E2F targets, G2M checkpoint pathway, Myc targets, mitotic spindle, DNA repair (Supplementary Table 

33d). Moreover, unsupervised hierarchical clustering of ASEs based on their PSI values and correlation 

coefficients revealed three distinct clusters differentially correlated with the two molecular pathways clusters. 

For instance, a cluster formed by 12 ES events at (SULF2, CD47, GFR1OP2, TBC1D23, PRMT2, TMEM126B, 

MRPL48, PLEKHA1, PICALM, and TMEM126B) inversely correlated with terms of the second cluster (e.g. 

cell cycle related pathways) while they positively correlated with molecular pathways of the first cluster (e.g. 

p53 pathway, Hypoxia, EMT, TGFB signaling, KRAS signaling, estrogen and androgen response pathways). 

A second cluster formed by 11 AS events at (TPM2, OSBPL8, TCF12, GOLGA4, DENND4C, MBNL1, 

CCDC50, and MAP3K7) positively correlated with cell cycle related pathways of the second cluster (e.g. E2F 

targets, Myc targets, mitotic spindle, DNA repair) and they showed an exclusive negative correlation with the 

molecular pathways of the first cluster containing EMT and signal transduction related pathways 

(Supplementary Table 33d). 

To verify whether the hnRNPL-regulated ASEs are associated with prognosis in BC, we sought to evaluate 

the association between the expression of the detected ASEs and patients overall (OS) and disease-free 

survivals (DFS) focusing on ERα+ subjects. Thus, clinical information including OS and DFS of  773 ERα+ 

patients were retrieved from the TCGA GDC data portal (Grossman et al. 2016b). BC samples were classified 

into highly or lowly expressing the ASE based on the median inclusion level of the event. This analysis 

revealed a total of 44 ASEs including 25 and 19 ASEs significantly associated with OS and DFS times, 

respectively, of which 2 ASEs (CKLF_ES_1_2_4 and XAF1_ES_6_7_8) significantly associated with both 

(Supplementary Table 33e). In particular, the ES event at MYL6 gene (MYL6_ES_1.4_2.1_3.1) appeared as 

the top significant ASE associated with longer OS time in the analysed samples (OS coefficient=22.05, log 

rank p-value =2.56E-4). This event ranked as the top significant event being excluded (dPSI =-0.116, adjp=0) 

by HNRNPL gene silencing in MCF-7 cells (Supplementary Table 31a), inversely correlated (Spearman 

rho=-0.31, p=1.27E-06) with HNRNPL gene expression levels in ERα- samples, and exhibited a significantly 

higher inclusion levels in ERα+ compared to ERα- BC samples (dPSI=0.14, Wilcoxon p=2.75E-39). On the 

other hand, an ES event at the RBM4 splicing factor gene was significantly associated with a worse DFS (DFS 

coefficient=-21.77, log rank p-value=0.013) in the analysed samples. This event is induced (dPSI=0.162, 

adjp=0.007) by HNRNPL depletion in MCF-7 cells. 
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2.4.4 hnRNPL, ERα, and DSCAM-AS1 are three factors synergistically acting on 

proliferation in ERα+ BCs 

At the gene level, HNRNPL silencing strongly hampered the expression of cell cycle related genes and induced 

a significant decrease in the proliferative potential of MCF-7 cells (Supplementary Figure 27). Interestingly, 

HNRNPL silencing induced a significant decrease in ERα gene expression (log2FC= -0.97, adjp=1.38E-8) 

(Supplementary Figure 26) in MCF-7 BC cells, which may explain the observed reduction in cell 

proliferation. The comparison of the lists of genes showing significant expression changes upon HNRNPL or 

ERα silencing experiments revealed a high number (1,743) of genes commonly regulated (representation factor 

=1.5, exact hypergeometric test p-value, p<5.86E-130) in both, of which 884 downregulated and 639 

upregulated in both datasets conditions (Figure 2.4-7a-c and Supplementary Table 34a), indicating that both 

HNRNPL and ERα genes are synergistically acting on the same pathway in these cells. These commonly 

regulated genes include the two epithelial splicing factors ESRP1 and ESRP2, the two direct target genes of 

ERα in MCF-7 cells. Surprisingly, although ERα gene expression levels decreased upon HNRNPL silencing, 

the expression of its downstream target lncRNA, DSCAM-AS1 tended to increase upon HNRNPL silencing 

(Figure 2.4-3f). On the other hand, a significant number (395) of genes were commonly regulated 

(representation factor=2.5; exact hypergeometric test p-value, p< 2.71E-82) in both HNRNPL and DSCAM-

AS1 silencing experiments, 338 (86%) of which showed a coherent regulation (Figure 2.4-7a-c and 

Supplementary Table 34b). As shown in Figure 2.4-7d, GO enrichment analysis of DE genes in the three 

experimental conditions indicates two separate clusters of biological processes, one of which containing cell 

cycle related terms such as mitotic cell cycle phase transition, DNA conformation change, DNA repair, DNA 

replication, and cell cycle checkpoints, mainly related to downregulated genes in the three datasets. The second 

cluster contained biological processes related to cell movement such as cell adhesion, cell morphogenesis 

involved in differentiation, positive regulation of cell migration, regulation of cell death, and cytokine-

mediated signaling pathway was exclusively related to upregulated genes in the three conditions (Figure 2.4-

7d and Supplementary Table 34). All together, these data suggest that HNRNPL, ERα and DSCAM-AS1 are 

three factors synergistically acting on the transcriptional regulation of target genes. Quite surprisingly, 

HNRNPL silencing in MCF-7 cells induced an isoform-level regulation of DSCAM-AS1 and an increase in the 

overall gene expression (Figure 2.4-4g) although ERα expression was decreased. 
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Figure 2.4-7: Transcriptional events commonly regulated between HNRNPL, ERα and DSCAM -AS1 silencing 

experiments. (a) Venn diagram showing the number of overlapping genes differentially expressed among the three 

silencing conditions. (b) Heat map plot showing the log2FC in the silencing experiments of overlapping genes shown in 

(a). (c) Pairwise correlation plots showing the correlation between the three silencing experiments. Histograms report 

the distribution of log2FC in each of the conditions. Dot plots represent the log2FC in each condition. Red lines represent 

the correlation between each pair of experiments. Pairwise Pearson correlation coefficients are reported. ***, p < 

0.0001. (d) Heat map plot showing the significance of enriched biological processes related to the overlapping 251 genes 

reported in (a). 
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2.4.5 Discussion: 

In this study, the role of the splicing factor hnRNPL in controlling the ERα+ BC transcriptome was 

investigated. The gene and splicing level changes controlled by hnRNPL in this cancer type were investigated 

by the analysis of a paired-end RNA-seq experiment consisting of silencing HNRNPL gene with specific 

siRNA in MCF-7, representing the ERα+ luminal BC subtype. Biological processes and pathways affected by 

the silencing of HNRNPL were identified. In addition, splicing level changes induced by HNRNPL silencing 

were characterized. Furthermore, in addition to characterizing the prognostic value of HNRNPL in BCs and its 

association with tumor molecular and clinical features, HNRNPL-regulated ASEs were investigated in BC 

samples and their association with clinical and molecular features was investigated. 

 

The analysis of the RNA-seq dataset indicated that HNRNPL silencing in MCF-7 cells strongly hampers the 

expression of cell cycle-related genes. Among others, HNRNPL silencing reduced ERα gene expression, the 

key transcription factor mediating proliferation of these cells (Caizzi et al. 2014; Miano et al. 2016), the E2F 

transcription factors 1 (E2F1) and 2 (E2F2), involved in the regulation of BC cell proliferation (Stender et al. 

2007). Other cell cycle related genes that are significantly downregulated by HNRNPL silencing are multiple 

minichromosome maintenance genes (MCM2, MCM3, MCM4, MCM5, MCM6, and MCM7), key factors 

involved in the initiation of DNA replication and DNA unwinding (Forsburg 2004), and which were recently 

suggested as putative markers for their prognostic value in predic ting relapse-free survival of BC subtypes 

(Issac et al. 2019). Furthermore, HNRNPL silencing in these cells reduced the expression of the checkpoint 

kinases 1 (CHEK1) and 2 (CHEK2), crucial genes for cell cycle checkpoints and DNA-damage induced cell 

cycle arrest (van Jaarsveld et al. 2020) All together, these data suggest the potential role of HNRNPL in 

controlling the cell proliferation pathway in luminal BC cells, which we supported by proliferation assay in 

MCF-7 cells 24 and 48 hours upon the silencing (Supplementary Figure 26). On the other hand, silencing 

HNRNPL in MCF-7 cells activates the expression of genes related to cell migration in line with previously 

reported studies (D’Agostino, Caracciolo, and Giordano 2010). 

 

The downregulation of ERα expression upon HNRNPL silencing could be a direct or indirect effect of hnRNPL 

depletion in these cells. Analysis of hnRNPL CLIP-Seq datasets from other epithelial cell lines indicates indeed 

a binding of hnRNPL at ERα, which may result in the control of the transcription and/or translation of the 

gene. A similar mechanism mediated by hnRNPL was reported in the case of p53 gene (Seo et al. 2017). 

Another possible explanation for this is that hnRNPL regulates the expression of upstream regulators of ERα. 

Notably, the analysis of the RNA-seq dataset indicates that HNRNPL silencing reduces the expression of 

multiple factors known to control the expression of ERα. This includes the progesterone receptor (PGR) gene 

(Harrell et al. 2006), X-box binding protein 1 (XBP1) (Ding et al. 2003), and the BRCA1 associated RING 

domain 1 (BARD1) genes (Dizin and Irminger-Finger 2010), all of which are upstream activators of ERα 

transcription, and which are downregulated upon HNRNPL silencing based on the analysis of the RNA-seq 

dataset. 

https://paperpile.com/c/X1X8Dq/4D2Wo+riET5
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Moreover, taking advantage of our RNA-seq dataset, and applying both an isoform-based and event-based 

approach, we characterized the splicing level changes induced by HNRNPL silencing in MCF-7 cells. GO 

enrichment analysis of the differentially spliced genes revealed functionally related gene sets involved in cell 

cycle progression, DNA repair, and G2M checkpoint pathways, in addition to RNA splicing and EMT related 

genes, in line with enriched terms at the gene level. Furthermore, by in silico analysis through RBP-binding 

motif enrichment, we confirmed the direct implication of hnRNPL in the observed changes at the splicing 

level, showing that a high number of differentially spliced genes harbours an hnRNPL binding motif, most of 

which were supported by CLIP-seq evidence from other epithelial cell lines. In addition, by characterizing the 

expression of the observed AS changes in BC tissues, we identified a set of differentially expressed ASEs and 

indicated their correlation with HNRNPL mRNA levels in the analysed samples, taking into account ERα 

expression status. The analysis of the association of HNRNPL gene expression with clinical outcomes of BC 

patients indicates that the higher gene expression is associated with better prognosis such as longer overall 

survival and better distant-metastasis-free and disease-relapse free survival in ERα+ patients, while a worse 

prognosis (e.g. shorter OS, and worse distant-metastasis-free survival times) associated with the 

overexpression of the gene in ERα- patients. This, in combination with the observation that different subsets 

of ASEs correlate with HNRNPL mRNA levels depending on ERα status, suggests that hnRNPL function is 

affected by other factors exhibiting a subtype-specific expression, among which, its physically interacting 

partner, DSCAM-AS1. Indeed, LncRNAs were shown to influence the function of splicing factors including 

members of hnRNP family, thereby affecting their binding to target RNA transcripts, or their subcellular  

localization (Gonzalez et al. 2015).

https://paperpile.com/c/X1X8Dq/hqBB
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chapter 3. General conclusions 

The present work consisted of deciphering the possible implications of ERα in the control of post 

transcriptional events in the luminal BC subtype. Thanks to RNA-seq, we were able to determine three possible 

mechanisms by which ERα controls post transcriptional events in these tumors. The first direct mechanism is 

that ERα controls the expression and activity of hundreds of RNA-binding proteins among which many 

splicing factors. ERα silencing in MCF-7 BC cell lines, representative of the luminal subtype, reduced the 

expression of epithelial-specific while induced an increase in the expression of mesenchymal-specific RNA-

binding proteins and splicing factors. These gene expression changes in splicing factors resulted in a range of 

significant alterations at the level of isoforms upon ERα silencing. Furthermore, we successfully demonstrated 

by analysis of the RNA-Seq dataset that ERα controls the expression of many alternative exons that are 

recurrently misregulated in different cancers. Among the splicing factors significantly affected by ERα 

silencing, the two core epithelial alternative splicing regulators, ESRP1 and ESRP2 ranked among the top 

significantly reduced splicing factors by ERα silencing in MCF-7 cells. The analysis of the ESRP1/2 silencing 

RNA-seq experiment exemplified the functional role of ERα in controlling post transcriptional events by 

maintaining the expression of splicing factors, and resulted in significant isoform changes highly similar to 

those observed in the ERα silencing experiment. Moreover, a second mechanism demonstrating that ERα 

controls post transcriptional events is by maintaining the expression of lncRNAs, of which DSCAM-AS1 was 

investigated. Notably, by analysing the DSCAM-AS1 silencing RNA-seq experiment, we identified significant 

changes at the level of isoforms which may be considered as a potential mechanism involved in the DSCAM-

AS1-mediated proliferation in BC cells. DSCAM-AS1-mediated effects at the level of isoforms were centred 

around its physical interaction with hnRNPL, a key regulator of alternative splicing. We successfully 

confirmed this physical interaction in our MCF-7 cellular model, and in silico analysis by performing an RBP-

binding motif enrichment analysis suggested a possible implication of hnRNPL in splicing changes observed 

upon DSCAM-AS1 silencing. On the other hand, HNRNPL silencing strongly inhibited cellular proliferation 

of MCF-7 cells and induced a decrease in ERα gene expression. Quite interestingly, HNRNPL silencing 

resulted in a significant regulation of DSCAM-AS1 at the isoform level, further supporting that their  

interaction might be functional. However, some technical differences between HNRNPL and DSCAM-AS1 

silencing experiments, in that the latter has a low sequencing depth, less suitable for alternative splicing 

characterization, prevented a fair comparison of the two experiments. Clearly, a total RNA-seq experiment 

with deeper sequencing will be an optimal solution to fairly compare the two silencing conditions. 

From a computational point of view, we successfully applied two different approaches on our RNA-seq 

datasets to characterize isoform regulation events, (i) an isoform-based approach, represented by the 

IsoformSwitchanalyzeR algorithm (Vitting-Seerup and Sandelin 2017b), and (ii) event-based approach, 

represented by rMATS (Shen et al. 2014) or Whippet (Sterne-Weiler et al. 2018). Based on the relative 

abundance of individual isoforms, the isoform-based approach enabled the general description of the overall 

changes considering an isoform-resolution scale. Compared to other approaches, the strength of the isoform-

based approach resides in the fact that it enables an easier biological interpretation of the isoform-level changes 

https://paperpile.com/c/X1X8Dq/pYtRw
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since the full length isoform is annotated for several features including coding potential, sensitivity to nonsense 

mediated decay, protein domains and other features. Therefore, the downstream consequences of a switching 

pair of isoforms could be easily predicted. The drawback of this approach is that it strictly depends on the 

quantification tool performing the quantification of isoform expression, which sometimes fails to correctly 

assign short RNA-seq reads to their transcript of origin when they are aligned to shared exons of alternatively 

spliced genes, especially when analyzing unstranded RNA-seq datasets (S. Zhao et al. 2015). On the other 

hand, the event-based approach is simpler to interpret from a splicing regulation perspective, but is harder to 

draw biological conclusions from since ASEs are analyzed as disjoint blocks. Therefore, a best alternative to 

tackle these approach-specific issues was to apply both approaches since they are complementary one to 

another. Such alternative also increases the chances for detecting complex non-binary ASEs which may take 

place (Vaquero-Garcia et al. 2016).

https://paperpile.com/c/X1X8Dq/Utp3
https://paperpile.com/c/X1X8Dq/x87q5
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chapter 4. Materials and Methods 

4.1 Computational methods: 

In this section are described the different computational methods used for the analysis of the different RNA-

sequencing datasets for the determination of changes at both gene, isoform, and splicing levels. Furthermore, 

data used from external databases are also described. 

4.1.1 Analysis of ESRP1, ESRP2, ESR1, and HNRNPL expression in TCGA clinical data 

Analysis of ESRP1, ESRP2, ESR1, and HNRNPL expression in primary tumor RNA-Seq data was performed 

by considering the 774 BCs from the BRCA cohort of The Cancer Genome Atlas (TCGA). The ESRP1, ESRP2, 

ESR1, and HNRNPL expression levels in Fragment Per Kilobase Mapped Reads were retrieved from GDC 

(Genomic Data Commons) data portal (Grossman et al. 2016a). Clinical data were obtained from cBioPortal 

(Gao et al. 2013), considering the clinical data from the dataset named “Breast Invasive Carcinoma (TCGA, 

PanCancer Atlas)”. The same dataset was used to obtain the copy number status information expressed as 

GISTIC score. The analysis was performed only on ERα+ tumors defined based on the immunohistochemistry 

level of ERα. Samples with a positive ERα status based on immunohistochemistry but associated with an ESR1 

FPKM lower than 1 were excluded from the analysis. 192 BCs characterized by a negative ERα 

immunohistochemistry level and ESR1 FPKM lower than 1 were considered as ERα negative tumors. 

The statistical analysis of ESRP1, ESRP2, and ESR1 expression in relation to different patient clinical data was 

performed considering both the expression level of these genes and by separating the samples in highly and 

lowly expressing patients based on the median expression values of each gene. The analysis of the gene 

expression levels in relation to continuous clinical data was performed using a Spearman correlation analysis  

(implemented in the cor_test R function) while categorical variables were analyzed using a Kruskal-Wallis 

test (implemented in the kruskal.test R function). Chi-square analysis was applied to analyze categorical 

clinical data with respect to two groups of patients (high and low) defined based on the median expression of 

the analyzed genes. 

4.1.2 Overlap with ERα ChIP-Seq data 

Analysis of ERα chromatin binding at ESRP1, and ESRP2 gene locus was performed by considering the 

reference of ERα chromatin interactions in MCF-7 cells from (Ferrero et al. 2017). In the analysis were 

considered data of hormone-deprived cells (E2-independent), cells maintained in hormone-enriched media 

(E2-constitutive), or cells treated with 17-beta estradiol (E2-treatment). ERα chromatin bindings in tamoxifen-

sensitive or resistant cell lines (MCF-7 and BT-474) and primary BCs were obtained from GSE32222 (Ross-

Innes et al. 2012). The peak genomic coordinates were converted in hg38 genome assembly using LiftOver 

utility of the UCSC genome browser (Kuhn, Haussler, and Kent 2013). 

https://paperpile.com/c/X1X8Dq/lpBxo
https://paperpile.com/c/X1X8Dq/QSgMf
https://paperpile.com/c/X1X8Dq/ZHUOo
https://paperpile.com/c/X1X8Dq/lnIkg
https://paperpile.com/c/X1X8Dq/lnIkg
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4.1.3 RNA-sequencing dataset analysis 

A flow chart of the mRNA sequencing data analysis, including pre-processing and quality control of short 

RNA-seq reads, quantification at both gene and isoform levels, identification of differentially expressed genes 

and isoforms, identification of differentially regulated ASEs is summarized in (Figure 4.1-1). 

 

Figure 4.1-1: Computational pipeline used for the analysis of changes in gene expression in the 4 investigated RNA-seq 

datasets (siERa, siESRP1/2, LNA-DSCAM-AS1, siHNRNPL), from raw reads to identification of regulated candidate 

genes and isoforms. Alignment based pipeline includes an alignment step with STAR (Dobin et al. 2013), quantification 

with RSEM (B. Li and Dewey 2011), differential expression analysis (dGE, dIE) with tx-import-DESeq2 (Soneson, Love, 

and Robinson 2015; Love, Huber, and Anders 2014), and identification of isoform differential usage using 

IsoformSwitchAnalyzeR (Vitting-Seerup and Sandelin 2017b). Local alternative splicing changes (ASEs) were detected 

using three independent tools including Whippet (Sterne-Weiler et al. 2018), rMATS (Shen et al. 2014), and PSIsigma 

(K.-T. Lin and Krainer 2019). ASEs, local Alternative Splicing Events; dGE, Differential Gene Expression; dIE, 

differential Isoform Expression; dIU, Differential Isoform Usage; PSI, Percent Spliced-in Index; RBP, RNA Binding 

Protein. 

4.1.3.1 Short RNA-seq reads preprocessing and alignment 

The ERα silencing RNA-seq experiment is a polyA+, paired-end, unstranded RNA-seq dataset generated using 

MCF-7 cells under hormone-deprived culture conditions, as previously described (Miano et al. 2018). The raw 

and processed RNA-seq dataset are deposited at GSE108693. The DSCAM-AS1 silencing RNA-seq dataset is 

a polyA+, paired-end, unstranded RNA-seq dataset generated using MCF-7 cells cultured in full medium, as 

previously described (Elhasnaoui et al. 2020). The raw and processed RNA-seq dataset were deposited at 

GSE150591. The HNRNPL and ESRP1/2 silencing RNA-seq experiments are both total, paired-end, stranded 

RNA-seq datasets which were generated using MCF-7 cells under full medium culture conditions (manuscripts 

in preparation). Prior to quantification, raw RNA-seq reads were assessed for Phred quality scores using the 

FASTQC program (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), retaining only reads of 75 

https://paperpile.com/c/X1X8Dq/VBwL6
https://paperpile.com/c/X1X8Dq/G94n0
https://paperpile.com/c/X1X8Dq/tAzOv+NOoNN
https://paperpile.com/c/X1X8Dq/tAzOv+NOoNN
https://paperpile.com/c/X1X8Dq/pYtRw
https://paperpile.com/c/X1X8Dq/9RiXw
https://paperpile.com/c/X1X8Dq/xfmXi
https://paperpile.com/c/X1X8Dq/Hw6CA
https://paperpile.com/c/X1X8Dq/YNvs3
https://paperpile.com/c/X1X8Dq/5wCOh
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/


Chapter 4 Materials and Methods 

148 

bass length. After quality confirmation, clean reads were aligned against the human reference genome based 

on the hg38 genome assembly (GRCh38.p10 assembly) and gencode v27 gene annotation model using STAR 

v2.5.1b (Dobin et al. 2013). STAR was run in two-pass mode allowing alignment to the transcriptome 

coordinates by setting the option --quantMode to TranscriptomeSAM. 

4.1.3.2 Gene and isoform expression quantification 

The quantification of the expression at gene and isoform level was performed using RSEM (RNA-seq by 

Expectation Maximisation) (B. Li and Dewey 2011). RSEM was run in default setting on ERα and DSCAM-

AS1 RNA-seq datasets, and with the following options “--calc-ci --paired-end --forward-prob 0” on HNRNPL 

and ESRP1/2 RNA-seq datasets. RSEM allows the quantification of the expression of genes and isoforms from 

single-end or paired-end RNA-seq experiments (B. Li and Dewey 2011). RSEM handles ambiguous reads that 

map on overlapping genes or isoforms, by computing a posterior estimate and 95% credibility interval defining 

a maximum likelihood estimate for the abundance of each gene and isoform (B. Li and Dewey 2011). 

4.1.3.3 Differential gene/isoform expression analysis 

The identification of differentially expressed genes and isoforms in the investigated RNA-seq datasets, 

comparing silencing to control conditions, was performed using the DESeq2 R package (v1.26.0) in default 

parameters (Love, Huber, and Anders 2014). The expression at isoform level was summarized to gene-level 

using the tx-import bioconductor package (Soneson, Love, and Robinson 2015) and the resulting count 

matrices were provided to DESeq2. Prior to DE analysis, lowly expressed genes and isoforms (< 10 normalized 

counts) were discarded from the analysis and only genes and isoforms with more than 10 normalized read 

counts in at least one condition (3 out of 6 samples, e.g expressed in at least one condition) were considered 

for further downstream analysis. Then, a gene or isoform was considered as differentially expressed if its 

associated BH-adjusted p-value < 0.05. All the data visualization plots including heat maps and volcano plots, 

were made using ggplot2 R package (v.3.2.1) (Wilkinson 2011). 

4.1.3.4 Gene ontology enrichment analysis 

The identification of affected biological pathways due to changes at gene or isoform level in each of the 

analysed RNA-seq datasets was performed based on a gene ontology (GO) enrichment analysis using the Gene 

Annotation and Analysis Resource Metascape program (Y. Zhou et al. 2019). In particular, this analysis was 

performed separately for up-regulated and down-regulated genes, using the Single List Analysis option of 

Metascape (Y. Zhou et al. 2019). Statistically enriched GO terms related to each category of genes were 

obtained from the GO Biological Processes and Hallmark Get Sets branches of Metascape (Y. Zhou et al. 

2019). Next, GO terms that were associated with an enrichment factor > 1.5 and an accumulative 

hypergeometric test adj. p-value < 0.05 were considered as significantly enriched. To reduce redundancy, GO 

terms showing a high number of overlapping genes and a large degree of redundancies were clustered into 

groups of clusters based on their degree of similarities, and each cluster was represented by the top significant 

https://paperpile.com/c/X1X8Dq/VBwL6
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GO term (Highest gene count and smallest adj-p). The Top 20 significant clusters were selected for 

visualization purposes. 

4.1.3.5 Differential isoform usage analysis: IsoformSwitchAnalyzeR 

To test for isoform switching events, the IsoformSwitchAnalyzeR Bioconductor package was applied (Vitting-

Seerup and Sandelin 2017b). Briefly, the tool is fed with a transcript sequence file (gencode.transcripts.fasta) 

and isoforms relative abundances (in TPM units, Transcript per Million fragments Mapped) obtained from 

RSEM. Next, an isoform fraction (IF) metric representing the usage of each isoform in each RNA-seq replicate 

is calculated dividing the relative isoform abundance to that of its parent gene (TPMiso/TPMgene). Prior to 

statistical testing of the differential usage of isoforms (dIU) between conditions, lowly expressed genes with 

an overall expression less than 0.5 TPM unit were discarded. In addition, lowly expressed isoforms having an 

IF < 0.01 (e.g. not contributing to the expression of the gene) were excluded from downstream analysis. Then, 

For each isoform, a differential isoform usage (dIF) was calculated as (IFsilencing - IFcontrol) using a modified 

DEXSeq utility implemented in IsoformSwitchAnalyzeR (Vitting-Seerup and Sandelin 2017b). Finally,  

isoforms with a |dIF| > 0.05 and a BH-adjp < 0.05 were considered as significantly switching isoforms. 

4.1.3.5.1 Isoform level annotation 

Next, sequences of expressed isoforms in each condition were retrieved from the transcript fasta file and were 

annotated for different features including the presence or absence of signal peptide sequences, for associated 

protein domains and coding potential using signalP (Almagro Armenteros et al. 2019), Pfam (El-Gebali et al. 

2019), and CPC2 (Y.-J. Kang et al. 2017) tools, respectively. The sensitivity of a given transcript to nonsense 

mediated decay (NMD) process is defined based on the distance between the last exon junction and the first 

polyadenylation site (<60 bases NMD-sensitive) (Vitting-Seerup and Sandelin 2017b). Significant switching 

isoform pairs were then compared for these features, defining a relative proportion of isoforms resulting from 

opposing consequences, including coding versus non-coding potential, protein domains gain/loss, with or 

without signal peptide sequences, shortening/lengthening of the open reading frame were then evaluated for 

the switching isoforms from the same parent gene. Accordingly, genes harbouring switching isoform pairs 

with opposing features were considered as switching genes with downstream functional consequences 

(Vitting-Seerup and Sandelin 2017b). 

4.1.3.6 Differential local alternative splicing analysis 

Since IsoformSwitchAnalyzeR analysis is based on the relative abundance of full length isoforms, it is not 

capable of quantifying changes in local alternative splicing events involved in the identified switches. 

Therefore, we sought to apply an event-based approach capable of measuring local AS changes based on the 

inclusion levels (PSI) of each ASE, which is calculated considering the total number of read counts supporting 

either inclusion or exclusion of each ASE. The significant results from this event-based approach showing a 

differential inclusion level (|dPSI| >0.05, adjp <0.05) between silencing and control conditions of the different 
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RNA-seq datasets were then compared with that of dIU analysis and concordant changes were considered for 

further discussion. 

4.1.3.6.1 Tools for alternative splicing events detection 

The analysis of local alternative splicing from short read RNA-seq data was possible through the development 

of different approaches capable of calculating Percent Spliced-In (PSI) values for each single ASE. These 

approaches are classified into three main categories ranging from (i) event-based approaches such as rAMTS 

(Shen et al. 2014) and PSIsigma (K.-T. Lin and Krainer 2019), (ii) isoform-resolution-based approaches such 

as SUPPA2 (Trincado et al. 2018) and IsoformSwitchAnalyzeR (Vitting-Seerup and Sandelin 2017b), and (iii) 

splice-graph-based approaches such as MAJIQ (Vaquero-Garcia et al. 2016) and Whippet (Sterne-Weiler et 

al. 2018). Several studies have compared the performance of these analytical approaches by benchmarking 

representative tools for their accuracy in measuring local AS changes and their precision in estimating PSI 

values using either simulated (Mehmood et al. 2020) or real experimental RNA-seq data (K.-T. Lin and Krainer 

2019). These and other studies have shown the outperformance of each of rMATS (Shen et al. 2014), PSIsigma 

(K.-T. Lin and Krainer 2019), and Whippet (Sterne-Weiler et al. 2018)  in accurately estimating PSI values of 

ASEs. Therefore, we decided to use these three methods for the analysis of AS changes occurring in our 

investigated RNA-seq datasets. 

4.1.3.6.1.1 rMATS 

rMATS is an event-based approach for AS changes quantification from replicate RNA-seq experiments and 

that is more suitable for detecting simple binary ASEs based on the idea that two or more isoforms have in 

common one or more alternative exons  (Shen et al. 2014). The PSI value of an ASE (e.g. exon skipping) is 

calculated by rMATS based on the total number of read counts supporting the exon inclusion isoform; that 

splice from the upstream flanking exon into the alternative exon and then into the downstream flanking exon 

; plus the exon exclusion isoform that splice from the upstream flanking exon directly into the downstream 

flanking exon (Shen et al. 2014). The estimation of PSI value from RNA-seq replicates is influenced by several 

factors including the library size which influences the sequencing coverage of each ASE, and by variability 

among replicates of the same group which could result from biological or technical biases such as RNA 

integrity differences among samples. To cope with this, rMATS applies a hierarchical framework to 

simultaneously account for estimation uncertainty in individual replicates and variation among groups of 

replicates by normalizing the PSI value on the effective length represented by the number of unique isoform-

specific read positions of the exon inclusion and exon exclusion isoforms (Shen et al. 2014). rMATS reports 

five types of ASEs including Exon Skipping (ES), Mutually Exclusive Exons (MX), Alternative 5’ (A5) and 

3’ (A3) splice sites, and Intron retention (IR) events. 

4.1.3.6.1.2 PSIsigma 

PSIsigm is another event-based approach but is based on a modified PSI equation which takes into account the 

expression levels of both upstream and downstream constitutive exons flanking an alternative exon (K.-T. Lin 
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and Krainer 2019). In brief, the calculation of PSI values by PSIsigma considers the splice junction reads of 

all isoforms in the region between two constitutive exons, enabling PSIsigma to report a PSI value for each 

individual exon or splice site calculated based on the splice junction reads of all isoforms that share the same 

alternative exon or splice site (K.-T. Lin and Krainer 2019). PSIsigma reports seven types of ASEs including 

single (SES) and multiple (MES) exon skipping events, MX, IR, A5, A3, in addition to alternative first (AF) 

and Last exon (AL) events. Since the algorithm of this tool was not stable and changes over time, we decided 

to use PSIsigma as a secondary check of the significant ASEs reported by the most stable, well-documented 

algorithm, rMATS. 

4.1.3.6.1.3 Whippet 

Whippet is an algorithm dedicated for the measurement of splicing changes of any complexity, comprising 

both simple binary and more complex, non-binary, ASEs (Sterne-Weiler et al. 2018). Whippet takes as input 

a gene annotation model and creates an index which models transcriptome structure by constructing directed 

contiguous splice graphs, where nodes are non-overlapping exonic regions of the transcriptome, and edges 

correspond to splice junctions or adjacent exonic regions. In this way, Whippet represents single isoforms as 

paths connecting different nodes inside a given splice graph (Sterne-Weiler et al. 2018). Theoretical incoming 

and outgoing connections of each node in the contiguous splice graph are defined based on the 5’ and 3’ splice 

sites, and transcription start or end sites. In addition, Whippet allows efficient RNA-seq alignment by recording 

for 5’ and 3’ splice sites in the contiguous splice graph an upstream and downstream k-mer sequence, 

respectively, so as to allow quantification of all possible splice junctions and to discover novel splice junctions 

that do not appear in the provided gene annotation model (Sterne-Weiler et al. 2018). After the alignment of 

RNA-seq short reads against the contiguous splice graph, Whippet defines ASEs based on the set of edges 

connecting or skipping each specific node included in the contiguous splice graph. The inclusion levels (PSI) 

is calculated for each node as a fraction of the number of RNA-seq short reads spanning on the paths connecting 

the node and the total number of reads connecting and skipping the node (Sterne-Weiler et al. 2018). To cope 

with ambiguous multi-mapping paths that could have common edges, Whippet implies an expectation 

maximization algorithm to determine a maximum likelihood estimation of the proportional abundance of each 

ambiguous path. In this way, the PSI value of a node is then calculated as the sum of proportional abundance 

of the paths containing the node (Sterne-Weiler et al. 2018). In addition to the ASE types reported by rMATS 

and PSIsigma, Whippet is capable of calculating the relative usage of alternative transcription and 

polyadenylation sites based on the relative abundance of paths supporting each of them. 

4.1.3.6.2 RBP binding motif enrichment analysis 

To identify the set of RNA-binding proteins potentially involved in the control of alternative splicing changes 

occuring in each of our datasets, an RBP-binding motif enrichment analysis was performed. First, RBP binding 

motifs for 105 different splicing factors were retrieved from a study by (Sebestyén et al. 2016) generating 

Position Weight Matrices (PWMs) for each splicing factor, based on a collection of motifs from the 

RNAcompete study (Ray et al. 2017). In addition, for the binding motifs of a number of RBPs in other species, 
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confirmed in a previous study (Sebestyén et al. 2016) to be conserved between humans and the other species, 

were used in this analysis. This includes the splicing factor RBM47 (chicken), SF1 (Drosophila), SRP4 

(Drosophila), TRA2 (Drosophila), and PCBP3 (mouse). Next, sequences of genomic regions involved in the 

ASEs extended 200 nucleotides on both sides (with the exception of MX events which were extended 100 

nucleotides only) were scanned for the presence of RBP binding motifs using the MoSEA (Motif Scan and 

Enrichment Analysis) package (Sebestyén et al. 2016) and FIMO (Find Individual Motif Occurrences) (Grant, 

Bailey, and Noble 2011). For alternative polyadenylation sites , the APA nodes reported by Whippet were 

sorted by coordinates and classified as proximal or distal APA sites, both of which were extended 100 

nucleotides on both sides from the APA site position. RBP binding motifs with an associated BH-adjp < 0.0001 

were considered as significant. Next, the RBP-binding motif enrichment analysis was performed for each ASE 

type, region, and direction of regulation (e.g. inclusion (dPSI>0), exclusion (dPSI<0)) by comparing the 

frequency (observed average) of each RBP-binding motif in each regulated ASE with that observed (expected 

average) in a control set of expressed exons, not regulated by the silencing of our investigated genes. To define 

a robust z-score representing the enrichment of each RBP binding motif, MoSEA was run in a bootstrapping 

mode (500 iterations) each time selecting a pool of 100 randomly selected sequences of the same size from 

equivalent regions in non-regulated exons (|dPSI| <0.01 and adjp >0.5). Finally, an enrichment robust z-score 

was then calculated for each EBP-binding motif, region and direction of regulation, as a ((observed average - 

expected average)/expected SD) of the observed frequency in the regulated ASEs set with the mean and 

standard deviation of the control ASE sets. An RBP was considered as enriched if assoc iated with a (z-score 

> 1.96) (Sebestyén et al. 2016). The obtained enrichment z-scores per binding motif, region, and ASE type 

were then visualized using the ggplot2 Bioconductor R package (Wilkinson 2011). 

4.1.3.6.3 Alternative splicing events annotation 

To predict the downstream functional consequences of alternative splicing changes at the level of protein 

isoforms, we took advantage of the recently published database, DIGGER (Louadi et al. 2021), which holds 

different kinds of information including protein-protein interactions, domain-domain interactions, and residue-

level interactions allowing a better understanding of isoform-specific effects on protein-protein interactions, 

and further enriching our knowledge of mechanistic effects of alternative splicing. In brief, DIGGER database 

holds interaction information about 24,969 reference proteins, 410,961 interactions that were curated from the 

BioGrid database (Oughtred et al. 2019), and high-confidence domain-domain interactions from 3did (Mosca 

et al. 2014) and DOMAINE (Raghavachari et al. 2008) databases. Cassette exons showing significant 

differential inclusion levels between the silencing and control conditions of the different RNA-seq datasets 

were analysed using the DIGGER database for their possible implication in specific protein-protein 

interactions. The effects of these observed ASEs were evaluated by comparing changes in the interactions 

mediated by the inclusion and exclusion isoforms of each ASEs. 
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4.1.3.6.4 Analysis of alternative splicing events expression in BC tissues 

To verify the importance of each ASE identified as significantly changing by the silencing in each RNA-seq 

dataset, breast cancer splicing data was retrieved from the TCGASpliceSeq database (M. Ryan et al. 2016). 

ASEs expression data represented by PSI values was detectable in 1072 BC samples including 774 ERα+, 192 

ERα- BC samples, in addition to 119 normal breast tissues. As SpliceSeqTCGA database was made using hg19 

human genome assembly, the coordinates of ASEs resulting from each RNA-seq dataset were converted from 

hg38 to hg19 coordinates using liftOver utility of the UCSC genome browser (Kuhn, Haussler, and Kent 2013). 

Next, ASEs were then overlapped with the list of exons having PSI values in the TCGASpliceSeq (M. Ryan 

et al. 2016) database. Each ASE was then defined by an identifier including gene name, position of the flanking 

upstream exon, the alternative exon, the downstream flanking exon, and the type of the event. For example, 

MYOF_16_17_18_ES mains an exon skipping event at MYOF gene involving the alternative the exon number 

17. Of note, as the number of annotated exons per isoforms increased based on the hg38 genome assembly, it 

is possible that an exon could have different position indices between the hg19 and the hg38 genome 

assemblies. Differential inclusion/exclusion analysis of ASEs between groups of samples was calculated based 

on the ASE median inclusion (PSI) level in each group. A Wilcoxon test was performed to determine the 

statistical significance of ASEs inclusion differences (dPSI) between groups of samples using R software. The 

correlation between ASE inclusion level and the expression of the four genes (ESR1, ESRP1, ESRP2, 

HNRNPL) was performed using Spearman rank rho test implemented in the cor.test() function of R software. 

ASEs associated with a p-value <0.05 were considered as statistically significant. 

4.1.3.6.5 Pathway-guided enrichment analysis of alternative splicing events using 

PEGASAS 

In order to understand the possible molecular pathways in which each ASE is involved, a pathway-guided 

enrichment analysis of the identified ASEs was performed using the PEGASAS algorithm (Phillips et al. 2020). 

The algorithm takes as input a txt file containing the inclusion level of each ASE in each BC sample and 

calculates the correlation between the inclusion level (PSI) of each ASE with molecular oncogenic pathways. 

In brief, this correlation analysis by PEGASAS involves two main steps. The first step consists of 

characterizing the activity of molecular pathways based on the expression level of their genes in TCGA breast 

cancer samples. The second step consists of assessing the correlation between each pathway-exon pairs across 

BC samples. Pathway-exon pairs with a Pearson correlation coefficient > 0.2 were considered as significantly 

correlated (Phillips et al. 2020). This analysis resulted in the identification of the correlation between the 

identified ASEs in each of the investigated RNA-seq datasets and 50 molecular oncogenic pathways. 

4.1.3.6.6 Association with BC patients overall and disease-free survival 

To verify the prognostic value of AS patterns changing by the silencing of target genes in each RNA-seq 

dataset, the association between ASE inclusion and overall and disease-free survivals in ERα+ patients was 

investigated. ERα+ BC patients were classified into highly expressing and lowly expressing the ASE based on 
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the median expression level of the event across all the samples. Clinical data of BC patients including overall 

and disease-free survival information was retrieved from the TCGA DGC data portal (Grossman et al. 2016b). 

The survival analysis was performed using the survival (Therneau and Grambsch 2000) and survminer  R 

packages.
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 Appendices 

Appendix A: Suppelementary Figures: 

 

Supplementary Figure 1: Protein-protein interaction Network of genes harbouring isoform switching events with 

downstream consequences upon ERɑ silencing. The small subnetworks are the most significant protein complexes 

identified by MCODE algorithm from Metascape (Zhou et al. 2019). 
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Supplementary Figure 2: 8 selected example genes with isoform expression switching behaviour induced by ERɑ 

silencing. (A) examples of regulated genes (up or down) with isoforms responding in opposite direction to ERɑ silencing. 

(B) examples of genes not regulated at gene level, but regulated at isoform level. 

In these supplementary plots, selected examples of genes with an isoform differential usage 

behaviour are reported. For instance, on panel A, a significant switch in the ankyrin repeat and SOCS 

box containing 1 (ASB1) gene isoforms resulted in the upregulation of the longer, canonical isoform 
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(ENST00000264607.8) and downregulation of the non-coding (ENST00000463352.5) and NMD-

sensitive (ENST00000438264.5) isoforms. Consequently, this switch enriched the expression of 

isoforms with coding potential, having two protein domain encoding exons, insensitive to NMD, 

and having longer 5’UTR and 3’UTR regions. Another isoform switching event representing a 

different type of isoform expression regulation by alternative promoter usage is the neuroepithelial 

cell transforming 1 (NET1) gene where the longest isoform (ENST00000355029.8) is repressed while 

the shortest isoform (ENST00000380359.3) is being induced. Another switching event representing 

the skipping of a single exon encoding for a functional protein domain (Myosin_head) is in the 

Myosin heavy chain 14 (MYH14) isoforms, where the inclusion form of the exon 

(ENST00000376970.6) is repressed while the exclusion form (ENST00000425460.5) is induced. 

Interestingly, the annotation of the skipped exon in this switching event using DIGGER (Louadi et 

al. 2021) reveals that the protein domain encoded by this exon is implicated in 12 PPIs, 9 of which 

are partially affected (30% to 67% lost domain-domain interaction) and 3 PPIs are completely (100% 

lost domain-domain interactions) suppressed by the skipping event. Another switching event in the 

runt related transcription factor 1 (RUNX1) illustrates the differential usage of the last exon 

(ENST00000344691.8) is induced and (ENST00000358356.9) is repressed, which consequently results 

in the expression of a novel protein domain (Runx inhibition domain, Runxl). On the other hand, as 

shown in panel B, cases also included switching genes that show no regulation at gene level, but are 

exclusively regulated at isoform level only. For instance, the splicing factor encoding gene CELF1 

which is not regulated at gene level has two isoforms responding in opposite directions to ERα 

silencing, resulting in the enrichment of isoforms with shorter 3’UTR and IR loss events. Another 

example is the RAS like proto-oncogene A (RALA) gene which while it was not regulated at gene 

level, it had a significant switching event at the level of isoforms, promoting the expression of the 

principal, NMD-insensitive isoform (ENST00000005257.6) and repressing the NMD-sensitive 

isoform (ENST00000434466.1). This switch in the RALA gene results in the enrichment of the protein 

domain Ras (PF00071). The annotation of the Ras domain revealed that it is involved in 24 different 

PPIs. A similar isoform switching event promoting the expression of the NMD-insensitive isoform 

(ENST00000373489.9) and repressing the NMD-sensitive one (ENST00000373482.6) occured in the 

PBX homeobox 3 (PBX3) gene. In particular, the fifth exon (ENSE00003699340) of the upregulated, 

NMD-insensitive isoform (ENST00000373482.6) encodes for two important protein domains 

(Homeodomain and Homeobox_KN) involved in 6 and 4 PPIs, respectively, including the 

interaction with the splicing factor hnRNPL. Importantly, the exon (ENSE00003699340) encodes for 
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the residues that lie on the active sites involved in three PPIs including the interact ion with HOXB1, 

HOXA9, and the HOXA10-HOXA9 readthrough proteins. Together, these examples illustrate the 

importance of considering isoform regulation rather than focussing the attention on gene expression 

changes alone. 

 

 

 

Supplementary Figure 3: (a) Number of ERɑ-ASEs (ES and MXE) identified in this study overlapping the ASEs 

reported by (Shapiro et al. 2011) to be regulated during EMT process comparing. (b) Heat map reporting the coherence 

of the dPSI of overlapping events. In (Shapiro et al. 2011), the inclusion level of ASEs was calculated comparing  

mesenchymal to epithelial BC cells dPSI(Mes - Epi). The comparison is limited to ES and MXE events as they were the 

only events provided by the authors. Full list of events identified in (Shapiro et al. 2011) is provided in 

Supplementary Table 7.  
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Supplementary Figure 4: Overlapping ASEs between siRNA-mediated silencing of ERɑ in hormone deprived MCF-7 

cells and EMT time course RNA-seq from (Yueqin Yang et al. 2016) study. EMT was induced by the stable 

overexpression of ZEB1 in epithelial cells. Total RNA was extracted and changes of AS patterns were measured over a 7-

days time course. (a) Venn diagram reporting the number of overlapping ASEs. (b) Heat map plot showing the dPSI 

(siERɑ -  siCTRL)  and (Mes - Epi) of overlapping ASEs shown in (a). 
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Supplementary Figure 5: Screenshot of the integrative genome viewer (IGV) reporting ChIP-Seq binding peaks of 

selected TFs including ERα, SPDEF, CTCF, and GATA3 showing a binding peak at the boddy and 3’UTR region of 

CELF1 in MCF-7 BC cells under Full Medium (FM), Vehicle (Veh), or under estrogen (E2) treatment. The 3’UTR region 

of CELF1 is differentially spliced under ERα silencing. 
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Supplementary figure 6: Overview of gene expression changes of ESRP1 and ESRP2 genes upon the silencing of ERɑ 

in MCF-7 cells cultured under hormone deprivation conditions. (a-b) left panels: line plot reporting the expression levels 

in normalized read counts of ESRP1 and ESRP2 genes in the triplicates of siCTRLa and siERa conditions, respectively. 

Right panels: genome representation taken from the interactive genome browser (IGV) showing the read coverage signal 

over the gene body of ESRP1 and ESRP2 in both conditions, respectively. 
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Supplementary figure 7:  Gene expression and genome wide alteration analysis of both ESRP1 and ESRP2 genes in 

BCs classified based on their molecular profiles. (a) Box plots reporting the expression level of ESRP1 (top) and ESRP2 

(bottom) genes, respectively (y-axis), in different BC subtypes including HER2-positive, luminal A and B, and normal-

like subtypes (x-axis). (Wilcoxon p-value, ns, not significant; **, p < 0.01; ***, p< 0.0001; ****, p < 0.00001). (b) Boxplots 

representing the expression levels of ESRP1 (top) and ESRP2 (bottom) genes as a function of micrometastasis detection 

and overall survival time of ERɑ+ patients. (c) copy number variation profiles of ESRP1 (left) and ESRP2 (right) genes 

in ER+ samples classified based on their molecular profiles into HER2-positive, luminal A and B, and normal-like 

subtypes, respectively. (d) Scatter plots reporting the gene expression correlation analysis performed for ESRP1 (top), 

and ESRP2 (bottom) and ESR1 gene in ER+ BCs.  
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Supplementary figure 8: Western Blot experiments showing the efficacy of the siRNAs-mediated silencing of ESRP1 

and ESRP2 genes, respectively, in the RNA-seq replicates. Each experiment is performed in triplicates. Total RNA was 

extracted from these samples and subjected to sequencing. 
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Supplementary figure 9: Bar plots reporting gene sets hallmarks enriched for downregulated (a) and upregulated genes 

(b) upon the combined silencing of ESRP1 and ESRP2 genes. Estrogen related hallmarks are highlighted in bold. Bar 

length is proportional to the number of genes overlapping each term, and the color intensities are representing the 

significance (p-value) of the enrichment. 
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Supplementary Figure 10:  Isoform switch plot showing isoform switching event in the relative abundance of FLNB 

gene isoform pairs and their downstream consequences induced by the combined silencing of ESRP1 and ESRP2 genes 

in MCF-7 BC cells. Switching isoform pairs (induced versus repressed isoforms) differ by the inclusion/exclusion of exons 

26 and 30 (and an A5’ splice site at exon 30) highlighted in the plot with red rectangles. Protein domains (CH, Filamin) 

encoded by each exonic region of the gene are reported. Histograms represent the expression (in normalized TPM units) 

of the gene and its isoform pairs, and their DE status (gene expression, isoform expression) and differential usage (isoform 

usage) status are indicated. ns, not significant; **, adj-p < 0.001; ***, adj-p < 0.00001. 

 

 

Supplementary Figure 11:  Isoform switch plot showing isoform switching event in the relative abundance of RAC1 

gene isoform pairs and their downstream consequences induced by the combined silencing of ESRP1 and ESRP2 genes 
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in MCF-7 BC cells. Switching isoform pairs (induced versus repressed isoforms) differ by the inclusion/exclusion of exon 

4 (also known as 3b). Protein domains (Ras, Ras (x2)) encoded by each exonic region of the gene are reported. Histograms 

represent the expression (in normalized TPM units) of the gene and its isoform pairs, and their DE status (gene 

expression, isoform expression) and isoform differential usage (isoform usage) are indicated. ns, not significant; **, adj-p 

< 0.001; ***, adj-p < 0.00001. 

 

Supplementary Figure 12:  Isoform switch plot showing ANXA6 gene switching isoforms pairs and their downstream 

consequences induced by the combined silencing of ESRP1 and ESRP2 genes in MCF-7 BC cells. Switching isoform pairs 

(induced versus repressed isoforms) differ by the inclusion/exclusion of exon 21 (hg38) highlighted with a red rectangle. 

Protein domains (Annexin) encoded by each exonic region of the gene are reported. Histograms represent the expression 

(in normalized TPM units) of the gene and its isoform pairs, and their DE status (gene expression, isoform expression) 

and isoform differential usage (isoform usage) are indicated. ns, not significant; **, adj-p < 0.001; ***, adj-p < 0.00001. 
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Supplementary Figure 13: Physical protein-protein interactions network enriched for genes harbouring an ES event 

upon the combined silencing of ESRP1 and ESRP2 genes. Nodes represent enriched proteins, where each color represents 

a specific enriched biological process. Connections/edges between the nodes are based on published experimental evidence. 

 
Supplementary Figure 14:  Isoform switch plot showing MBNL1 gene switching isoforms pairs and their downstream 

consequences induced by the combined silencing of ESRP1 and ESRP2 genes in MCF-7 BC cells. Switching isoform pairs 

(induced versus repressed isoforms) differ by the inclusion/exclusion of exons 6 and 8 (hg38) highlighted with red 
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rectangles. Protein domains (zf-CCCH) encoded by each exonic region of the gene are reported. Histograms represent the 

expression (in normalized TPM units) of the gene and its isoform pairs, and their DE status (gene expression, isoform 

expression) and isoform differential usage (isoform usage) are indicated. ns, not significant; **, adj-p < 0.001; ***, adj-p < 

0.00001. 

 

Supplementary Figure 15:  Isoform switch plot showing FLNA gene switching isoforms pairs induced by the combined 

silencing of ESRP1 and ESRP2 genes in MCF-7 BC cells. Switching isoform pairs (induced versus repressed isoforms) 

differ by the inclusion/exclusion of exon 32 (hg38) highlighted with red rectangles. Protein domains (CH, Filamin) 

encoded by each exonic region of the gene are reported. Histograms represent the expression (in normalized TPM units) 

of the gene and its isoform pairs, and their DE status (gene expression, isoform expression) and isoform differential usage 

(isoform usage) are indicated. ns, not significant; *, adj-p < 0.05; **, adj-p < 0.001; ***, adj-p < 0.00001. 
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Supplementary Figure 16: Overview of the overlap in AS changes between this study and the (GSE75492) study. (a) 

Venn diagram showing the number of overlapping ASEs between this study (siESRP1/2) and the  ESRP1 knock down 

(ESRP1 KD) experiment by (Yueqin Yang et al. 2016). (b) Heat map plot reporting the dPSI of the 109 overlapping ASEs 

shown in (a). (c) Venn diagram representing the number of overlapping ASEs between this study and the EMT induction 

experiment by (Yueqin Yang et al. 2016). (d) Heat map plot representing the dPSI of the 171 overlapping ASEs shown 

in (c). 
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Supplementary Figure 17: Transcriptional and posttranscriptional regulation of PGR gene induced by ESRP1/2 

silencing in MCF-7 BC cells. (a) Sashimi plot reporting an exon inclusion event induced by ESRP1/2 silencing. Numbers 

above junctions indicate the normalized read counts supporting either inclusion or exclusion of the event in siCTRL and 

siESRP1/2 conditions. (b) Isoform switching plot showing the differential regulation PGR isoforms by ESRP1/2 

silencing. The differentially spliced exon reported in (a) is highlighted with a red rectangle. ns, not significant; *, adj -p < 

0.05; **, adj-p < 0.001; ***, adj-p < 0.00001. 
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Supplementary Figure 18: Posttranscriptional regulation of SULF2 gene induced by ESRP1/2 silencing in MCF-7 BC 

cells. (a) Sashimi plot reporting an exon inclusion event induced by ESRP1/2 silencing. Numbers above junctions 

indicate the normalized read counts supporting either inclusion or exclusion of the event in siCTRL and siESRP1/2 

conditions. (b) Isoform switching plot showing the differential regulation SULF2 isoforms by ESRP1/2 silencing. The 

differentially spliced exon reported in (a) is highlighted with a red rectangle. ns, not significant; *, adj-p < 0.05; **, adj-p 

< 0.001; ***, adj-p < 0.00001. 
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Supplementary Figure 19 Overview of gene expression changes of DSCAM-AS1 gene upon ERɑ silencing in MCF-7 

cells cultured under hormone-deprived conditions. (a) Line plot reporting the expression levels in normalized read counts 

of DSCAM-AS1 genes in the triplicates of siCTRL and siERa conditions, respectively. (b) Genome representation of read 

coverage over DSCAM-AS1 gene body from the interactive genome browser (IGV). 
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Supplementary Figure 20: (a) Dot plot reporting the level of statistical significance of the differential DSCAM-AS1 

expression analyses between groups of ER-negative BC patients separated with respect to specific clinical data. The size 

of the dot is proportional to the significance of the results while the color code represents the log2FC of expression. ER, 

Estrogen Receptor; Pos, positive; Neg, negative; PR, Progesterone Receptor. (b) Kaplan-Meier curves representing the 

Overall Survival (OS) of BC patients based on the median level of DSCAM-AS1 expression. P-value by log-rank test. 
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Supplementary Figure 21: (a) Expression levels of DSCAM-AS1 and (b) viability measured by Crystal Violet Assay 

in SK-BR-3 cells upon transection of DSCAM-AS1-targeting or control LNA. Error bars represent the standard 

deviation of three biological replicates. Significance from T-test: **, p-value < 0.01; ***, p-value < 0.001. 
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Supplementary Figure 22: (a) The scatter plot shows the log2 fold change of DE genes between this study and those 

obtained upon ERɑ silencing (siERɑ) (Miano et al. 2018b). Dark red and green dots represent genes upregulated in this 

study while downregulated in the siER experiment, and those downregulated in this study and upregulated in the siERɑ 

experiment, respectively. Blue and red dots represent those genes downregulated or upregulated in both studies, 

respectively. (b) GO terms enriched for genes upregulated in this study and downregulated in the siERɑ experiment. (c) 

GO terms enriched for genes downregulated in this study while upregulated in the siERɑ experiment. 
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Supplementary Figure 23: The list of RBPs predicted to have an enrichment of their binding motifs in the 3’UTR 

lengthening events upon DSCAM-AS1 silencing. The enrichment is shown for a selected region upstream and 

downstream of proximal (a) and distal (b) APA sites, respectively. Significance: z-score > 1.96 

 

 

 

 

Supplementary Figure 24. Left. Representative image of Western blot analysis of hnRNPL protein, GAPDH: loading 

control. Right. The histogram shows the protein level of hnRNPL in MCF-7 cells transfected with DSCAM-AS1 or 

control LNA. hnRNPL values are relative to GAPDH. Error bars represent the standard error of three biological 

replicates. 
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Supplementary Figure 25. Left, Representative image of WB analysis of hnRNPL protein expression on MCF-7 

transfected with specific siRNA, HSP90: loading control. Right, The histogram shows the mRNA expression level of 

HNRNPL in MCF-7 cells transfected with HNRNPL or control siRNA. hnRNPL values are relative to HSP90. Error 

bars represent the standard error of the three biological replicates. 

 

 

Supplementary Figure 26: Isoform switching plot showing the transcriptional and posttranscriptional regulation of 

ESR1 gene induced by HNRNPL silencing in MCF-7 BC cells. ns, not significant; *, adj-p < 0.05; **, adj-p < 0.001; ***, 

adj-p < 0.00001. 
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Supplementary Figure 27: silencing HNRNPL reduces proliferative potential of MCF-7 cells. (a) Expression levels of 

HNRNPL 24h and 48h upon transfection of MCF-7 cells with control or HNRNPL-targeting siRNAs, respectively. (b)  

MCF-7 proliferation changes measured by BrdU incorporation assay measured by cells 24h and 48h upon transection of 

cells with HNRNPL-targeting or control siRNAs, respectively. Error bars represent the standard deviation of three 

biological replicates. Significance from T-test: **, p-value < 0.01; ***, p-value < 0.001. 
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Abstract: DSCAM-AS1 is a cancer-related long noncoding RNA with higher expression levels in
Luminal A, B, and HER2-positive Breast Carcinoma (BC), where its expression is strongly dependent
on Estrogen Receptor Alpha (ERα). DSCAM-AS1 expression is analyzed in 30 public datasets and,
additionally, by qRT-PCR in tumors from 93 BC patients, to uncover correlations with clinical data.
Moreover, the effect of DSCAM-AS1 knockdown on gene expression and alternative splicing is
studied by RNA-Seq in MCF-7 cells. We confirm DSCAM-AS1 overexpression in high grade Luminal
A, B, and HER2+ BCs and find a significant correlation with disease relapse. In total, 908 genes
are regulated by DSCAM-AS1-silencing, primarily involved in the cell cycle and inflammatory
response. Noteworthily, the analysis of alternative splicing and isoform regulation reveals 2085
splicing events regulated by DSCAM-AS1, enriched in alternative polyadenylation sites, 3′UTR
(untranslated region) shortening and exon skipping events. Finally, the DSCAM-AS1-interacting
splicing factor heterogeneous nuclear ribonucleoprotein L (hnRNPL) is predicted as the most enriched
RBP for exon skipping and 3′UTR events. The relevance of DSCAM-AS1 overexpression in BC is
confirmed by clinical data and further enhanced by its possible involvement in the regulation of RNA
processing, which is emerging as one of the most important dysfunctions in cancer.

Keywords: lncRNA; breast cancer; alternative splicing; estrogen receptor; RNA-Seq

1. Introduction

Non-coding RNAs are an established layer of regulation in the molecular pathophysiology
of complex diseases, including cancer [1]. A large amount of evidence on the oncogenic or
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oncosuppressor activities of non-coding RNA transcripts longer than 200 bp, defined as long noncoding
RNAs (lncRNAs), has been accumulated in recent years thanks to the diffusion of deep-sequencing
technologies [2,3]. In the context of Breast Carcinoma (BC), lncRNA expression and molecular activity
were related to different stages of the disease as well as to the different BC subtypes [4]. Among these
subtypes, the Estrogen Receptor alpha (ERα)-positive BC (Luminal A and B subtypes) represents the
most frequent breast neoplasm with over 270,000 estimated new cases in the US population for 2020 [5].
Despite these tumors being characterized by a less aggressive phenotype and better patient outcome,
a growing number of cases showed drug resistance and disease relapse [6]. Among the lncRNA genes
related to the onset and progression of luminal BC, HOTAIR, MIAT, and DSCAM-AS1 were described
in multiple studies [7].

DSCAM-AS1 was originally described as a lncRNA overexpressed in invasive BCs compared
to normal adjacent tissue [8]. A subsequent analysis of ERα regulated lncRNAs in the luminal BC
model MCF-7 performed by our group evidenced DSCAM-AS1 as the most significantly ERα-regulated
lncRNA in these cells [9]. In the same study, the DSCAM-AS1 gene was evidenced as overexpressed
in ERα-positive tumors, particularly of the luminal B subtype. Furthermore, we showed that
siRNA-mediated silencing of DSCAM-AS1 induced a reduction in MCF-7 proliferation with an increase
in cell death. These results were further confirmed by different groups [10–12]. Niknafs and colleagues
reported the overexpression of the lncRNA in tamoxifen-resistant cells whose proliferation decreases
upon DSCAM-AS1 silencing [10]. Alongside these results, our group showed that, in BC cells grown
in hormone-deprived medium, ERα binding occurs in a super-enhancer region upstream of the
DSCAM-AS1 locus, which promotes the lncRNA overexpression in these cells [13]. These results,
in addition to the evidence of DSCAM-AS1 overexpression in BC patients with poor outcomes [11],
make the understanding of the functional role of this lncRNA relevant.

The first evidence of interaction between DSCAM-AS1 and RNA-binding proteins (RBPs) was
reported by Niknafs and colleagues, demonstrating that DSCAM-AS1 physically interacts with
heterogeneous nuclear ribonucleoprotein L (hnRNPL) [10]. However, the functional role of this
interaction was not elucidated. hnRNPL is a well-known splicing factor belonging to the heterogeneous
nuclear ribonucleoprotein protein family and it is involved in the regulation of alternative splicing by
binding to C/A-rich elements particularly at gene intron and 3′UTR [14,15]. Furthermore, hnRNPL
activity was related to the maintenance of mRNA stability by the regulation of the nonsense-mediated
mRNA decay (NMD) pathway through the binding at gene 3′UTR [16]. This activity was particularly
relevant in cancer biology since the mRNA stability of well-known oncogenes like B-cell 2 (Bcl2)
and Serine/arginine-rich splicing factor 3 (SRSF3), as well as the tumor suppressor protein 53 (p53),
were demonstrated to be regulated by hnRNPL [16–18].

From a computational point of view, the recent advances in bioinformatics tools now allow the
accurate characterization and quantification of gene isoforms from RNA sequencing data. These mRNA
molecules, originating from the same locus, have different exon compositions and lengths and may
encode for different corresponding proteins [19]. These isoforms may result from the differential
usage of alternative transcription start sites (aTSSs), termination sites (aTTSs), or Alternative PolyA
(APA) sites, or may be the consequence of the alternative splicing (AS) of internal exons [20]. AS is a
regulatory mechanism which allows the fine-tuning of gene isoform expression in different cell types
and tissues or under specific conditions such as cancer [21]. AS may affect mRNA localization, stability,
and may change the open reading frame, resulting in protein isoforms with diverse functions or
localization [22]. Accumulating evidence has indeed shown that different isoforms can be differentially
used under distinct conditions and that this may have a substantial biological impact due to differences
in their functional potentials [23,24]. These mechanisms of differential usage of isoforms, usually
referred to as isoform switching, has been shown to be implicated in many diseases and is especially
prominent in cancer, where it affects the expression of isoforms of genes involved in almost all cancer
hallmarks [25,26].



Cancers 2020, 12, 1453 3 of 23

In this study, we performed an exploratory analysis of DSCAM-AS1 gene expression in multiple
BC tumors, confirming the relation between the lncRNA expression and the poor survival rate of
ERα-positive BC patients. Then, to functionally investigate the activity of this lncRNA, we analyzed
the effects of DSCAM-AS1 downregulation by RNA-seq followed by gene- and isoform-level analyses.
The knockdown of DSCAM-AS1 strongly hampers cell growth and proliferation pathways in MCF-7
cells. Interestingly, DSCAM-AS1 knockdown not only affects gene expression but also drives remarkable
changes in isoform expression and alternative splicing through its physical interaction with the splicing
factor hnRNPL. Altogether, these data highlight the functional role of DSCAM-AS1 in MCF-7 cells and
shed light on the importance and diverse roles of this lncRNA in regulating isoform expression.

2. Results

2.1. DSCAM-AS1 is Overexpressed in More Aggressive ERα-Positive BCs

To investigate the expression of DSCAM-AS1 in tumor tissues, we analyzed gene expression
data from 30 public microarray datasets (Table S1a) and RNA-Seq data from The Cancer Genome
Atlas (TCGA). In addition to these microarray and RNA-seq public data, we quantified, by qRT-PCR,
the DSCAM-AS1 expression in RNA samples derived from primary cancer tissues from two BC cohorts
composed, respectively, of 42 (Cohort_1) and 51 (Cohort_2) subjects (details are reported in Materials
and Methods and Table S1b,c).

Initially, we evaluated the differential DSCAM-AS1 expression level between ER+ and ER− tumors
observing, as expected, a consistent overexpression of this lncRNA in ER+ tumors (average log2FC
ER+ vs. ER− = 2.07) (Figure 1a and Table S1d). This difference was statistically significant in 23 out
of the 30 microarray datasets analyzed (p-value < 0.05), in the TCGA RNA-Seq dataset (p-value <

2.2 × 10−16) and in Cohort_1 (p-value = 8.01 × 10−10). In the TCGA dataset, the gene was detectable
(fragment per kilobase per million mapped reads (FPKM) > 1) in 381 out of 803 ER+ tumors while it
was detectable in 29 out of 237 ER− tumors. Noteworthily, 93% of DSCAM-AS1 positive BCs are ER+.
In coherence with this result, DSCAM-AS1 was observed as recurrently upregulated in luminal BCs
compared to non-luminal BCs (average log2FC = 2.37), with higher expression in luminal B tumors
compared to luminal A BCs (average log2FC = 1.20) as previously reported [9,12]. Furthermore, in
non-luminal BCs, DSCAM-AS1 was overexpressed in HER2+ BCs (Figure 1a and Figure S1a).

The association between DSCAM-AS1 expression levels and different clinical data was instead
evaluated separately for ER+ and ER− tumor groups. As reported in Figure 1a, in ER+ BCs, DSCAM-AS1
emerged as recurrently overexpressed in high-grade BCs (G2 or G3, 10 significant datasets). In a
subset of datasets, DSCAM-AS1 was significantly overexpressed in BC with lymph node invasion (two
datasets), high Ki67 levels (two datasets), HER2 overexpression (two datasets) and when diagnosed in
young patients (two datasets). Finally, in four datasets, DSCAM-AS1 was overexpressed in BCs of
patients associated with a higher death rate, while in three datasets, DSCAM-AS1 was overexpressed
in BCs characterized by a higher relapse rate.

To further explore the relation between DSCAM-AS1 expression and the patient survival rate,
we performed a survival analysis using Overall Survival (OS) or Recurrence-Free Survival (RFS) data
provided in nine microarray datasets and in the BRCA TCGA cohort (Table S1e). As reported in
Figure 1b, the DSCAM-AS1 overexpression was significantly associated with a higher relapse rate in
GSE6532 (HR = 3.21, p-value = 0.0048), GSE20685 (HR = 1.9, p-value = 0.023) and GSE42568 (HR = 2.6,
p-value = 0.027) datasets. In the remaining microarray datasets, patients with higher DSCAM-AS1
expression showed a non-significant lower relapse free survival rate (Log-rank-test p-value range from
0.34 to 0.93), even though, in three of them (GSE88770, GSE58984, GSE19615), the separation of RFS
curves was concordant (Table S1e and Figure S1b). A nonsignificant difference (p-value = 0.99) was
also observed in the analysis of TCGA data, as previously reported [10]. A significant difference in
relapse rate was also observed among subjects from Cohort_2 (p-value = 0.031). With respect to the
overall survival rate, DSCAM-AS1 overexpression was significantly associated with a lower survival
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rate in two datasets, GSE42568 (HR = 3.47, p-value = 0.019) and GSE20685 (HR = 1.96, p-value = 0.022)
(Figure S1c).

Figure 1. (a) Dot plot reporting the level of statistical significance of the differential DSCAM-AS1
expression analyses between groups of Breast Carcinoma (BC) patients classified based on specific
clinical data. The size of the dot is proportional to the significance of the results while the color
code represents the log2FC of DSCAM-AS1 expression. The left panel reports the results obtained
considering all the samples, while the right panel reports the results of tests performed considering
only the ER+ tumors. Estrogen Receptor (ER); positive (Pos); negative (Neg); Progesterone Receptor
(PR). (b) Kaplan-Meier curves representing the Relapse Free Survival (RFS) of BC patients grouped by
the median level of DSCAM-AS1 expression. p-value by log-rank test.

2.2. DSCAM-AS1 Knockdown Induces a Downregulation of Cell Cycle-Related Genes in BC Cells

To investigate the functional role of DSCAM-AS1 in ER+ BC, we performed an RNA-Seq of
MCF-7 cells transfected with control or DSCAM-AS1-targeting LNA (locked nucleic acids) GapmeRs.
The analysis of the RNA-Seq data evidenced 908 genes differentially expressed (DE, |log2FC| > 0.20,
adjusted p-value < 0.05) upon DSCAM-AS1 silencing (Figure 2a and Table S2). Specifically, 420
genes showed a significant decrease in expression, while 488 genes were upregulated. Notably,
the differential expression of highly significant DE genes from the RNA-Seq analysis was confirmed
by qRT-PCR analysis (Figure 2b). Furthermore, we observed, in our RNA-seq dataset, the same
regulation trend for four out of six genes (BCL2, ESR1, CDC6, E2F7, FEN1, TOP2A) that were previously
reported to be downregulated in MCF-7 by DSCAM-AS1 silencing using siRNA [11]. Noteworthily,
DSCAM-AS1-silenced cells showed a lower proliferation rate compared to the control (data not shown),
even though ESR1 expression was not perturbed (Table S2), confirming previous results [9,10]. Since the
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overexpression of DSCAM-AS1 was observed not only in ERα+ but also in HER2+ breast tumors, we
investigated the effects of DSCAM-AS1 knockdown in the SK-BR-3 cell line, a commonly used HER2+

BC cell model. We observed that DSCAM-AS1-silencing significantly reduces the proliferation rate of
SK-BR-3 cells (Figure S2), confirming that DSCAM-AS1 is crucial for the survival of different BC cells.

A functional enrichment analysis of the DE genes showed distinct biological processes related to
downregulated and upregulated genes. Specifically, downregulated genes were mainly involved in
cell cycle progression, cell growth and proliferation (Figure 2c), while upregulated genes were mainly
enriched in terms related to the inflammatory response, evoking type I and type II interferon signaling
pathways, autophagy and the ER-phagosome pathway, apoptosis, and the regulation of cholesterol
biosynthesis (Figure 2d and Table S3).

Figure 2. (a) Volcano plot showing the log2FC of gene expression and the statistical significance of
the differential expression (DE) analysis performed between MCF-7 cells transfected with control
or DSCAM-AS1-targeting LNA GapmeRs. In red are the upregulated genes, while in blue are the
downregulated ones. The top first 20 significant DE genes are labeled. (b) Bar plot showing the
expression log2FC of 10 DE genes whose expression was measured by qRT-PCR. Data from three
biological replicates and p-value by T-test test: ***, p-value < 0.001; **, p-value < 0.01; *, p-value < 0.05.
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(c,d) Bar plot reporting the top 20 significantly enriched biological processes related to downregulated
and upregulated genes, respectively. The number of genes per GO (gene ontology) term is shown and
the color code is proportional to significance. (e) Venn Diagram showing the overlap between genes
DE in this study and those DE upon ERα silencing [13]. (f,g) Top 20 enriched GO terms of overlapping
DE genes showing concordant regulation are shown for genes upregulated (f) and downregulated (g)
in both datasets.

We previously demonstrated that DSCAM-AS1 is an ERα-regulated lncRNA [9,13]. We thus
compared the list of DE genes obtained in this study with those DE upon ERα silencing [13]. Notably,
526 genes were detected as DE in both datasets (hypergeometric test p < 4.36 × 10−48, representation
factor = 1.7) (Figure 2e and Table S4). Of this, 291 genes (156 downregulated and 135 upregulated)
showed coherent expression changes in the two datasets, while 235 genes showed an opposite
regulation direction (Figure S3a). The GO enrichment analysis of the four categories of overlapping
genes showed that they are related to distinct biological processes (Table S5). Notably, genes that
showed an upregulated expression in both datasets are involved in interferon signaling pathways
and the activation of the immune response, as well as autophagy regulation (Figure 2f), while genes
that were downregulated in both datasets are involved in the regulation of the cell cycle process
(Figure 2g). Genes upregulated only in this study but downregulated in the siRNA-ERα experiment
are related to metabolic processes such as sterol and cholesterol biosynthesis (Figure S3b). Finally,
genes downregulated in this study but upregulated in the siRNA-ERα experiment are related to
developmental processes such as gland morphogenesis and neuron projection development pathway
(Figure S3c).

When considering differential expression at the isoform level, the silencing of DSCAM-AS1
perturbed the expression of 1035 isoforms, of which 439 were downregulated and 596 were upregulated
(Figure S4a and Table S6). The DE isoforms were transcribed from 898 genes of which 381 (42%) genes
were detected as DE in our gene-level analysis (Figure S4b). The GO enrichment analysis of the parent
genes of these DE isoforms showed enrichment in terms similar to those obtained when considering
the overall gene expression changes only (Figure S4c,d and Table S7).

2.3. DSCAM-AS1 Physically Interacts with hnRNPL to Regulate AS in MCF-7 Cells

DSCAM-AS1 was reported to interact with the RNA-Binding Protein (RBP) hnRNPL [10],
which regulates AS and mRNA stability [15,16]. We also confirmed this interaction in our MCF-7
cellular model with an hnRNPL Cross-Linking Immunoprecipitation experiment (CLIP) (Figure S5).
Therefore, in order to test whether DSCAM-AS1 silencing displayed any effect on the AS events
regulated by hnRNPL, we explored the possible regulation at the RNA isoform expression level in our
dataset, as a result of either alternative exon splicing, or alternative transcription start site, or alternative
poly(A) site. This was evaluated using two approaches: (i) an analysis of the isoform switching
events, also called differential isoform usage, and (ii) an analysis of local AS changes occurring upon
DSCAM-AS1 silencing.

As shown in Figure 3a, using the IsoformSwitchAnalyseR tool [27], the relative contribution of
the individual isoforms to the expression of the gene was evaluated by calculating an Isoform Fraction
(IF) value, dividing the expression of each individual isoform by the expression level of the gene,
where the latter is the sum of the expression of all of its isoforms. Next, changes in isoform fraction
(dIF) upon DSCAM-AS1 silencing were measured as dIF = IFsilencing − IFcontrol and significant changes
were defined as isoform switching events (details are given in the Materials and Methods, Section 4.6).



Cancers 2020, 12, 1453 7 of 23

Figure 3. Isoform switching analysis. (a) Schematic overview of isoform switching concept used by
the IsoformSwitchAnalyzeR tool [27]. An isoform switching event is defined as a case where the
relative contribution of the isoforms to the parent gene expression changes significantly between
conditions. (b) Bar plot reporting the number of isoforms and genes showing significant switching
events upon DSCAM-AS1 silencing. (c) Volcano plot showing the differential isoform fraction (dIF) and
the significance of the switching isoforms. In red are reported those isoforms with a |dIF| > 10% and
an FDR < 0.05. (d) Summary plot showing the enrichment of specific isoform features (consequence)
resulting from the observed isoform switching events. From left to right, the x-axis of the plot shows
the fraction of switches having the indicated consequence, where <0.5 means depleted while >0.5
means enriched upon DSCAM-AS1 silencing. (e) AS event enrichment involved in isoform switches
upon DSCAM-AS1 silencing. The x-axis shows the fraction of genes showing enrichment of a specific
AS event upon DSCAM-AS1 silencing (from left to right). (f) Isoform switching event of the BCL2 gene
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upon DSCAM-AS1 silencing. The short 3′UTR isoform BCL2-201 is more commonly used, while the
longest 3′UTR isoform BCL2-202 shows a decreased level upon DSCAM-AS1 silencing. The different
protein domains, Bcl-2 and BH-4, of the isoforms are represented by different colors. The bar plots below
show changes in the expression of the BCL2 gene, BCL2 isoforms, and their usage upon DSCAM-AS1
silencing. Multiple Exon Skipping (MES); Intron Retention (IR); Exon Skipping (ES); Alternative Last
(AL); Alternative First (AF); Alternative 5′ Splicing Site (A5′SS); Alternative 3′ Splicing Site (A3′SS);
***, adjusted-p-value < 0.001; **, adjusted-p-value < 0.01; *, adjusted-p-value < 0.05; ns, non-significant.

As shown in Figure 3b,c, the isoform switching analysis revealed 485 genes, showing 363 significant
switching events involving 578 isoforms (Table S8a). Interestingly, 254 genes (60%) have an isoform
switching event with downstream consequences affecting the functional properties of 320 isoforms
(Table S8a). Notably, the annotation of the isoforms upregulated upon DSCAM-AS1 silencing revealed
the enrichment of 5′UTR lengthening and 3′UTR-shortening events (Figure 3d). Equally, the analysis
revealed that the switching events involved AF and AL prevalently compared to multiple or single
exon skipping events (Figure 3e). The switching genes were involved in distinct pathways, including
the gland development pathway (PTPN3, RTN4), cell cycle progression pathway (POLA1, MYCBP),
positive regulation of cell growth (ZFYVE27, TGFBR1, TNFRSF12A, RPTOR), apoptosis pathway
(FEM1B, BCL2), and pre-mRNA splicing pathway (SRSF5). Interestingly, the BCL2 gene, whose RNA
stability was previously demonstrated to be regulated by hnRNPL [16], was characterized by 3′UTR
shortening upon DSCAM-AS1 downregulation (Figure 3f). The list of switching events affecting the
3′UTR length is reported in Table S8b. An analysis of alternative 3′UTR usage from TCGA BC-data
revealed a significant relationship between DSCAM-AS1 expression and the alternative use of the
3′UTR of 360 genes (Table S9). Among them, 27 were also detected in our analysis in MCF-7 cells
(Figure 4a), including the shorter BCL2 3′UTR, whose usage was negatively correlated with the
DSCAM-AS1 expression (Figure 4b,c), in coherence with our isoform-switching analysis.

Figure 4. (a) Venn diagram showing the overlap between the genes with a differential polyA site usage
and 3′UTR regulation in our dataset and those retrieved from The Cancer 3′ UTR Atlas (TC3A) database
with differential 3′UTR usage showing correlation with DSCAM-AS1 expression in BCs. (b) Boxplot
showing the level of BCL2 proximal polyA site usage from TC3A database data considering luminal
BCs characterized by a high or a low DSCAM-AS1 expression; *, Wilcoxon rank-sum test p-value <

0.05. (c) Scatterplot showing the relationship between BCL2 proximal polyA site usage index and
DSCAM-AS1 expression (in FPKM) in BC samples retrieved from the TC3A database. Proximal to
Distal polyA site Usage Index (PDUI).

In addition to the isoform switching analysis, which detects occurring changes by considering
the whole transcript sequence, we performed an analysis of changes involving local AS events upon
DSCAM-AS1 silencing using the Whippet tool [28], which quantifies the inclusion levels for seven AS
event types (Figure 5a). The analysis identified 2085 significant AS events (Posterior probability p > 0.9
and |∆PSI| > 0.1), differentially regulated upon DSCAM-AS1 silencing, affecting the splicing pattern of
1339 genes (Figure 5b and Table S10). Interestingly, the most frequent AS event in our data was tandem
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Alternative PolyA (APA) sites (1326 events), resulting in the shortening of isoforms from 497 genes
(Figure 5b). The biological processes involving the genes affected by AS events were mainly related to
cell cycle progression, centrosome regulation, the regulation of metabolism, and ncRNA processing
(Figure 5c and Table S11). Interestingly, 48 out of 76 genes related to the cell cycle progression process
had an APA event, followed by 15 genes with different alternative Transcriptional Start Sites (TS).

Figure 5. Alternative splicing (AS) changes upon DSCAM-AS1 silencing and prediction of binding
motifs for RNA-binding proteins (RBPs). (a) Schematic depiction of the different classes of AS events
analyzed using Whippet. Exon Skipping (ES); Mutually Exclusive Exons (MXE); Intron Retention (IR);
Alternative 5′ (left) and 3′ (right) Splice Sites (ASS); Alternative First Exons (AF); Alternative Last Exons
(AL); Alternative PolyA (APA) site; tandem Transcriptional Start Sites (TS). (b) Number of significant
AS events per type and direction of regulation (inclusion or exclusion). (c) GO-enriched terms related
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to genes showing significant AS events. (d) RBP-binding motif enrichment results for significant CE
(cassette exon) exclusion (left panel) and inclusion events (right panel), significance: z-score > 1.96.
(e) Number of genes with significant 3′UTR splicing (shortening and lengthening) with indication of
the number of those having a predicted heterogeneous nuclear ribonucleoprotein L (hnRNPL)-binding
motif. (f,g), RBP-binding motif enrichment results for genes with significant 3′UTR shortening upon
DSCAM-AS1 silencing, considering a region upstream and downstream of the proximal (f) or the distal
(g) APA sites, respectively, significance: z-score >1.96.

2.4. hnRNPL-Binding Motif is Enriched Around Sites of AS Events Regulated by DSCAM-AS1 Silencing

To identify putative RNA-binding proteins (RBPs) regulating the observed AS changes upon
DSCAM-AS1 silencing, we performed an RBP-binding motif enrichment analysis within the sequences
of the exons and the flanking regions involved in AS events. For cassette exon skipping events,
the analysis revealed a significant enrichment of the hnRNPL-binding motif (Figure 5d, left panel)
within the 200 nucleotides upstream and downstream of the skipped exon. No enrichment was
observed within exons, in agreement with the known intronic binding of hnRNPL [29]. This enrichment
was observed only for exons characterized by a lower inclusion level upon DSCAM-AS1 silencing.
In contrast, a different subset of RBPs was identified to be enriched for exons showing more inclusion
levels upon DSCAM-AS1 silencing (Figure 5d, right panel). Interestingly, the enrichment analysis
revealed a significantly higher presence of the hnRNPL-binding motif in 3′UTR-shortening than in
3′UTR-lengthening events when considering the gene region involved in APA events (Chi-squared
test p-value = 5.716 × 10−08) (Figure 5e). Among the 3′UTR-shortening events, the hnRNPL motif
was observed to be enriched in regions upstream both of the proximal or of the distal polyA site
(Figure 5f,g). The list of RBPs predicted to be enriched for the 3′UTR-lengthening events is shown in
Figure S6 and the full list of enriched RBPs enriched for different AS events is reported in Table S12.

3. Discussion

In this study, by analyzing DSCAM-AS1 expression levels across multiple cohorts of BC patients’
samples, we confirm DSCAM-AS1 overexpression in ER+ tumors and its correlation with a worse
prognosis. We clearly demonstrate the association of this overexpression with undifferentiated and
more aggressive tumors. Furthermore, we show, in MCF-7 BC cells, that DSCAM-AS1 silencing
strongly impairs gene expression. More importantly, we show for the first time that DSCAM-AS1
influences AS and the alternative 5′ and 3′ ends of mRNA transcripts, possibly through its interaction
with hnRNPL. Since alteration of splicing patterns is emerging as an important hallmark of cancer,
we believe that DSCAM-AS1 may represent an important target for bringing to light novel aspects of
BC biology.

The analysis of DSCAM-AS1 expression in BC samples confirmed the prevalent expression of
this lncRNA in ERα-positive BCs of the luminal subtype, as previously shown [9,10]. In coherence
with the results from Niknafs and colleagues [10], in the TCGA data, DSCAM-AS1 expression was
not significantly related to particular clinical features or to a different patient outcome. Conversely,
our meta-analysis of microarray data clearly highlights the DSCAM-AS1 overexpression in more
aggressive and less differentiated ER-positive BCs. Indeed, DSCAM-AS1 expression was observed
to be increasingly expressed from well to less differentiated BCs and, noteworthy, DSCAM-AS1
expression was positively related to disease relapse in three datasets, as previously reported in an
independent BC cohort from the study of Sun and colleagues [11]. These results are consistent with
the previous observation of an increase in DSCAM-AS1 expression in drug-resistant BCs and cell
lines, including those resistant to Tamoxifen, a selective ERα modulator [10,30]. Interestingly, in a
recent single-cell analysis of MCF-7 cells resistant to aromatase inhibitors, DSCAM-AS1 emerged as
increasingly expressed in a population of drug-resistant cells [31]. However, despite these promising
results, clear evidence of the role of DSCAM-AS1 as a reliable prognostic marker of BC relapse or
drug resistance requires further investigation in a dedicated prospective study. It is interesting to
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note that DSCAM-AS1 was also detected as highly expressed in HER2-amplified, ER-negative tumors,
suggesting an ERα-independent mechanism enhancing its expression in this BC subtype. As previously
shown by our group, a super-enhancer region is localized upstream of the DSCAM-AS1 locus and it is
involved in the regulation of this lncRNA [13]. This genomic region can represent a platform for the
recruitment of different transcriptional regulators, including the Transcription Factor AP2-γ (AP2-γ),
which was previously reported to lead overexpression of the ERBB2 gene [32] and, in complex with
other transcription factors, it could drive the DSCAM-AS1 overexpression.

Silencing DSCAM-AS1 by LNA GapmeRs transfection deeply altered the expression of hundreds
of genes in MCF-7 cells. We chose LNA GapmeRs since, in comparison with siRNAs, they were
demonstrated to be more stable, more efficient in targeting nuclear RNAs, and they rely on the
activation of RNaseH, which cleaves the RNA:LNA hybrids, avoiding the saturation of silencing
machineries, like the siRNA/AGO complex [33]. Strikingly, by comparing the gene expression changes
occurring upon DSCAM-AS1 silencing to those occurring upon ERα silencing [34], both DSCAM-AS1
and ERα were predicted to be involved in the same pathway regulating cell growth and survival
of MCF-7 BC cells, consistent with the role of DSCAM-AS1 as a downstream effector of the ERα
signaling pathway [13]. These results are in line with those from Sun and colleagues, reporting that
siRNA-mediated DSCAM-AS1 silencing induces cell cycle arrest in MCF-7 cells [11]. In addition,
another study by Xu et al. confirmed the elevated expression of DSCAM-AS1 in BC cells and showed
that the silencing of DSCAM-AS1 inhibited proliferation and cycle progression, as well as increased
cell apoptosis in vitro [35]. Finally, overexpression of DSCAM-AS1 in T-47D and ZR-75.1 BC cell lines,
which show lower expression level of the lncRNA compared to MCF-7 cells, confers a proliferative
advantage and a pronounced migratory phenotype [10], suggesting a DSCAM-AS1 oncogenic role in
BC progression.

The expression of many cell cycle-related genes was strongly hampered by DSCAM-AS1 silencing,
including MYC proto-oncogene, bHLH transcription factor (MYC), a key regulator of cell growth,
proliferation, and apoptosis [36], ret proto-oncogene (RET), a well-known proto-oncogene which
regulates cell proliferation and survival and a direct target of the ERα signaling pathway [37],
Topoisomerase II alpha (TOP2A), a proliferation marker whose higher expression in BC is associated
with higher tumor grade and the Ki67 index [38]. Furthermore, knocking down DSCAM-AS1 also
reduced the expression levels of genes involved in DNA replication, such as POL2A, as well as genes
involved in DNA unwinding processes such as mini-chromosome maintenance complex component
genes, MCM4 and MCM7. Moreover, the RNA-seq analysis revealed a significant downregulation of
apoptosis-related genes such as BCL2, an anti-apoptotic gene which has been previously reported to be
downregulated upon knocking down DSCAM-AS1 with siRNA [11].

Given the reported interaction between DSCAM-AS1 and the splicing factor hnRNPL,
also confirmed in this study, we analyzed the expression changes upon DSCAM-AS1 silencing
at isoform level, since these important events are undetectable when the analysis is related only to
gene level. Indeed, the expression analysis at the isoform level reveals that almost more than half of
the genes with at least one DE isoform in our RNA-seq dataset were not likewise classified as DE when
considering gene level measurements only (Figure S4b). Although a direct GO analysis of isoforms is
not applicable, we found that the genes with DE isoforms are involved in cellular processes similar
to those observed for DE genes that were identified by gene-level analysis. This result demonstrates
that, by different mechanisms, at both gene and isoform levels, DSCAM-AS1 silencing affects the same
pathways in MCF-7 cells. Furthermore, we applied an isoform switching analysis to identify cases
where DE isoforms of the same gene were dysregulated in opposite directions, indicating a change
in the expression of the gene that could not be appreciated by a classical gene-level analysis. Thus,
we believe and foresee that genes showing isoforms dysregulated in opposite directions could be
studied further to decipher their associated relevance with the levels of expression of DSCAM-AS1 in
the context of BC.
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Interestingly, the RNA-binding motif enrichment analysis we performed revealed distinct subsets
of RBPs as putative regulators of AS events. Noteworthily, all the RBPs predicted to be enriched
are highly expressed in MCF-7 cells and five of them (CELF1, HNRNPA1, RBM24, MBNL3, SFPQ)
were differentially expressed or spliced upon DSCAM-AS1 silencing (Tables S2 and S10). Specifically,
the hnRNPL-binding motif was predicted as the most frequent, among other RBPs motifs, in the case of
exon skipping events, with almost all the predicted binding sites located in intronic regions upstream
or downstream the regulated cassette exon. This is in line with previous evidence from literature
showing that hnRNPL inhibits exon inclusion through its preferential binding to CA-rich splicing
silencer elements located either upstream or downstream of the regulated exons [29]. The intronic
binding motif enrichment of hnRNPL suggests that downregulation of DSCAM-AS1 may reduce the
fraction of hnRNPL engaged in the interaction, increasing the fraction available to regulate cassette
exon splicing in other target RNAs. However, a more complex positional code has been proposed by
recent studies to explain the activating or inhibiting activity of hnRNPL on target exons [14]. Thus,
we believe that further experiments are strictly needed to decipher the mechanism or mechanisms by
which DSCAM-AS1 regulates the function or the binding of hnRNPL. We also found other RBPs known
to inhibit exon inclusion such as HNRNPA1, a member of the heterogeneous nuclear ribonucleoprotein
protein family [39]. In contrast, the binding motifs of a different set of RBPs, known to induce exon
inclusion, such as CUG-Repeat Binding Protein (CUGBP) Elav-like family member 1 (CELF) and
Splicing Regulator (SR) proteins, were predicted to be enriched in the case of exon inclusion events.
Interestingly, among the enriched RBPs identified around DSCAM-AS1-mediated splicing events, we
found PCBP2, which was previously reported to bind DSCAM-AS1 in an RNA-pulldown coupled
to a mass spectrometry experiment [10]. PCBP2 is a protein known to interact with hnRNPL [40],
suggesting a complex network of splicing regulation related to DSCAM-AS1-hnRNPL interaction.

Furthermore, in addition to hnRNPL, we successfully identified a set of RBPs previously
known to regulate APA site selection in the case of 3′UTR-shortening/lengthening events, including
muscleblind-like proteins 1, 2 and 3 (MBNL1, MBNL2 and MBNL3), which are known to bind
preferentially to 3′UTR regions [41], Ras guanosine triphosphate (GTP)-ase-activating protein-binding
protein 1 (G3BP1), an essential splicing factor for normal stress granule assembly and, consequently,
the preservation of polyadenylated mRNAs [42], Splicing Factor proline/glutamine rich (SFPQ) known
to facilitate miRNA-target binding [42,43], as well as the RNA-binding motif 47 protein (RBM47),
which was previously reported to inhibit the proliferation of different BC cell lines and whose binding
was predominantly at 3′UTRs [44].

DSCAM-AS1 silencing had a strong effect on alternative polyadenylation site selection, in
accordance with the 3′UTR-shortening events identified by the isoform switching analysis. 3′UTR
shortening driven by alternative polyadenylation was previously shown to be extensively present
both in normal and in cancer cells [45] and, in the latter, it could involve both oncogenes and tumor
suppressor genes [46–48]. Our findings of 3′UTR-shortening events are in line with a study by Wang and
colleagues, where they show the enrichment of shortened 3′UTRs in samples derived from BC patients
and characterized by a low proliferation rate [49]. Interestingly, in our data, 24 different genes are
characterized by 3′UTR shortening upon DSCAM-AS1 silencing and are annotated to cell cycle, DNA
replication or apoptosis-related terms, including BCL2, CASP2, CDKN2C, EGF, CEP290, and CCNE1
(Table S13). The stability of the antiapoptotic gene BCL2 was previously reported to be regulated by
hnRNPL, which prevents the trigger of the NMD by directly interacting with the longer 3′UTR of the
gene [16]. However, the study from Lim and colleagues suggested that the 3′UTR splicing of BCL2 is
independent of hnRNPL in MCF-7, proposing the presence of an unknown factor interacting with the
hnRNPL in the regulation of this splicing event [50]. In our data, the shortening of the BCL2 isoform,
as well as the gene downregulation, is coherent with the impairment of hnRNPL-mediated stability,
which could be directly mediated by the interaction with DSCAM-AS1. Furthermore, the analysis
of data of 3′UTR usage in tumor samples from TCGA confirmed differential BCL2 3′UTR usage in
relation to the DSCAM-AS1 expression. Despite the interaction between DSCAM-AS1 and hnRNPL at
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BCL2, 3′UTR deserves further experimental validations, and DSCAM-AS1 represents a good candidate
to regulate this process in luminal breast cancer cells.

Furthermore, in the study of Xue and colleagues, CCNE1 3′UTR lengthening was observed to be
recurrently detected in six cancer types including BC [46]. However, to our knowledge, no evidence of
the interaction between CCNE1 3′UTR and hnRNPL was previously described, and definitely, further
investigations are needed to clarify the functional consequence of the 3′UTR alteration on the genes
identified in our analysis. Indeed, the prediction of the functional consequence of a 3′UTR-shortening
event is not trivial and requires dedicated experimental validation. This is due to the heterogeneous
and connected molecular pathways that can be affected by such an AS event, including a widespread
alteration in the network of microRNA–target interactions [48], inhibition or induction of the NMD
pathway [51], or the generation of novel RNA fragments [52].

The hypothesis of a DSCAM-AS1-mediated regulation of hnRNPL interaction at gene 3′UTR is
supported by previous evidence of lncRNA–RBP interaction in the post-transcriptional regulation of
mRNAs, including the linc-RoR mediated increase in the mRNA stability of c-Myc gene by interaction
with hnRNPI and AUF1 at gene 3′UTR [53]. Noteworthily, while hnRNPL expression was not affected
upon DSCAM-AS1 silencing (Figure S7), the hnRNPL-binding motif was among the most enriched in
the case of exon skipping and alternative polyadenylation site events, suggesting that the observed AS
changes might be caused by the disruption of the hnRNPL–DSCAM-AS1 interaction upon lncRNA
silencing. Our hypothesis about the direct activity of hnRNPL on the detected AS events upon
DSCAM-AS1-silencing was further supported by data analysis of published studies on hnRNPL activity
and RNA-binding profile in different cell lines [14,15,54]. Specifically, 47 out of 119 cassette exon events
occurring upon LNA-mediated DSCAM-AS1 silencing were observed also upon siRNA-mediated
silencing of hnRNPL in LNCaP, an androgen receptor-positive prostate cancer cell line [15] (Figure S8
and Table S14a). Furthermore, by overlapping the coordinates of the genomic regions involved in
the AS events with data of hnRNPL–RNA interactions from CLIP/RIP (RNA ImmunoPrecipitation)
-based assays from these three studies, we observed 605 out of 2085 AS events identified in our analysis
characterized by hnRNPL-binding events detected in at least one study (Table S14b). These results
support a direct role of hnRNPL on the regulation of the AS pattern of these genes.

Finally, we fully exploited our RNA-Seq dataset potential and analyzed changes occurring upon
DSCAM-AS1 silencing at both gene and isoform levels. Importantly, by computational analysis,
we successfully identified changes in AS, further supporting our DSCAM-AS1-hnRNPL interaction
hypothesis. Further experiments, such as hnRNPL CLIP-seq, could shed light on the precise molecular
mechanisms by which DSCAM-AS1 interacts with hnRNPL to regulate alternative splicing.

4. Materials and Methods

4.1. Experimental Part

4.1.1. Cell Culture and LNA GapmeR™ Transfection

MCF-7 and SK-BR-3 cells were routinely grown in DMEM (Dulbecco’s Modified Eagle’s Medium)
(Life Technologies, 31053–028, Waltham, MA, USA) supplemented with 10% heat-inactivated FBS
(fetal bovine serum) (Euroclone S.p.A, ECS0180L, Milan, Italy) and 2 mM L-glutamine (ThermoFisher
Scientific, 25030–024, Waltham, MA, USA). Batches of human cell lines were purchased from ATCC
(American Type Culture Collection). Cells were cultured at 37 ◦C with 5% CO2. The cell transfection
in suspension was performed by seeding one million MCF-7 or SK-BR-3 cells along with a transfection
mix composed of LNAs (20 nM final concentration) and Lipofectamine3000 (ThermoFisher Scientific,
L3000015, Waltham, MA, USA), as transfecting reagents. Cells were left to attach overnight in the
cell incubator and, subsequently, the medium was refreshed. Experiments were performed in three
biological replicates 48 h after LNA transfection. Three custom-designed LNAs GapmeR™ from Exiqon
were used to target all the DSCAM-AS1 lncRNA isoforms (LNA_1 5′-ATGGCAGTTGGAGGAG-3′,
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LNA_2 5′-ACAGAGAAGGACATGG-3′ and LNA_3 5′-AAGTAGCTTCATCTTT-3′); negative control
A-LNA longRNA GapmeR™ was used as a control LNA (5′-AACACGTCTATACGC-3′); Exiqon,
300611-00. Now Exiqon is part of Qiagen company, Hilden, Germany.

4.1.2. RNA Isolation and Quantitative Real Time PCR (qRT-PCR) Analysis

Total RNA used for downstream qRT-PCR analysis was isolated from MCF-7 and SK-BR-3 cells
using the PureZOL™ reagent (BioRad, 7326890, Hercules, CA, USA), according to the manufacturer’s
protocol. Total RNA used for downstream RNA-seq analysis was isolated from MCF-7 cells using
the RNeasy Mini Kit, according to the manufacturer’s protocol (Qiagen, 74104, Hilden, Germany).
Frozen breast cancer tissues of Cohort_1 [9] and breast cancer tissue powders of Cohort_2 (supercooled
biopsies pulverized using a micro-dismembrator (Braun, Melsungen, Germany) and stored at −80 ◦C)
were directly homogenized in PureZOL™ to extract total RNA. All total RNA samples purified with
PureZOL™ reagent were subjected to DNase treatment to remove contaminating genomic DNA
(Invitrogen™ ezDNase™ Enzyme, ThermoFisher Scientific, 11766051). First-strand cDNA synthesis
was performed with the SensiFAST™ cDNA Synthesis Kit (Bioline, BIO-65054, London, UK). qRT-PCR
analysis was performed using the SYBR®-green method (SensiFAST SYBR® Hi-ROX Kit, Bioline,
BIO-92005, London, UK). Real-time PCR primers were custom-designed or purchased from Qiagen
(249900 QuantiTect Primer Assay, Qiagen, Hilden, Germany) and are listed in Table S15. The expression
of 18S was used to normalize the expression level of specific targets.

4.1.3. Quantification of DSCAM-AS1 Expression in Primary Tumor Tissue Samples

The DSCAM-AS1 expression was measured as described above in primary tissue samples from
two different patient cohorts, namely Cohort_1 and Cohort_2.

Cohort_1 consists of 42 samples and these were analyzed as described in [9] with updated
follow-up information. The study was conducted in accordance with The Code of Ethics of the World
Medical Association (Declaration of Helsinki) for experiments involving humans. The research protocol
was approved by the Research Ethics Committee of the University of Turin. Considering that the
present retrospective study did not modify the patients’ treatment and was conducted anonymously,
no specific written informed consent was required.

Cohort_2 consists of 51 samples deriving from the Certified Biobank of the Regional Center for
Biomarkers, Department of Clinical Pathology, Azienda ULSS 3 Serenissima, Venice, Italy. The samples
were obtained from patients with primary BC previously collected for diagnostic purposes, whose data
were anonymized by coding. For these samples, archived for more than twenty years, the need
for informed consent was waived by the ethics committee in accordance with the requirements of
Italian law (Italian Data Protection Authority—Garante Privacy, Authorization no. 9/2014—General
Authorization to Process Personal Data for Scientific Research Purposes. Published in Italy’s Official
Journal No. 301 on 30th December 2014).

In Cohort_2, DSCAM-AS1 expression levels were considered high (1 = positive) if values of
dCT from qRT-PCR analysis were <16 or >16 when DSCAM-AS1 CT value was <28. Conversely,
DSCAM-AS1 expression levels were considered low (0 = negative) if values of dCT from qRT-PCR
analysis were >16 or <16 when DSCAM-AS1 CT value was >28. The complete clinical information of
the subjects included in these cohorts is reported in Table S1b,c. Differences in DSCAM-AS1 levels
measured in samples from these subjects were statistically evaluated using the Wilcoxon rank-sum test
and Chi-square test.

4.1.4. Cross-Linking and Immunoprecipitation (CLIP) of hnRNPL

In total, 2.5 million MCF-7 cells were seeded in 15cm diameter dishes and cultured for 48 h
before the crosslinking with 0.37% Formaldehyde (Merck Millipore, F8775, Burlington, MA, USA)
for 10 min at 37 ◦C. The crosslinking reaction was stopped with 125 mM Glycine (Biorad, 1610717,
Hercules, CA, USA) for 5 min at room temperature. Cells were then washed twice in 1X PBS
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supplemented with 1% protease inhibitor cocktail (Merck Millipore, P2714, Burlington, MA, USA) and
PMSF (Phenylmethylsulfonyl Fluoride) (Merck Millipore, 93482, Burlington, MA, USA), collected by
scraping in 1ml of 1X PBS, pelleted by 5 min centrifugation 4000 rpm at 4 ◦C and lyzed for 30 min on
ice with RIPA lysis buffer (50 mM Tris HCl, 150 mM NaCl, 1.0% NP-40, 0.5% Sodium Deoxycholate,
1.0 mM EDTA, 0.1% SDS) supplemented with 1% protease inhibitor cocktail (Merck Millipore, P2714,
Burlington, MA, USA), PMSF (Merck Millipore, 93482, Burlington, MA, USA) and RNase-inhibitor
(RNaseOUT™ Recombinant Ribonuclease Inhibitor, ThermoFisher Scientific, 10777019, Waltham,
MA, USA). Total extracts were sonicated for three cycles (20” ON, 30” OFF) by using an immersion
sonicator device. After spinning for 10 min, 13,000 rpm at 4 ◦C, MCF-7 extracts were incubated for 2 h
with 30 µL of BSA-coated beads (Protein G Sepharose 4 Fast Flow, GE Healthcare 17061801, Chicago,
IL, USA) for sample pre-clearing. The 5% of total volume was collected as an input and stored at
−20 ◦C until the end of the immuno-precipitation steps. Pre-cleared samples were incubated O/N
at 4 ◦C with 10 µg of normal rabbit IgG (Merck Millipore, 12-370, Burlington, MA, USA) or of two
different anti-hnRNPL antibodies (anti-hnRNPL 4D11 and D-5, Santa Cruz Biotechnology, sc-32317
and sc-48391, Dallas, TX, USA) on a rotating platform. IP (immunoprecipitation) samples were then
incubated for 2 h with 50 µL of BSA-coated beads (Protein G Sepharose 4 Fast Flow, GE Healthcare
17061801, Chicago, IL, USA). IP samples were then washed five times in the RIPA lysis buffer. After the
washing steps, dried beads and input samples were resuspended in RIPA lysis buffer without SDS and
de-crosslinked at 65 ◦C for 1 h at 650 rpm by adding Proteinase K (Proteinase K Solution 20 mg/mL,
ThermoFisher Scientific, AM2546, Waltham, MA, USA). Immuno-precipitated RNA was extracted with
PureZOL™ reagent (BioRad, 7326890, Hercules, CA, USA), according to the manufacturer’s protocol,
cDNA was synthetized and analyzed by qRT-PCR as described above. hnRNPL-CLIP enrichment was
normalized on input samples and expressed as the enrichment of specific binding over nonspecific IgG
control binding.

4.1.5. Cell Proliferation Assay by Crystal-Violet Staining

SK-BR-3 cells were transfected with LNA–CTRL or LNA–DSCAM-AS1 as described and 5 ×
105 cells/well were seeded in a 96-MW microtiter plate in five technical replicates for each experimental
condition. After 48 h from transfection, the culture medium was removed, and cells were washed
twice in 1X PBS and fixed with methanol for 5 min. The staining was carried out with a 1% Crystal
Violet solution for 10 min at room temperature (Merck Millipore, V5265, Burlington, MA, USA).
Several washes with dH2O were performed to remove excess staining. The incorporated dye was
solubilized and eluted with 10% glacial acetic acid solution and the absorbance was measured at
595 nm.

4.1.6. Western Blot

Whole-cell lysate was harvested in boiling lysis buffer (25 mM Tris·HCl pH 7.6, 1% SDS, 1
mM EDTA, 1 mM EGTA) and 50 µg of total protein extract was loaded into an 8% Acrylamide gel.
The antibodies used were designed against hnRNPL (Santa Cruz Biotechnology, sc-48391, Dallas,
TX, USA) and GAPDH (Santa Cruz Biotechnology, sc-32233, Dallas, TX, USA). Densitometry readings
were measured by the Image Lab Software (Biorad, version number 6.0.1.) and intensity ratio
calculations are reported in Table S16. Uncropped western blot images are reported in Figure S9.

4.2. Analysis of DSCAM-AS1 Expression with Respect to Different Clinical Data

The analysis of the DSCAM-AS1 in tumors characterized by different clinical parameters was
performed by considering the data from 30 public microarray experiments (Table S1a) and from
TCGA. Only microarray datasets characterized by at least 30 samples were selected. Furthermore,
since DSCAM-AS1 is a well-known ER-alpha target, only datasets composed of ER+ tumor subtypes
or associated with the information of the ER status were selected in order to separately perform the
analysis on ER+ and ER− tumors. The analysis of the DSCAM-AS1 expression with respect to different
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clinical data was performed using shinyGEO tools [55] in default settings. The analysis was performed
only for clinical data associated with at least three samples per class analyzed. shinyGEO was also used
to perform the survival analyses on datasets associated with information on patient overall survival or
relapse-free survival.

The analysis of DSCAM-AS1 expression in TCGA datasets was performed by retrieving the
processed RNA-Seq datasets from the GDC (Genomic Data Commons) data portal [56]. Specifically,
the FPKM expression levels of 1040 subjects were retrieved from this portal. DSCAM-AS1 expression
was evaluated with respect to subjects’ clinical covariates. Clinical data were obtained from
cBioPortal [57], considering the clinical data from the dataset named “Breast Invasive Carcinoma
(TCGA, Firehose Legacy)”. The analysis was performed separately for ER+ and ER− tumors separated
based on the IHC level of ER. The significance of the differential expression between two sample classes
was computed using the Wilcoxon rank-sum test. Survival analysis on TCGA data was performed
using the survival v3.1 R package and ggsurvplot function of the survminer 0.4.6 R package.

4.3. RNA Sequencing Libraries Preparation and Data Analysis

MCF-7 cells were transfected with control or DSCAM-AS1-targeting LNAs and RNA was extracted
48 h after transfection, as described above. An RNA quality check (RNA integrity number (RIN) > 8)
was achieved with a Fragment Analyzer (Advanced Analytical Technologies, Inc., Ankeny, IA, USA)
and quantified with Qubit (Qubit™ RNA HS Assay Kit, ThermoFisher Scientific, Waltham, MA, USA;
Q32852). Two µg of RNA were polyA+ selected and RNA-Seq libraries were constructed using Illumina
TruSeq RNA sample prep kit (TruSeq™ RNA Sample Prep Kit v2-Set B, Illumina, RS-122-2002, San
Diego, CA, USA). Paired-end (PE) cluster generation was performed using cBot on Flow Cell v3
(TruSeq PE Cluster Kit v3-cBot-HS, Illumina, PE-401-3001, San Diego, CA, USA). The sequencing of
libraries was performed on the HiSeq sequencing system (Illumina, San Diego, CA, USA). The raw
RNA-Seq data were deposited Gene Expression Omnibus (GEO) with the identifier GSE150591.

A flow chart of the mRNA sequencing data analysis, including pre-processing and quality control,
quantification at both gene and isoform levels, the identification of differentially expressed genes and
isoforms and the identification of differentially regulated alternative splicing (AS) events is summarized
in Figure S10 and Table S17.

Raw reads were assessed for Phred quality scores using the FASTQC program (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/), and low bases and adaptor sequences were trimmed
off using Fqtrim (http://ccb.jhu.edu/software/fqtrim/), retaining only reads of 75 bass length. Then,
clean reads were aligned against the human reference genome (GRCh38.p10 assembly) with Gencode
v27 annotation (gencode.v27.annotation.gtf.gz) using STAR v2.5.1b [58]. STAR was run in two-pass
mode, allowing alignment to the transcriptome coordinates by setting the option quantMode to
TranscriptomeSAM; summary statistics of read alignment per sample are given in Table S18. Next,
the expression levels in read counts, transcript per million fragments mapped (TPM), and FPKM units
were then estimated at both gene and isoform levels by running RSEM (RNA-Seq by Expectation
Maximization) [59] on the alignment files in default parameters.

4.4. Differential Expression Analysis

Differentially expressed genes and isoforms upon DSCAM-AS1 silencing compared to the
control condition were identified using the DESeq2 R package (v1.26.0) in default parameters [60].
The expression at isoform level was summarized to gene level using the tx-import bioconductor
package [61] and the resulting count matrices were provided to DESeq2. Prior to DE analysis, lowly
expressed genes and isoforms were discarded from the analysis and only genes or isoforms with more
than 10 normalized read counts in at least one condition (three out of six samples) were considered
for further downstream analysis. A gene or isoform was assigned as differentially expressed if its
associated BH-adjusted p-value < 0.05. For all the data visualization plots, including heat maps and

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://ccb.jhu.edu/software/fqtrim/
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volcano plots, MA (mean average) plots were made using the ggplot2 R package (v.3.2.1) [62]. A quality
control check of the replicates is given in Figure S11.

4.5. Gene Ontology Enrichment Analysis

Gene ontology terms enriched for upregulated and downregulated genes were obtained using
the Gene Annotation and Analysis Resource Metascape program [63]. The list of upregulated and
downregulated genes were analyzed separately using the Single List Analysis option. The statistically
enriched GO terms related to each category of genes were obtained from the GO Biological Processes
branch. Only GO terms that were associated with an enrichment factor > 1.5 and an accumulative
hypergeometric test with an adjusted p-value < 0.05 were considered to be significant. To reduce
redundancy, the GO terms showing a high number of overlapping genes and a large degree of
redundancies were clustered into groups based on their degree of similarity and each group or cluster
was represented by the most significant GO term. The top 20 significant clusters were selected for
visualization purposes.

4.6. Isoform Switching Analysis

To test for isoform switching events, IsoformSwitchAnalyzeR tool was applied [27]. Briefly,
from the RNA-seq data, the tool takes, as inputs, isoform expression levels quantified in transcript
per million fragments mapped (TPM) units normalized to transcript length and then calculates an
isoform fraction (IF) ratio by dividing the isoform expression with the expression of the parent gene
(TPMiso/TPMgene). Lowly expressed genes with less than 1 TPM and lowly expressed isoforms not
contributing to the expression of the gene (IF < 0.01) were excluded from downstream analysis. The IF
was then calculated per each of the remaining isoforms and per condition. For each isoform, a dIF
(IFsilencing − IFcontrol) representing the difference in isoform usage between the two conditions was
calculated. A cut-off criterion was applied by selecting only those isoforms for which DSCAM-AS1
silencing induced a significant change (BH-corrected p-value ≤ 0.05) in IF by at least 10% (i.e., |dIF| >

0.1). Next, the sequences corresponding to those isoforms showing significant switching events upon
DSCAM-AS1 silencing were extracted and then annotated for the presence of signal peptide sequences,
coding potential and for their associated pfam protein domains using signalP [64], CPC2 [65] and
Pfam [66] tools, respectively. The biological consequences of the observed switches, including intron
retention, domain gain/loss, coding/non-coding potential and shortening/lengthening of the open
reading frame were then evaluated for the switching isoforms from the same parent gene. Next,
according to the applied annotation on the switching isoforms, genes were classified into genes with or
without downstream functional consequences.

4.7. Differential Alternative Splicing Analysis

The list of differentially regulated AS events upon DSCAM-AS1 silencing were identified using
Whippet [28]. Whippet is a tool which takes, as inputs, a gene annotation model file together with a
genome file and generates a contiguous splice graph index representation of each gene included in
the annotation file. The reads are then directly mapped against the contiguous splice index. Splicing
events are represented as nodes by Whippet, where each node corresponds to an exonic region of the
gene and the incoming and outgoing edges to each node define the set of reads supporting its inclusion
and exclusion, respectively. Whippet provides a splice index (PSI) as a measure of the inclusion level of
each node by calculating the ratio of the paths supporting the inclusion of the node divided by the total
number of the paths supporting both the inclusion and exclusion of that node. Whippet quantifies
changes in different possible splicing events including Alternative First (AF) or Last (AL) exons, Single
(SES) and Multiple Exon Skipping (MES) events, Alternative splice sites (A5′SS and A3′SS), Mutually
Exclusive exons (MXE), Intron Retention (RI) events in addition to alternative Transcription Start (TS)
and Alternative PolyA (APA) sites. All the sequences and annotations used in this analysis were based
on GRCh38 genome assembly and Gencode v27 annotation. To ensure the quantification of expressed
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events, a prefiltering criterion was applied by only considering those splicing events whose supporting
reads were at least 10 in at least two samples per condition. In addition, a splicing event with a ∆PSI
value between the silencing and control conditions less than 10% (|∆PSI| < 0.1), or whose associated
posterior probability was less than 0.90, were excluded from the downstream analysis.

4.8. RBP-Binding Motif Enrichment Analysis

To identify RNA-binding proteins as putative regulators of the observed changes in each splicing
event identified, the sequences of the regulated exon skipping events (ES), extended by± 200 nucleotides
on both sides, were scanned for the occurrence of RBP-binding motifs. For alternative polyadenylation
sites, the APA nodes reported by Whippet were sorted by coordinates and classified as proximal or
distal APA sites, both of which were extended by 100 nucleotides on both sides from the APA site
position. The RNA-binding motifs for 105 different splicing factors collected from the RNAcompete
study [67] were used to perform binding motif enrichment analysis. For a number of RBPs, the motif
from different species was confirmed, in a previous study [68], to be conserved between the human
and the other species. This includes RBM47 (chicken), SF1 (Drosophila), SRP4 (Drosophila), TRA2
(Drosophila), and PCBP3 (mouse). Next, the MoSEA (Motif Scan and Enrichment Analysis) package
was used to search the sequence of the splicing events for the occurrence of RBP-binding motifs [68].
The tool Find Individual Motif Occurrences (FIMO) [69] was used to scan the sequences of the events
for the presence of the RBP motifs using a p-value < 0.001 as a cut-off. The binding motif enrichment
was performed by comparing the number of occurrences of the binding motifs of the RBPs in the
regulated events with that observed in a pool of 100 randomly selected sequences of the same size from
equivalent regions in non-regulated events (|∆PSI| <0.01 and p < 0.5). Motif enrichment was performed
separately for the two directions of splicing changes (∆PSI > 0.1 or ∆PSI < −0.1). An enrichment
z-score per RNA-binding motif, the region, and direction of regulation was calculated by normalizing
the observed frequency in the regulated events set with the mean and standard deviation of the 100
random control sets. The 100 random control sequences were sampled from non-regulated events
for each region of regulation. An RBP was considered as enriched if associated with a z-score > 1.96.
The obtained z-scores per binding motif, region, and event were then visualized using the ggplot2
Bioconductor package [62].

4.9. Analysis of Alternative 3′UTR Usage in TCGA Data

The analysis of alternative 3′UTR usage of breast cancer tissues from the TCGA was performed
by considering the data from The Cancer 3′ UTR Atlas (TC3A) [70]. In this project, the APA usage in
each tumor is quantified as the Percentage of Distal polyA site Usage Index (PDUI), which indicates a
fraction of a specific polyA site used among those of a specific gene. The PDUI values of 10,267 3′UTR
sites were downloaded from the project website (http://tc3a.org/) by selecting those from the BRCA
cohort. Then, data of 638 luminal breast cancer tumors associated with DSCAM-AS1 FPKM expression
values were extracted and considered for the analysis. To test the relationship between DSCAM-AS1
and the 3′UTR usage, a Pearson correlation analysis and a Wilcoxon rank-sum test analysis (separating
tumors in two classes based on the median expression of DSCAM-AS1) was performed. Only the
events characterized by a significant result in both analyses were considered significant.

4.10. Overlap with Public hnRNPL RNA-Binding Experiments

The overlap between the genomic regions involved in the AS events upon DSCAM-AS1 silencing
and the hnRNPL RNA-binding sites was performed by considering the AS region provided by Whippet
extended upstream and downstream of 200 bp. The hnRNPL-binding sites considered were retrieved
from data of three different studies [14,15,54]. Specifically, the three replicates of the hnRNPL iCLIP
experiment from [14] were retrieved from GEO (Gene Expression Omnibus) page GSE37562, while the
RIP-Seq from [15] were retrieved from GEO page GSE72841. Finally, the HITS-CLIP (High-Throughput
Sequencing of RNA isolated by CrossLinking Immunoprecipitation) data from [54] were retrieved

http://tc3a.org/
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from the Dorina v2.0 database [71], considering the results from untreated CD4+ and Jurkat cell lines.
The coordinates of the hnRNPL–RNA-binding peaks were converted in hg38 using the Liftover webtool
(https://genome.ucsc.edu/cgi-bin/hgLiftOver) and the overlap with the regions involved in AS events
was performed using the coverageBed function of the BEDTool [72]. An overlap was considered valid
if associated with a coverage greater than zero.

5. Conclusions

The data presented here represent a definite advancement in understanding the role of the lncRNA
DSCAM-AS1 in BC cell growth. Transcriptome analyses clearly indicate DSCAM-AS1 involvement
in the regulation of splicing and 3′-end usage, an aspect that is considered increasingly important in
cancer biology, and that also correlates strongly with the observation that BC cells express an abnormal,
and subtype-specific, variety of circRNAs [73]. Finally, we believe that DSCAM-AS1 has potential as a
marker of luminal BC that can be exploited for studies on the resistance to endocrine treatments in
advanced BC.
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Figure S1. (a) Dot plot reporting the level of statistical significance of the differential DSCAM-AS1 

expression analyses between groups of ER-negative BC patients separated with respect to specific 
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clinical data. The size of the dot is proportional to the significance of the results while the color code 

represents the log2FC of expression. ER, Estrogen Receptor; Pos, positive; Neg, negative; PR, 

Progesterone Receptor. (b) Kaplan-Meier curves representing the datasets with nonsignificant 

difference in Relapse Free Survival (RFS) of BC patients based on the median level of DSCAM-AS1 

expression. p-value by log-rank test. (c) Kaplan-Meier curves representing the Overall Survival (OS) 

of BC patients based on the median level of DSCAM-AS1 expression. p-value by log-rank test. 

 

Figure S2. (a) Expression levels of DSCAM-AS1 and (b) viability measure by Crystal Violet Assay in 

SK-BR-3 cells upon transection of DSCAM-AS1-targeting or control LNA. Error bars represent the 

standard deviation of three biological replicates. Significance from T-test: **, p-value < 0.01; ***, p-

value < 0.001. 

(a) (b) 
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Figure S3. (a) The scatter plot shows the log2 fold change of DE genes between this study and those 

obtained upon ERα silencing (siERα) [13]. Dark red and green dots represent genes upregulated in 

this study while downregulated in the siERα experiment, and those downregulated in this study and 

upregulated in the siERα experiment, respectively. Blue and red dots represent those genes 

downregulated or upregulated in both studies, respectively. (b) GO terms enriched for genes 

upregulated in this study and downregulated in the siERα experiment. (c) GO terms enriched for 

genes downregulated in this study while upregulated in the siERα experiment. 

https://paperpile.com/c/3WjiKQ/azoU
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Figure S4. (a) Volcano plot showing the log2FC of gene expression and the statistical significance of 

the differential expression (DE) analysis at isoform level performed between MCF-7 cells transfected 

with control or DSCAM-AS1-targeting LNA GapmeRs. In red are reported the up-regulated isoforms 

while in blue the down-regulated ones. (b) Venn diagram showing the overlap between DE genes 

and parent genes of DE isoforms. (c–d) Enriched GO biological processes related to parent genes of 

downregulated and upregulated isoforms, respectively. 
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Figure S5. Cross-linking ImmunoPrecipitation (CLIP) of hnRNPL in MCF-7 cells shows evidence for 

physical interaction with DSCAM-AS1 transcripts, considering separately the nuclear and the 

cytoplasmic isoforms. ERα, GAPDH and 18S were used as the negative control. Error bars represent 

the standard error of three biological replicates. Significance from T-test (DSCAM-AS1 versus 18S 

enrichment): *, p-value < 0.05. 

 

Figure S6: The list of RBPs predicted to have an enrichment of their binding motifs in the 3′UTR 

lengthening events upon DSCAM-AS1 silencing. The enrichment is shown for a selected region 

upstream and downstream of proximal (a) and distal (b) APA sites, respectively. Significance: z-score 

> 1.96. 
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Figure S7. (a) Representative image of Western blot analysis of hnRNPL protein, GAPDH: loading 

control. (b) The histogram shows the protein level of hnRNPL in MCF-7 cells transfected with 

DSCAM-AS1 or control LNA. hnRNPL values are relative to GAPDH. Error bars represent the 

standard error of three biological replicates. 

 

Figure S8. Venn diagram showing the number of overlapping exons significantly regulated in our 

study and upon siRNA-mediated silencing of hnRNPL in LNCaP prostate cancer cells [15]. 

(a) 

0) 

(b) 
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Figure 9. Uncropped western blot image relative to the results showed in Figure S7. (A) hnRNPL 

(Left) Uncropped image of markers. Red stars indicate the bands of the molecular marker at 75 KDa 

(upper) and 50 KDa (lower). (Right) Uncropped image of hnRNPL. Blue numbers indicate the 

analyzed bands for hnRNPL protein quantification (predicted MW 68 KDa). (B) GAPDH. (Left) 

Uncropped image of markers. Red stars indicate the bands of the molecular marker at 50 KDa (upper) 

and 37 KDa (lower). (Right) Uncropped image of GAPDH. Blue numbers indicate the analyzed bands 

for GAPDH protein quantification (predicted MW 37 KDa). Samples’ Legend: 1 = LNA_CTRL 

replicate 1. 2 = LNA_DSCAM-AS1 replicate 1. 3 = LNA_CTRL replicate 2. 4 = LNA_DSCAM-AS1 

replicate 2. 5 = LNA_CTRL replicate3. 6 = LNA_DSCAM-AS1 replicate 3. 
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Figure S10. Flow chart showing the different bioinformatic tools and steps used in this study. The 

FASTQC utility was used for quality check of raw RNA-seq reads. Two pipelines were then applied: 

(i) shown on the left is the pipeline used for the analysis of alternative splicing changes upon DSCAM-

AS1 silencing, using whippet and (ii) on the right is shown the pipeline and tools used for performing 

differential expression analysis at both gene and isoform levels, as well as isoform switching analysis. 

 

Figure S11. Quality control check of the RNA-seq dataset. (a), a PCA plot showing the separation of 

replicates based on the gene normalized read counts. (b), heat map reporting the dissimilarity matrix 

between replicates using the gene normalized read counts. 
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