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Abstract 

 
In mammals the cell-cycle progression through the G1 phase is a tightly regulated process 

mediated by the transcriptional activation of coding genes, whose dysregulation often leads to 

tumorigenesis. 

We report the discovery of two novel cell-cycle regulated (CCR) long non-coding RNAs 

(lncRNAs), expressed in response to serum treatment in mouse embryonic fibroblasts (MEFs), 

comparably to immediate-early genes. 

The localization in specific subcellular compartments and the function of the non-coding RNAs 

are closely related. By loss-of-function experiments we find that CCR492 and CCR102 

lncRNAs are required for G1/S phase progression. In the cell they show a cytoplasmic and 

chromatin localization, respectively. 

Mechanistically, CCR492 contains 4 let-7 MREs and acts as a competing endogenous RNA 

(ceRNA) to antagonize the function of let-7 microRNAs, leading to the derepression of c-Myc. 

Moreover, we show that the ectopic expression of CCR492 along with a constitutively active 

H-Ras promotes cell transformation. 

In contrast to coding genes, most lncRNAs do not exhibit high levels of sequence conservation 

across species. Interestingly, murine CCR102 and its identified human counterpart are 

localized in a syntenic region and are associated with orthologous genes. Differently from the 

majority of known chromatin-associated lncRNAs, which are involved in gene silencing, we 

observe that CCR102 promotes an active chromatin state activating the expression of its 

neighboring protein-coding gene Smad7 in cis. This transcriptional regulation is conserved also 

for its human counterpart indicating the analogous biological role. CCR102 is ubiquitously 

expressed and it is upregulated in a subset of human colorectal cancers in comparison with 

normal colon tissues. 

Thus, our findings identified two novel lncRNAs and demonstrated that CCR492 and CCR102, 

acting through distinct mechanisms, play a key role in cell proliferation in physiological and 

pathological contexts. 
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Chapter 1  
 

Introduction 
 

1.1 The central dogma of molecular biology 

The central dogma of molecular biology was established by Francis Crick in 1958 and describes 

the flow of genetic information to be unidirectional from DNA into RNA and into protein as 

the final functional product, but never from protein to nucleic acids. According to the central 

dogma, a gene is therefore defined as a part of DNA essential for the generation of RNA and 

protein (Crick, 1970). 

The human genome consists of 3.2 billion base pairs (bp) organized into 23 chromosomes that 

encode for a number of 60,483 genes including protein-coding genes, non-coding genes and 

pseudogenes (Siggens & Ekwall, 2014). While the number of protein-coding genes stays under 

broad consensus, recent studies of the human transcriptome have revealed a huge number of 

non-coding RNAs (ncRNAs). These transcribed elements, which lack the capacity to code for a 

protein, represent a break with the central dogma of biology because they are not translated. 

The role of the non-coding genome became a new focus of RNA biology research, which has 

been pivotal for the development of modern molecular biology (Figure 1.1). 
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Figure 1.1 Initial and current dogma of molecular biology 

(M.R.S. Rao et al., 2017) 
 

1.2 From non-coding genome to non-coding transcriptome  

Despite its status as “junk”, non-coding genome received sustained interest since the 1970s. 

Indeed, technical innovation in eukaryotic transcriptome landscape analyses has revealed that 

the majority of the genome is transcribed, producing large numbers of non-coding RNAs. 

The diversity of the non-coding transcriptome is considered an argument to explain the 

phenotypic differences observed across species given a relatively similar number of protein-

coding genes among fruit fly (13,985; BDGP release 4), nematode worm (21,009; Worm base 

release 150), and human (23,341; NCBI release 36) (Siggens & Ekwall, 2014). Although 

transcriptional noise or pervasive transcription of the genome have only recently been 

recognized due to the development of sensitive high-throughput sequencing technologies, the 

existence of functional non-coding transcripts is established for several decades (Morris & 

Mattick, 2014). To date, the catalog of the functional non-coding transcriptome is growing 

continuously (Cech & Steitz, 2014). General conventions divide non-coding RNAs into two 

main categories, based on the size: small (< 200 nt) and long (> 200 nt) non-coding RNAs 

(Gibb, Brown, & Lam, 2011). Within these two categories, there are also many subclasses of 

ncRNAs. 
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1.2.1 Small non-coding RNAs 

Small ncRNAs are very heterogeneous and could be classified in several dozens of classes. 

These include well-characterized housekeeping ncRNAs: transfer RNA (tRNA) and some 

ribosomal RNA (rRNA) essential for fundamental aspects of cell biology, small nuclear RNAs 

(snRNAs) involved in splicing and small nucleolar RNAs (snoRNAs). Another class of small 

RNAs encoded in the human genome and functional in regulation of RNA stability are piwi-

interacting RNAs (piRNAs) of ∼27 nt in length. This species interacts with PIWI proteins and 

degrades expressed transposable elements in the germline (Luteijn & Ketting, 2013). 

The most extensively studied small RNAs with a regulatory role are microRNAs (miRNAs) of 

∼22 nt in length. Elegant studies have defined an intricate mechanistic basis for miRNA-

mediated silencing of target gene expression through the RNA-induced silencing complex 

(RISC), which employs Argonaute family proteins (such as AGO2) to cleave target mRNA 

transcripts or to inhibit the translation of that mRNA (Ameres & Zamore, 2013) miRNAs 

modulate the expression levels of genes involved in many biological processes, for instance cell 

proliferation, and could be aberrantly expressed in cancer (Gu & Iyer, 2006),(Garzon, Calin, & 

Croce, 2009),(Bueno & Malumbres, 2011). In particular, the let-7 miRNA family was initially 

discovered in Caenorhabditis elegans (Reinhart et al., 2000), and has been shown to be 

evolutionarily highly conserved (Pasquinelli et al., 2000). Let-7 is undetectable in embryonic 

stem cells, but it is expressed at high levels in adult tissues and its expression is deregulated or 

lost in many cancers (Boyerinas, Park, Hau, Murmann, & Peter, 2010),(Johnson et al., 2007). 

 

1.2.2 Long non-coding RNAs 

Although the discovery and functional characterization of small ncRNAs have dominated the 

field of RNA biology in the past, long non-coding RNAs (lncRNAs) are the least explored 

emerging regulatory molecules. 

Transcripts >200 nt in size that lack coding potential, as determined by the absence of large 

open reading frames and codon conservation, have been classified as lncRNAs (Morris & 

Mattick, 2014). 

Many lncRNA genes have a structure similar to genomic protein-coding genes. The majority of 

eukaryotic lncRNAs are produced by RNA polymerase II and their transcriptional start sites 
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(TSS) reside within DNase I hypersensitive sites suggesting nucleosome depletion from these 

regionss are further associated with epigenetic signatures common to protein-coding genes, 

such as trimethylation of histone 3 lysine 4 (H3K4me3) at the TSS and trimethylation of 

histone 3 lysine 36 (H3K36me3) along the gene body (Guttman et al., 2009). 

LncRNA transcripts also share characteristics with mRNAs, such as polyadenylation, capping 

and splicing. They may or may not be 3′ end polyadenylated and they may also be present in 

both forms, such as bimorphic transcripts. Many lncRNAs are capped at the 5′ end, except 

those processed from longer precursors, for instance circRNAs. Early studies did not consider 

single-exon lncRNAs in order to distinguish lowly expressed lncRNAs from transcriptional 

noise. However, many lncRNAs are unspliced single-exon transcripts or are characterized by 

the presence of few exons. Despite having few exons, lncRNAs show high tendencies for 

alternative splicing (Derrien et al., 2012). 

In addition, lncRNAs differ from other classes of RNAs in their lower expression level and 

higher tissue-specificity. A large number of lncRNAs are developmentally and temporally 

regulated or restricted to particular tissues or organs indicating their role in specific cellular 

processes, rendering their discovery more difficult (Derrien et al., 2012). 

Most importantly, lncRNAs generally show low sequence conservation across different species 

unlike many protein-coding genes (Derrien et al., 2012). Recently, a study examining the non-

coding transcriptome of 17 different species showed that although the body of non-coding 

genes tends not to be conserved, short patches of conserved sequences could be found at their 

5′ ends. This confirmed a higher conservation of TSS and synteny, as well as expression 

patterns in different tissues, especially in those involved in development (Hezroni et al., 2015). 

In general, promoters of lncRNA genes exhibit higher conservation rates than their exonic 

(Derrien et al., 2012),(M. K. Iyer et al., 2015), have only a moderate sequence identity and 

alignment to their orthologs and this phenomenon may indicate the importance of 

transcription from a specific genomic location and the reduced selective pressure on the 

primary sequence of lncRNAs (J. Zhao, Sun, Erwin, Song, & Lee, 2008). Interestingly, some 

lncRNAs are at conserved genomic locations, with conserved exon-intron structures yet no 

detectable sequence conservation. For example, protein-coding genes adjacent to a lncRNA 

gene in zebrafish are more likely to have orthologs adjacent to lncRNA genes in human or 
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mouse, even when all lncRNAs with sequence homology are excluded from the analysis 

(Ulitsky, Shkumatava, Jan, Sive, & Bartel, 2011). Because of the low expression and the low 

evolutionary conservation levels of lncRNAs, many questions regarding their functionality have 

been raised. However, various studies have revealed an active role of lncRNAs in controlling 

multiple cell regulatory layers including chromosome architecture, chromatin modulation and 

epigenetic modification, transcription, RNA maturation, splicing and translation (Rinn & 

Chang, 2012). 

 

1.3 Techniques to identify lncRNAs 

Non-coding RNAs have historically been more difficult to detect than protein-coding genes. 

This is because lncRNAs exhibit lower levels of expression (Rinn & Chang, 2012) tend to be 

more tissue-specific in their expression and cannot be predicted from open reading frames 

(ORFs). In the past decade, however, large-scale analyses have focused on identifying lncRNAs 

in a comprehensive manner. The first large-scale catalog of putative non-coding transcripts 

came from the FANTOM project (The FANTOM Consortium, 2005) which used cDNA cloning 

followed by Sanger sequencing. Subsequent studies refined EST- and cDNA- based lncRNA 

catalogs in mouse and human, which include the current RefSeq and Ensembl lncRNA 

annotations (Derrien et al., 2012),(Pruitt, Tatusova, Brown, & Maglott, 2012). A major 

advance was presented by Guttman et al. who combined the methodology of DNA tiling arrays 

with the logic of epigenetics. Since non-coding RNAs could resemble protein-coding genes in 

their fundamental structure and epigenetic characteristics, the authors considered that 

ncRNAs could be polyadenylated, spliced and they could have a gene promoter marked by 

H3K4me3 and a gene body marked by H3K36me3. This strategy identified several thousand 

regions of unannotated transcription, defined as lncRNAs, based on their lengths and 

characteristics (Guttman et al., 2009) (Figure1.2). 
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Figure 1.2 Prediction of lncRNA based on NGS technology 
(M.R.S. Rao et al., 2017) 

. 
 
The introduction of RNA-sequencing (RNA-seq) subsequently enabled the direct detection of 

all RNA species in a cell. Indeed, RNA-seq is a quantitative and exceptionally sensitive 

technique and is now the gold standard method to discover novel lncRNAs. The library is 

prepared by RNA fragmentation, adapter ligation, cDNA synthesis, size selection and limited 

cycles of amplification. The libraries can be prepared from poly (A)+ enriched RNA by 

selectively depleting rRNA. Recently, Carninci’s group in conjunction with the FANTOM 

consortium performed a complete profiling of nucleus- and cytoplasmic- enriched RNA 

fractions from a representative set of human and mouse stem cell and differentiated cell lines 

using four complementary sequencing technologies (deep sequencing, CAGE, nanoCAGE and 

CAGEscan) and identified several thousand novel lncRNAs, which were principally enriched in 

nucleus. They also discovered that a large number of these novel transcripts originated from 

long terminal repeats (LTR) elements (Fort et al., 2014). 
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1.4 Genomic contexts of lncRNAs 

The GENCODE gene annotation classifies lncRNAs depending on their location and 

orientation with respect to the nearest protein-coding genes (Derrien et al., 2012) (Figure 1.3): 

(1) Exonic antisense lncRNAs: intersect an exon of a protein-coding gene locus on the 

opposite DNA strand; 

(2) Divergent lncRNAs: when its expression and the expression of a neighboring coding 

transcript on the opposite strand are initiated in close genomic proximity; 

(3) Intronic lncRNAs: reside within an intron of a protein-coding gene on the same or opposite 

strand, but without any overlap with protein-coding exons; 

(4) Intergenic lncRNAs: do not intersect any protein-coding gene locus. 

However, no intrinsic functional differences between these lncRNA categories have yet been 

demonstrated (Morris & Mattick, 2014). 

 

 
Figure 1.3 lncRNAs classification on the bases of their localization in genome architecture. 

Antisense, Divergent, Intronic, Intergenic 
 

1.5 Subcellular localization of lncRNAs 

LncRNAs can be located predominantly in the nucleus or in the cytoplasm, or they can have a 

dual localization (e.g. HOTAIR) (Ayupe et al., 2015). Depending on the transcript, however, 

compared to mRNAs, lncRNAs show higher enrichment in the nucleus (Ulitsky & Bartel, 

2013). Some of the best-studied lncRNAs, such as Xist, Malat1, Neat1, and Miat, are almost 

exclusively located in the nucleus and even define specific nuclear domains (C. J. Brown et al., 
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1992),(Hutchinson et al., 2007).Within the nucleus, these transcripts are particularly found in 

the chromatin-associated fraction suggesting their important role in epigenetic modification 

and gene regulation (Derrien et al., 2012). Indeed, several subgroups of lncRNAs with a 

precise subcellular localization have been defined, such as chromatin-enriched (che)RNAs 

(Werner & Ruthenburg, 2015) and chromatin-associated lncRNAs, CARs (Mondal, 

Rasmussen, Pandey, Isaksson, & Kanduri, 2010). However, other studied lncRNAs are found 

mostly in the cytoplasm (Cesana et al., 2011),(K. C. Wang et al., 2011),(Huarte et al., 2010) 

they are responsible for post-transcriptional regulations, such as mRNA stability and 

translational control. The more specific localization of lncRNAs within either the cytoplasm or 

the nucleus, as well as the factors and sequence elements that dictate this localization, remain 

largely unexplored. 

 

1.6 Molecular models of lncRNA–protein interaction 

Molecular mechanisms for lncRNA action involve their specific interactions with proteins, 

chromatin and RNA (Rinn & Chang, 2012). In this way, lncRNAs, independent from their 

subcellular localization, could act as decoys, scaffolds and guides facilitating various biological 

processes (Figure 1.4). 

In particular, lncRNAs can act as decoys for proteins, such as transcription factors (TF), 

modulating their binding to DNA. Indeed, they titrate the protein away from its potential 

targets, as has been reported for lincRNA Gas5 and glucocorticoid receptor (Kino, Hurt, Ichijo, 

Nader, & Chrousos, 2010), PANDA and NF-Y (Hung et al., 2011), sno-lncRNAs and Fox2 

(Yin et al., 2012) and Gadd7 and TDP-43 (Liu, Li, Zhang, Guo, & Zhan, 2012). 

Moreover, lncRNAs function as scaffolds for protein-complex formation. They are known to 

associate with a multitude of histone- or DNA-modifying and nucleosome remodeling 

complexes (Han & Chang, 2015),(Davidovich & Cech, 2015) and are essential for the assembly 

of particular nuclear substructures (Chujo, Yamazaki, & Hirose, 2016). Given that many 

lncRNAs are mostly cytoplasmic, this scaffolding mechanism might also play important roles 

in the cytosol. LncRNAs have additionally been identified to play a role in the establishment of 

chromatin structure, more specifically in enhancer-promoter interactions for example by 

binding to the Mediator complex, facilitating transcription initiation (Lai et al., 2013). 
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A guide function to recruit proteins to specific genomic locations depends on the biological 

context (cell- or tissue-type, developmental stage, pathology) and often cannot be explained by 

a simple RNA-DNA sequence complementarity. For some lncRNA guides the formation of a 

triple-helix structure between lncRNA and DNA was experimentally proven, as in the case of 

Khps1 which anchors the CBP/p300 complex to the proto-oncogene SPHK1 (Postepska-

Igielska et al., 2015). Another example is MEG3 which guides the EZH2 subunit of PRC2 to 

TGF-β-regulated genes (Mondal et al., 2010). 

 

 
Figure 1.4 Molecular interactions. lncRNAs can act as decoys, scaffolds and guides 

(Rinn & Chang, 2012) 
 

In summary, lncRNAs present high functional versatility, which likely relies on their ability as 

RNA molecules to acquire different structures and molecular interactions with different target 

molecules. 

 

1.7 cis- versus trans-regulatory mechanisms 

The increasing number of lncRNAs reported is in opposition to the relatively few examples of 

functionally characterized lncRNAs. 

The potential mechanisms of lncRNA function can be divided into three groups:  

(1) those that rely solely on the act of transcription or on the nascent RNA;  

(2) those that require the processed RNA yet depend on the site of transcription;  

(3) those that are independent of the site of transcription.  
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A major difference between the first two groups and the last one is in whether the direct 

targets of the lncRNA activity are found only in proximity to the lncRNA gene (cis targets, 

groups 1 and 2), or anywhere in the cell (trans targets, group 3) (Ulitsky & Bartel, 2013). A cis 

regulation by lncRNAs contributes to local control of gene expression of neighboring genes via 

direct or indirect binding in order to modify the chromatin state on the same allele from which 

it is transcribed (Guttman & Rinn, 2012). The most intensively studied and best understood cis 

mechanism of regulation by lncRNAs is the mammalian X inactivation (Xic), a genetic locus 

that specifies a number of ncRNAs, including Xist (Lee, Davidow, & Warshawsky, 1999), 

HOTTIP lncRNA from the human HoxA cluster adds a further dimension to cis regulation by 

lncRNAs defining a central role for chromosome looping in delivering a lncRNA to its site of 

action. In particular, it activates the expression of HoxA genes by interacting with the 

WDR5/MLL complex through chromatin loop formation (K. C. Wang et al., 2011). By serving 

as key intermediates that transmit information from higher order chromosomal looping into 

chromatin modifications, lncRNAs may organize chromatin domains to coordinate long-range 

gene activation. Similar mechanisms of action appear to be in play for other lncRNAs with 

transcriptional repression activities. The lncRNA Air silences transcription of its target gene on 

the paternal chromosome via a specific interaction between the ncRNA and chromatin at its 

promoter by recruiting G9a (Nagano et al., 2008). 

trans-acting lncRNAs typically facilitate epigenetic regulation of gene expression in 

geographically distant locations of the genome. The interaction between lncRNAs and the 

chromatin complexes is required for the repression of specific gene loci as described for 

lncRNA HOX antisense RNA (HOTAIR) (Rinn et al., 2007). This lncRNA is expressed from 

the HOXC gene cluster and regulates HOXD1 locus and additional genomic loci expression, as 

recently demonstrated, through repressive effects independent of Polycomb Repressive 

Complex 2 (PRC2), whose recruitment may rather be a downstream consequence of gene 

silencing (Portoso et al., 2017). Another well-known lncRNA, lincRNA-p21, a repressor in 

p53-dependent transcriptional responses, is able to exert its effects in trans on chromatin 

structure and gene expression across multiple sites in the genome through the physical 

association with hnRNP-K (Huarte et al., 2010). Importantly, the wild-type allele of lincRNA-

p21 located in trans failed to rescue p21 levels in mouse embryonic fibroblasts (MEFs), 
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demonstrating that lincRNA-p21 acts in cis on its neighboring gene p21 to enforce the G1/S 

checkpoint (Dimitrova et al., 2014). 

 

1.8 Molecular mechanisms of action of lncRNAs  

LncRNAs have emerged as key regulators in a wide range of biological processes such as cell-

cycle, metabolism, apoptosis, differentiation, maintenance of pluripotency, etc. (Geisler & 

Coller, 2013). Since the spectrum of lncRNA functional involvement has extended to various 

biological processes, a common theme is the regulation of gene expression by lncRNAs 

resulting in activation or repression of target genes involved in specific processes (Rinn & 

Chang, 2012). Mechanistically, most well-characterized lncRNAs show a functional role in 

gene expression regulation, typically transcriptional rather than post-transcriptional. 

 

1.8.1 lncRNAs in transcriptional regulation  

Nuclear lncRNAs are crucial players in the regulation of transcription via modulation of 

chromatin. Indeed, a significant number of chromatin-associated lncRNAs interact with 

chromatin-remodeling complexes, driving them to specific genomic loci and others are 

implicated in the architectural conformation and activity of transcriptional enhancers (Lai et 

al., 2013). 

Promoters and enhancers constitute fundamental cis-regulatory elements for the control of 

protein-coding gene expression, serving as platforms for the recruitment of transcription 

factors and transcription machinery and the establishment of a particular chromatin 

organization (Lenhard, Sandelin, & Carninci, 2012)(Figure 1.5). 
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Figure 1.5 Regulatory elements controlling gene expression  

(Lenhard et al., 2012 – Modified) 
 
 
In general promoters can be subdivided into proximal and core promoters, with proximal 

promoters being similar to enhancers in serving as transcription factor binding sites and with 

core promoters mediating the assembly of the pre-initiation complex.  

Enhancers have been classically defined as DNA regions that positively influence the 

expression of target genes in an orientation-independent manner. Active enhancer elements 

are characterized by the presence of high levels of the activating H3K4me1 and H3K27ac 

histone modifications (Creyghton et al., 2010). At the same time, the H3K4me3 histone mark 

is mostly absent from enhancer sequences (ENCODE Project Consortium et al., 2007). The 

gene activating function of enhancers is completed by clustering of transcription factor binding 

sites, thereby serving as platforms for a cooperative binding of transcription factors. As a 

consequence, nucleosomes are excluded from active enhancer regions.  

Promoters and enhancers share many similar features in mammalian genomes such as the 

binding of transcription factors to both elements and the presence of core promoter elements 

at similar frequencies and the initiation of divergent transcription (Venters & Pugh, 

2013),(Andersson et al., 2014)(Figure 1.6). 
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Figure 1.6 Markers used to identify regulatory elements controlling gene expression  

(Sun and Taipale, 2016 – Modified) 
 

Chromatin looping is mediated by the interaction of transcriptional co-activator complexes 

such as Mediator and cohesion with enhancer-bound transcription factors and brings enhancer 

sequences and gene promoters in physical proximity. This positively influences the pre-

initiation complex assembly at promoters (Kagey et al., 2010). Mechanistically, the Mediator 

complex, which is comprised of 26 subunits in mammals, is crucial for the organization of 

genomic DNA into topological domains. More recently, it has been suggested that lncRNAs 

favor these chromatin loops by interacting with the Mediator complex (Lai et al., 2013)(Figure 

1.7). 

 
Figure 1.7 Regulation of chromatin architecture by Mediator 

(Allen & Taatjes, 2015) 
 

Instead, insulator prevents unsuitable interactions of cis-regulatory elements with promoters 

when it is located between an enhancer and a promoter. In vertebrates, this function is 

mediated by binding of CTCF (CCCTC-binding factor). Also, insulators function as barriers to 

the spread of heterochromatin and reside at the border of eu- and heterochromatin (Recillas-

Targa et al., 2002). 
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Basically, lncRNAs modulate local gene expression either by recruiting transcription factors, 

epigenetic modifiers, or chromatin organizers, or by forming a RNA-DNA triplex that anchors 

them and associated effector proteins to specific genomic loci. One of the most common 

lncRNA, Xist, mediates the recruitment of PRC2 to the Xi to silence gene expression (J. Zhao 

et al., 2008). Moreover, ANRIL was shown to be involved in epigenetic regulation of the 

INK4b-ARF-INK4A locus by recruiting PRC1 and PRC2 to form heterochromatin surrounding 

the INK4b-ARF-INK4a locus, leading to repression of gene expression (Bracken et al., 2007). 

KCNQ1OT lncRNA regulates imprinting-associated chromatin interactions with EZH2. 

Silencing of KCNQ1OT1 leads to depletion of the loop and loss of imprinting (Redrup et al., 

2009). It has also been described that MEG3 and EZH2 share common target genes. MEG3 

binding sites have GA-rich sequences that guide MEG3 to the chromatin through RNA-DNA 

triplex formation. These structures are widespread and are present over the MEG3 binding 

sites associated with the TGF-β pathway genes (Mondal et al., 2015). Some lncRNAs associate 

with chromatin-remodeling complexes: lncRNA SChLAP1, Mhrt and Evf2 lncRNA interact 

with SWI/SNF-related chromatin remodelers Brg1 and Baf170 (Tang et al., 2017) to promote 

gene repression. Instead, others lncRNAs recruit the SWI/SNF complex to mediate gene 

activation, such as lncTCF7 (K. C. Wang et al., 2011) and Linc-Cox2 (Hu et al., 2016). 

Meanwhile, lncRNAs such as NEAT1 and MALAT1 are related to nuclear architecture. NEAT1 

contributes to nuclear paraspeckle formation, while MALAT1 is deregulated in many human 

cancers and localized in nuclear speckles domains, which are involved in the assembly, 

modification, and storage of pre-mRNA processing machinery. Recently it has been reported 

that NEAT1 and MALAT1 are coregulated, and associated with histone modifications of active 

chromatin (Clemson et al., 2009), 

In addition, to facilitate epigenetic changes that impact gene transcription, emerging evidence 

suggests that lncRNAs can contribute to gene regulation by influencing the activity of 

enhancers. For instance, HOTTIP, as described in detail before, is implicated in chromatin 

looping of active enhancers to the distal HoxA locus, though knockdown and overexpression of 

HOTTIP is not sufficient to alter chromosomal conformations (K. C. Wang et al., 2011). 
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1.8.2 lncRNAs deriving from particular promoter and enhancer transcriptional 

contexts  

The discovery of promoter divergent (bidirectional or head-to-head) transcription as an 

intrinsic feature of the eukaryotic transcriptional machinery has given rise to the identification 

of divergent lncRNAs (Seila et al., 2008). Transcription at divergent TSSs in promoters and 

enhancers initiates within a comparable distance of 100-200 bp and at nucleosomes flanking 

both TSSs (Duttke et al., 2015),(Core et al., 2014). 

A major recent development has been the discovery of enhancer RNAs (eRNAs), which are 

critical for the proper coordination of enhancer genomic loci with gene expression regulation. 

Production of these transcripts correlates well with characteristic enhancer modifications at 

chromatin such as H3K4me1, H3K27ac and p300 binding (Core et al., 2014). The expression 

levels of eRNAs also correlate with levels of mRNA synthesis of neighboring genes implying 

eRNA involvement in transcriptional activation. In accordance with this, gene activation can be 

lost when eRNAs are specifically depleted from cells (T.-K. Kim et al., 2010). The functionality 

of eRNAs is still controversial but could be due to the involvement of these transcripts in 

enhancer-promoter looping, and/or they could facilitate the release of paused Pol II into 

productive elongation, both of which contribute to a robust transcription activation of nearby 

and distant genes (W. Li et al., 2013),(Schaukowitch & Kim, 2014). 

The existence of bidirectional promoter architecture is a common and conserved feature across 

many species, indicating a significant ancestral origin of this type of genomic organization that 

became more heavily utilized by higher organisms (Y.-Y. Li et al., 2006). The chromatin of 

bidirectional promoters shows many features commonly associated with more active 

promoters, including higher density Pol II binding, increased density of Histone H3 acetylation 

and increased promoter proximal markings with H3K4Me2/3. Meanwhile, Histone H4 

acetylation appeared to be under-represented at bidirectional promoters (J. M. Lin et al., 2007). 

Promoter bidirectional transcription was attributed to the presence of reverse oriented core 

promoter elements that are similar to their counterparts in the protein-coding gene direction. 

This suggests that divergent antisense transcription initiation is not due to promiscuous 

transcription initiation of Pol II, but due to the presence of core promoter-like elements that 

favor pre-initiation complex assembly (Duttke et al., 2015). Originating from the opposite 
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strand of a protein-coding gene strand, these lncRNA transcripts do not overlap or only 

partially overlap with the 5′ region of paired protein-coding genes (Figure 1.8). One study has 

catalogued lncRNAs expressed in human embryonic stem cells (hESCs) and suggested that 

>60% of lncRNAs are divergently transcribed from active protein-coding genes (within a 

window of ±2 kb around the protein-coding gene TSSs) (Sigova et al., 2013). 

 

 
 

Figure 1.8 GO analysis of coding genes neighboring particular biotypes of lncRNA 
(divergent lncRNA organization is highlighted by a  black box) 

(Luo et al., 2016) 
 

The correlations of expressions between neighboring lncRNAs and protein-coding genes show 

contradictory results, on the one hand high positive correlation was suggested (Derrien et al., 

2012),(Ørom et al., 2010), on the other hand no such relationship was found (Cabili et al., 

2011; Hung et al., 2011). Orom’s group used a GENCODE annotation of the human genome 

by which they revealed cis-regulatory functions of lncRNAs on nearby transcription. They 

focused on lncRNAs distant at least 1 kb of the first and last exons as to avoid promoter- and 

3’-associated transcripts. These lncRNAs function as enhancers to activate expression in their 

chromosomal neighborhood in cis (Ørom et al., 2010). Another study focused on the 

expression of lncRNAs around the promoters of 56 cell-cycle genes under diverse perturbation 

conditions, such as DNA damage or oncogenic stimuli. The expression of these lncRNAs and 

their closest protein-coding genes did not correlate (Hung et al., 2011). 

However, genic lncRNAs (< 5 kb from a protein-coding gene) exhibit significantly greater 

expression correlation with their nearest coding genes than intergenic lncRNAs (> 5 kb from a 
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protein-coding gene) (Luo et al., 2016) and cis regulation of nearby transcription by divergent 

lncRNAs represents a general theme in mammalian gene regulation.  

Some of the biological functions of lncRNAs overlap with known functions of Mediator 

complex and functionally cooperate with it, to associate with enhancer regions and regulate 

chromatin architecture. Indeed, a type of lncRNA called activator RNA (lncRNA-a) interacts 

with Mediator, by favoring the chromatin looping between the lncRNA-a loci and their targets, 

to increase the transcription of neighboring genes with a cis-mediated mechanism (Lai et al., 

2013). In a recent elegant report of allele-specific engineering of five lncRNA loci that act in cis 

to enhance proximal gene expression, it has been reported that the promoters of lncRNAs may 

act as enhancer elements (Engreitz et al., 2016). Highly chromatin enriched-RNAs (cheRNAs) 

are largely cell type specific and their depletion produces significant decreases in neighboring 

gene expression, establishing cheRNAs as transcriptional activators. The cheRNA product 

could facilitate looping from the newly activated enhancer to the gene promoter, without 

interaction with Mediator as is the case for HIDALGO lncRNA (Werner et al., 2017). The 

antisense E2F1-regulated lncRNA named Khps1 activates SPHK1 expression by recruiting the 

histone acetyltransferase p300/CBP to the SPHK1 promoter, which leads to local changes of 

the chromatin structure that ensures E2F1 binding and enhances transcription. 

Mechanistically, Khps1 forms a DNA-RNA triplex, upstream of the TSS of SPHK1, serving as 

anchor points to guide chromatin modifiers to favor a E2F1-driven regulatory loop (Postepska-

Igielska et al., 2015). A rigorous study of the Evx1as/EVX1 locus, by complementary genetic 

approaches together with single-cell time-course analysis of gene expression, reveals an 

essential role of the lncRNA Evx1as in promoting EVX1 activation and ESC differentiation. In 

detail, Evx1as RNA binds to chromatin at an Evx1as/EVX1 enhancer site, facilitates Mediator 

binding, and promotes chromatin looping between the Evx1as/EVX1 promoter and enhancer. 

Thus, divergent lncRNAs, or at least a subset of them, can positively modulate nearby 

transcription and participate in biological processes similar to those controlled by the nearby 

protein-coding genes (Luo et al., 2016). Therefore, lncRNAs may fine-tune the nuclear 

architecture and expression of specific genomic loci, contributing in part to the increased 

phenotypic complexity of higher eukaryotes (Yan, Luo, Lu, & Shen, 2017). 
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1.8.3 lncRNAs in post-transcriptional regulation 

Several works described a functional role for lncRNAs localized within the cytoplasm to 

regulate gene expression at the post-transcriptional level. Some of them have been reported to 

work through RNA-RNA interactions. Therefore, sequence complementarity-mediated 

interactions could regulate mRNA stability and translation. For instance, half-STAU1-binding 

site RNA (1/2-sbsRNA) contains Alu short interspersed elements (SINE) and its mechanism 

of action is mediated by the repeat element, which forms imperfect complementary RNA 

duplexes with Alu elements of 3’ UTRs of target mRNAs and recruits double-stranded RNA 

binding protein Staufen1, which targets mRNA for degradation. Thus, the cells use this 

strategy to recruit proteins to mRNAs and mediate the decay of these mRNAs (Gong & 

Maquat, 2011). Some natural-antisense transcripts (NATs) may bind to mRNA to mask the 

binding sites of miRNAs and thus stabilize mRNA. BACE1AS (BACE1 antisense RNA), a ~2 

kb lncRNA, has been reported to be activated in Alzheimer disease to form an RNA duplex 

with BACE1 (β-secretase 1) mRNA, which may mask the binding site for miR-485-5p and 

prevent translational repression of BACE1 mRNA by miRNA (Faghihi & Wahlestedt, 2009) is 

also get involved in regulation at the translational level, which can either repress, as 

exemplified by lincRNA-p21 on CTNNB1 and JUNB mRNAs (Yoon et al., 2012) or promote, 

as exemplified by AS Uchl1 on Uchl1 mRNA translation (Carrieri et al., 2012). 

However, a peculiar mode of action is that lncRNAs can function as competing endogenous 

RNAs (ceRNAs) (Salmena, Poliseno, Tay, Kats, & Pandolfi, 2011) by binding to and 

sequestering specific miRNAs through their miRNA binding sites (also referred to as miRNA 

response elements, MRE). Mechanistically, ceRNAs function as ‘miRNA sponges’ to protect 

the target mRNAs from repression (Fatica & Bozzoni, 2013). Therefore, coding and non-

coding RNAs can regulate crosstalk between each other by competing for shared miRNAs 

(Fatica & Bozzoni, 2013). This activity, preserved during evolution, was first discovered in 

plants (Franco-Zorrilla et al., 2007) and, subsequently, in mammals (Poliseno et al., 2010), in 

which it was shown to be relevant in many processes, including tumorigenesis (Karreth et al., 

2011),(Sumazin et al., 2011), cell differentiation (Deng, 2015) and pluripotency. A clear 

example of this mechanism is represented by linc-MD1, a muscle-specific lncRNA, which is 

indispensable for muscle differentiation and plays an important role in myogenesis. linc-MD1 
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acts as a natural decoy for two muscle-specific miRNAs, miR-133 and miR-135. Expression of 

mastermind-like-1 (MAML1) is controlled by miR-133, and myocyte-specific enhancer factor 

2C (MEF2C) is the target of miR-135 (Cesana et al., 2011). MAML1 and MEF2C are important 

myogenic factors required for activation of muscle-specific genes. MEF2C binds to the 

promoter region of cardiac muscle genes and positively regulates the differentiation of muscle 

cells, while MAML1 acts as a transcription coactivator in some signal transduction pathways 

(such as Notch signaling) related to muscle differentiation. With the depletion of linc-MD1, 

expression of both MAML1 and MEF2C is repressed, whereas overexpression of linc-MD1 

resulted in high levels of MAML1 and MEF2C. These observations argue for a direct 

competition between linc-MD1 and the respective mRNAs for miRNA binding (Cesana et al., 

2011)(Figure 1.9). 

 

 
Figure 1.9 Schematic representation of ceRNA model of action 

 (Cesana, Cacchairelli et al., 2011) 
 

Similarly, other lncRNAs function as miRNA sponges (e.g HULC to miR-372 (J. Wang et al., 

2010), lncRNA-RoR to miR-145 (Y. Wang et al., 2013), H19 to miR-141 and miR-22 (Liang et 

al., 2015) by competing for miRNA binding and thus exerting post-transcriptional control.  

Some pseudogenes represent an important source of sponge/target mimics for miRNAs to 

stabilize their homologous mRNAs, such as PTENP1, which is pseudogene of PTEN 

(phosphatase and tensin homolog) (Poliseno et al., 2010). An additional example of ceRNA 

was found in the newly identified class of circular RNAs (circRNAs) (Memczak et al., 2013).  
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The subcellular balance between ceRNA, one or multiple miRNAs, and mRNA targets 

constitutes a complex network allowing a fine-tuning of the regulation of gene expression in 

many biological processes. 

 

1.8.4 Other classes of lncRNAs  

UTR-Associated (ua) RNAs: the 3′ UTR regions of eukaryotic genes can be transcribed into 

uaRNAs. They are regulated in a developmental stage- and tissue-specific manner and are 

evolutionarily conserved (T. R. Mercer & Mattick, 2013). 

Promoter upstream transcripts (PROMPTs): are transcribed in sense and antisense directions 

at promoter regions and are highly unstable. Polyadenylation-dependent degradation of 

PROMPTs was proposed to ensure directional RNA production from otherwise bidirectional 

promoters (Preker et al., 2011). 

Transcribed Ultra-conserved Region (T-UCR) lncRNAs: ultra-conserved regions (UCRs) are 

genome segments that exhibit 100% DNA sequence conservation between human, mouse, and 

rat. The human genome contains 481 UCRs within intragenic (39%), intronic (43%), and 

exonic (15%) sequences. These regions are transcribed into T-UCR lncRNAs, which are 

aberrantly expressed in different cancers and some are associated with poor prognosis 

(Bejerano et al., 2004). 

Telomeric repeat-containing RNAs (TERRA): telomeres, which are protective nucleoprotein 

structures at the ends of chromosomes, are transcribed into non-coding RNAs. This family of 

transcripts is generated from both Watson and Crick strands in a cell cycle-dependent manner. 

Formation of RNA-DNA hybrids by TERRA at chromosome ends promotes recombination and 

delays senescence (Balk et al., 2013). 

Centromeric lncRNAs: centromeric repeats are actively transcribed into lncRNAs during the 

progression from late mitosis to early G1 phase and they are required for correct kinetochore 

assembly and the maintenance of centromere integrity (Blower, 2016). 

Promoter and pre-rRNA antisense (PAPAS): ribosomal (r)DNA loci were shown to be 

transcribed by RNA polymerase II. Their expression is induced in quiescent cells and triggers 

the recruitment of histone H4K20 methyltransferase Suv4-20h2 to ribosomal RNA genes for 

histone modification and transcriptional silencing (Bierhoff et al., 2014). 
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1.9 Techniques to probe lncRNA molecular interactions 

Once the annotation of an uncharacterized lncRNA is done, it is necessary to determine if it 

actually possesses biological relevance. The major step towards understanding this is to 

determine if a non-coding transcript has any functional consequence in a particular context by 

gain- or loss-of-function analysis and the observation of the resulting phenotypes.  

Two main approaches are followed to experimentally achieve successful knockdown of a 

particular lncRNA: transient methods like RNA interference (RNAi) or antisense 

oligonucleotide (ASO)-mediated depletion and CRISPR interference (CRISPRi) that involves 

Cas9-mediated modulation of gene transcription levels (Gilbert et al., 2014). In one of the first 

large-scale screens, Guttman’s group used lentiviral shRNA-mediated analysis to analyze the 

depletion of 147 lncRNAs in mESCs (Guttman et al., 2011). A successful rescue of the 

phenotype is extremely important to prove that the phenotype is caused by the alteration of 

the lncRNA transcript and not by off-target effects.  

To gain insight into the relationship between the function of lncRNAs and the molecules with 

which they interact, several in vitro and in vivo approaches are available. (1) RNA-Protein 

interaction: lncRNAs perform their regulatory functions in association with proteins, like 

chromatin-modifying complexes, transcription factors and RNP complexes. The first approach 

is protein-centered, using an antibody specific to a particular protein under native conditions, 

followed by immunoprecipitation and RNA purification, is named RNA immunoprecipitation 

(RIP) (J. Zhao et al., 2008), or Cross-Linking Immunoprecipitation (CLIP) using UV light 

(Spitzer et al., 2014). CLIP, HITS-CLIP or CLIP-seq can be considered to be powerful tools for 

studying protein-RNA interactions on a genome-wide scale when combined with high-

throughput sequencing technologies. However, despite the high specificity, due to covalent 

cross-linking that permits stringent washing and RNase treatment, CLIP experiments often 

generate cDNA libraries of limited sequence complexity due to the restricted amount of co-

purified RNA. The second approach is RNA-centered using biotinylated antisense probes to 

capture RNA-protein complexes but also to identify (2) RNA-Chromatin and (3) RNA-RNA 

domains of interaction. This approach includes RNA pull-down assay, chromatin isolation by 

RNA purification (ChIRP) (Chu, Quinn, & Chang, 2012), capture hybridization analysis of 

RNA targets (CHART) (Davis & West, 2015) and RNA antisense purification (RAP) (Engreitz 



	
  

35 

et al., 2014). Chromatin Isolation by RNA Purification (ChIRP) involves extensive cross-

linking of cells with formaldehyde followed by capture of target RNA with short biotinylated 

antisense DNA oligos. The RNA-protein complexes are then captured on streptavidin beads 

and the enriched proteins are finally subjected to MS, while purified RNA and DNA fragments 

are sequenced following the same procedures as RNA-seq or DNA-seq, respectively. CHART is 

more similar to ChIRP: short antisense DNA oligonucleotides cover the entire target lncRNA 

but the candidate hybridization regions are empirically determined after an RNase H assay. 

Compared to ChIRP and CHART, the most distinctive feature of RAP is the use of long-RNA 

antisense capture probes (>60 nt), which form very stable RNA-DNA hybrids. In addition, 

RAP can be performed in various cross-linking conditions and under stringent hybridization 

and washing conditions that dramatically reduce off-target nucleic acids or proteins (Figure 

1.10). 

 

 
 

Figure 1.10 Schematic representation of methodologies to study lncRNA molecular interactions 
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1.10 Cell cycle and proliferation  

The cell cycle is the sequence of events that occur in cells stimulated to grow. A complex 

network of signaling pathways regulates the entry into the cell cycle and is crucial for cell 

homeostasis.  

Growth factors induce temporary resting cells, in G0 phase, to re-enter the cell cycle, which 

begins with a first period of growth (G1) during which it prepares for a period of DNA 

synthesis (S) (Blomen & Boonstra, 2007). Towards the end of G1 phase, there is an important 

restriction point (R) (Blagosklonny & Pardee, 2002), which marks the point where the cell 

becomes irreversibly committed to traverse the rest of the cell cycle. Growth factors act early in 

G1 phase to engage the cell-cycle signaling system, whose interaction with the growth-factor 

signaling pathways, represent a critical event in the control of cell proliferation. To understand 

how proliferation is controlled, it is therefore necessary to follow the sequence of events during 

the G1 phase that lead up to R. Once R is overcome, cells become independent of growth 

factors in that further progression through the cell cycle is now in the hands of the cell-cycle 

control system. Once duplicated the chromosomes, the cell enters a second period of growth 

(G2) where it prepares to divide into two daughter cells during the period of mitosis (M) 

(Berridge, 2012) (Figure 1.11). 

Cyclins and CDKs are key players in cell-cycle regulation. In general, the CDKs, particularly 

CDK1, CDK2, and CDK4/6, are activated via binding to their selected cyclins, including cyclins 

A, B, D, and E, in specific phases of the cell cycle, followed by phosphorylation of their target 

proteins to enable cell-cycle progression. The activities of the CDKs are controlled not only by 

cyclins but also by phosphorylation or dephosphorylation by Cdc25 phosphatase (Nurse, 

2002). Moreover, CDK inhibitors including p15, p16, p18, p21, p27, and p57 specifically bind 

to their target cyclin–CDK complexes and inhibit their activity to negatively regulate the cell 

cycle (Vidal & Koff, 2000). CDKs and their related pathways control the cell proliferation by 

maintaining exit from and entry to the different phases of the cell cycle. 
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Figure 1.11 Spatiotemporal aspects of proliferative signaling 

(Berridge, 2012) 
 

Growth factors initiate a number of signaling pathways that carry information into the 
nucleus to activate immediate-early genes (IEGs). Some of these early protein-coding 
genes are involved in an autocrine loop to drive later events. Other early genes encode 
transcription factors, such as c-Myc, c-Jun and c-Fos, to initiate transcription of later 
genes, such as cyclin D, which combines with the cyclin-dependent kinases (CDKs), 
CDK4/6, to phosphorylate the retinoblastoma protein (Rb) which is one of the key 
factors guarding passage through the restriction point (R). A key event at R is the 
phosphorylation of Rb, which removes its inhibition of E2F and enables this 
transcription factor to increase the expression of cell-cycle components (e.g. cyclin E, 
cyclin A and Cdc25A) responsible for initiating DNA synthesis.  

 

1.10.1 lncRNAs in cell proliferation 

Advancements in genomics technologies over the last decade allowed for the identification of 

tens of thousands of lncRNAs previously unthought, of thereby revolutionizing the way we see 

the complex eukaryotic transcriptome and the consequent regulation of many biological 

processes. 

Although the biological relevance for the majority of lncRNAs has not yet been assessed, those 

lncRNAs which have been functionally characterized are reported to play important roles in a 

variety of physiological processes, such as regulating cell proliferation and differentiation, 

apoptosis, imprinting, promoting pluripotency, and controlling gene expression. 
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Many lncRNAs are involved in the modulation of critical cell-cycle regulators such as cyclins, 

CDKs, CDK inhibitors, pRb and p53 via various mechanisms. These lncRNAs principally act as 

epigenetic regulators of transcription, post-transcriptional regulators, and protein scaffolds.  

Gadd7 is a lncRNA involved in regulating CDK6 expression in a post-transcriptional manner 

(Liu et al., 2012). It is transcriptionally induced via DNA damage mediated by UV and 

cisplatin, binds to TDP-43 and dissociates from CDK6 mRNA. The CDK6 mRNA is then 

degraded, resulting in inhibition of the G1/S transition. MALAT1, a mediator of mRNA 

splicing (Tripathi et al., 2010), is upregulated in several human cancers and contributes to 

cancer cell proliferation (Gutschner & Diederichs, 2014). MALAT1 depletion results in arrest 

in the G1 phase and promotes expression of p53 as well as p16, p21, and p27 in human 

fibroblasts. On the contrary, it suppresses various genes involved in cell-cycle progression such 

as cyclin A2 and Cdc25A. Moreover, in G2/M progression, MALAT1 is required for expression 

of B-Myb, thereby contributing to cell-cycle progression in each phase (Tripathi et al., 2013). 

ANRIL is an anti-sense transcript of the p15 gene in the INK4 locus induced by DNA-

damaging agents via the ATM-E2F1 pathway and it is involved in epigenetic repression of the 

transcription of the INK4 locus via the recruitment of PRC1 and PRC2 (Wan et al., 2013). 

The integrity of the genome is maintained by a process of checkpoint signaling that operates to 

arrest the cell cycle in response to DNA damage. Tumor protein p53, described as “the 

guardian of the genome” (Lane, 1992), is crucial for the induction of growth arrest by 

numerous stress signals. Moreover, the importance of the tumor suppressing functions of p53 

is shown by its high mutation frequency in cancers and by the highly tumorigenic phenotype of 

p53 null mice-RoR negatively regulates p53 expression, thereby suppressing doxorubicin-

induced G2/M phase arrest and apoptosis. Conversely, depletion of lncRNA-RoR leads to p53 

accumulation (Y. Wang et al., 2013). Pint lncRNA (p53 induced non-coding transcript), a 

tumor suppressor candidate lncRNA, is finely regulated by p53 and connects p53 activation 

with epigenetic silencing by PRC2 in a p53 auto-regulatory negative mechanism. In addition, 

p53 directly binds to lncRNA-p21 promoter-p21 transcription is up-regulated upon DNA 

damage in MEFs (Huarte et al., 2010). 
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PANDA is induced by DNA damage in a p53-dependent manner. It binds to and inhibits the 

NF-YA transcription factor, which limits the expression of pro-apoptotic genes such as FAS 

and BIK and thus results in the repression of apoptosis (Hung et al., 2011).  

c-Myc is a basic helix-loop-helix leucine zipper (bHLHZ) transcription factor, induced in early 

G1 phase by serum and a variety of mitogens, which bind the consensus DNA sequence known 

as the E-Box (CACGTG) when dimerized with Max (Kato & Dang, 1992). c-Myc is a master 

regulatory transcription factor that modulates a large number of cellular processes, such as 

proliferation, growth, differentiation, metabolism, and even apoptosis (Eilers & Eisenman, 

2008). Several reports have identified lncRNAs as components of c-Myc transcriptional 

network and many lncRNAs can be found differentially regulated by c-Myc in different cancer 

types. Some of them have been shown to be able to control the expression of c-Myc itself, both 

at transcriptional and post-transcriptional levels (Figure 1.12). 

 

 

Figure 1.12 lncRNAs that have been described as being part of the c-Myc network 
(Ingram et al., 2017) 
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Moreover, well-characterized miRNAs participate in cell-cycle regulation through post-

transcriptional regulation (Bueno & Malumbres, 2011). One of the common miRNA families is 

the let-7 family which has been shown to repress cell-cycle regulators (e.g., cyclin A, cyclin D 

and CDK4) and to block cell-cycle progression and anchorage-independent growth in cancer 

cells (Johnson et al., 2007). Additionally, let-7a inhibits c-Myc-induced cell growth in Burkitt 

lymphoma cells by blocking c-Myc expression (Sampson et al., 2007). Further, HuR RNA-

binding protein (RBP) binds and represses c-Myc mRNA by recruiting the let-7/RISC complex 

to the 3′ UTR region of c-Myc (H. H. Kim et al., 2009). Particularly, recruitment of HuR 

and let-7 to the transcript of c-Myc is interdependent (Gunzburg et al., 2015). 

 

1.11 Growth-factor signaling pathways 

Growth factors use a variety of signaling pathways that co-operate with each other to transmit 

information into the nucleus. The interchange between the cell-cycle signaling system and 

growth-factor signaling pathways is a critical event in the control of cell proliferation. In 

general, cyclins are the primary targets of the signals coming into the cell from growth-factor 

receptors on the cell surface. Proliferative signaling pathways drive cells into the cell cycle by 

activating events early in G1. One of these pathways depends on Ras and the mitogen-activated 

protein kinase (MAPK) signaling pathway. Another very common example is the Wnt signaling 

pathway. In contrast to the positive effects of certain growth factors in initiating the cell cycle, 

other growth factors such as transforming growth factor-β (TGF-β) act by inhibiting the cell-

cycle signaling pathway in a particular context (Figure 1.13). 
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Figure 1.13 Cell-cycle network of signaling systems of cell proliferation  

and related cellular processes 
(Berridge, 2012) 

 

The interest in signaling pathways regulating cell proliferation increased with growing 

evidence of their alteration in many forms of cancer. Very often key components of these 

signaling pathways are proto-oncogenes that become constitutively active to function as 

oncogenes. Conversely, there are negative elements, and many of these are tumor suppressors, 

which are inactivated in many tumor cells. In addition to the protein-coding genes, also 

lncRNAs are deregulated in a number of cancers, suggesting that their aberrant expression may 

be a substantial contributor in cancer development (Gutschner & Diederichs, 2014). 

 

1.11.1 Transforming growth factor-β signaling pathway: the inhibitory SMAD, 

SMAD7, in colorectal cancer 

Transforming growth factor-β (TGF-β) signaling pathway plays crucial roles during 

development and homeostasis and exerts strong anti-proliferative effects on normal and 

premalignant cells. However, advanced stage cancers often become insensitive to the tumor-

suppressive actions of TGF-β signaling. Indeed, TGF-β signaling is involved in epithelial-to-

mesenchymal transition (EMT) induction, angiogenesis promotion, altered extracellular matrix 

deposition, immune suppression, and increased metastatic colonization (Ikushima & 
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Miyazono, 2010). 

SMAD family members have been identified as essential genes for the intracellular mediation 

of TGF-β signaling (Massagué, 2008). In the canonical pathway, the activation of TGF-β and 

BMP branches leads to the recruitment of R-SMADs, SMAD2/3 in the case of TGF-β or 

SMAD1/5/8 in the case of BMP, which form a complex with SMAD4. This complex then 

directs the transcription of many target genes, including SMAD7 (Figure 1.14). 

SMAD7, a I-SMAD like SMAD6, in turn serves as a negative feedback regulator of TGF-β 

signaling (Wrighton, Lin, & Feng, 2009). Indeed, it forms stable complexes with activated type 

I receptors and thereby blocks the phosphorylation of R-SMADs, or recruits ubiquitin E3 

ligases, such as SMURF1/2, resulting in the ubiquitination and degradation of the activated 

type I receptors. Besides, SMAD7 also inhibits TGF-β/BMP signaling in the nucleus by 

interacting with transcriptional repressors, such as histone deacetylases, HOXC-8 and CtBP, or 

disrupting the formation of TGF-β induced functional SMAD-DNA complexes (S. Zhang et al., 

2007). The level of SMAD7 transcription is also upregulated by other stimuli, including IFN-γ, 

TNF-α as well as ultraviolet light and TPA, by which SMAD7 mediates the crosstalk between 

TGF-β and other signaling pathways. 

 

 
Figure 1.14 General mechanism of TGF-β signaling 

(Rik Derynck & Ying E. Zhang, 2008) 
 

TGF-β superfamily signaling is established as a crucial signaling family in colorectal cancer 

(CRC). CRC is the third most common malignant tumor and the fourth most common cause 

of cancer mortality worldwide (Center, Jemal, & Ward, 2009). The onset of CRC involves 
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multi-factorial and complex steps in which abnormal gene expression, due to mutational 

events, plays an important role. Also SMAD7 is involved in the etiology of CRC, indeed CRC 

patients with deletion of SMAD7 have a favorable outcome compared to patients with SMAD7 

amplification (Boulay et al., 2003). SMAD7 overexpression has been observed in some CRC 

cells, and reduction of SMAD7 expression using antisense RNA leads to decreased 

proliferation in the HCT-116 CRC cell line and human CRC neoplastic explants, and it further 

leads to reduced tumorigenesis in APCmin/- mice (Stolfi et al., 2014). Moreover, stable 

expression of SMAD7 promotes tumor progression and enhances liver metastasis of CRC 

(Halder, Rachakonda, Deane, & Datta, 2008). 
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Aim of the thesis 

 
Although increasing numbers of lncRNAs are reported, their functionality remains mostly 

elusive. 

Essentially, an accurate transition from G1 phase of the cell cycle to S phase is crucial for the 

control of eukaryotic cell proliferation, and its deregulation promotes oncogenesis. Several 

studies used cells that re-enter the cell cycle, after serum removal and subsequent stimulation, 

to analyze transcriptional activation in the G1 phase. Many protein-coding genes control this 

process but little is known about the regulatory role of immediate-early lncRNAs. 

This thesis aims to identify, by a high-throughput RNA-seq approach, novel cell-cycle 

regulated lncRNAs (CCR lncRNAs) and characterize their molecular mechanisms of action. 

A common theme in the regulation of gene expression by lncRNAs is the activation or 

repression of their target genes. Indeed, lncRNAs can accumulate in cis, localize in the nucleus 

in trans, or in the cytoplasm to execute their function via distinct regulatory mechanisms.  

Thus, this thesis intends to highlight the regulatory circuits that involve immediate-early 

lncRNA action at transcriptional or post-transcriptional level in the context of cell proliferation 

and decipher whether their deregulation might have an impact in a pathological condition such 

as tumorigenesis. 
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Chapter 2  
 

High-throughput RNA-seq analysis identifies 
novel immediate-early lncRNAs involved in cell proliferation 

 

Results 

 

2.1 Cell-cycle re-entry by serum promotes the expression of immediate-early 

lncRNAs 

Normal cells, like fibroblasts, require growth factors to proliferate, which are provided in vitro 

by the addition of fetal bovine serum (FBS). In serum deprivation conditions, the cells enter in 

a quiescent state, termed G0, while the addition of serum triggers a proliferative response. We 

used this system that represent a traditional model for studying cell-cycle progression and the 

identification of the early genes which are induced by mitogens to progress into the in G1 

phase (Figure 2.1A). We first performed a fluorescence-activated cell sorting (FACS) analysis 

with propidium iodide staining to determine the percentage of cells in G0/G1, S and G2/M 

phase. We found that serum starved mouse embryonic fibroblasts (MEFs) contained higher 

percentages of cells in G0/G1 (Figure 2.1B, left panel). Moreover, we observed, by RT-qPCR 

analysis, an increase in the expression levels of some well-known early protein-coding genes, 

such as c-Jun, c-Fos and c-Myc (Figure 2.1B, right panel), confirming the accuracy of the 

proliferative model. 
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To identify novel long non-coding RNAs (lncRNAs) expressed as immediate-early genes upon 

mitogenic stimulation, we extracted the RNA from MEFs harvested at different time points 

after serum treatment (0.5h, 1h and 2h) and we performed a high-throughput RNA sequencing 

(RNA-seq) analysis. From the sequencing, we obtained short-read gapped alignment yielded 

approximately 2.4 billion mappings on the mouse genome. Reference annotation based 

transcript (RABT) assembly of mapped reads generated about 3x105 potential transcripts. We 

then designed a filtering pipeline to select for previously unannotated transcripts lacking 

coding potential. All single exon transcripts, transcripts shorter than 200 bases, transcripts 

with low coverage (<3 reads per base on average), transcripts that have been previously 

annotated (in RefSeq, UCSC, Ensembl, and Vega annotation datasets) and transcripts with 

putative coding potential were excluded (Figure 2.2A). We selected only those transcripts 

whose expression was significantly upregulated at any time point following serum induction. 

This analysis produced a set of novel 19 high-fidelity long non-coding transcripts upregulated 

by serum treatment in starved MEFs (Figure 2.2B). The validation by RT-qPCR of the novel 

lncRNA revealed that only 10 of them showed a good expression profiles with specific peaks of 

expression, under serum stimulation, in BALB/c fibroblasts (Figure 2.3). We name these novel 

immediate-early transcripts cell-cycle regulated (CCR) lncRNAs. 
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Figure 2.1 Time course of serum induction in MEFs. 
A. Experiment layout to identify serum-dependent transcription. Starved MEFs were treated with serum 
for the times indicated.  
B. Cell-cycle FACS analysis of starved MEFs compared to serum-induced MEFs (left panel). RT-qPCR 
analysis of: c-Jun, c-Fos and c-Myc transcripts in serum time course, as controls of serum induction (right 
panel). Data are presented as mean values ± SD of 3 independent experiments; **P < 0.01, *P < 0.05 by 
the Student's t-test. 
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Figure 2.2 Discovery of novel CCR lncRNAs  
A. A schematic overview of the lncRNAs discovery pipeline employed: (1) paired-end reads from Illumina 
sequencing are mapped to the mouse genome, (2) a parsimonious set of transcripts justifying the 
observed read is built using Cufflinks reference annotation based transcript (RABT) assembly, (3) 
transcripts are filtered by length, number of exons, and coding potential, (4) transcripts induced by serum 
are selected at each time point.  
B. List of the novel 19 CCR lncRNAs discovered by our RNA-seq approach in term of genomic 
coordinates and gene expression levels (RPKM) during serum stimulation in MEFs. 
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Figure 2.3 CCR lncRNAs validation by RT-qPCR in BALB/c fibroblasts 
Validation of CCR lncRNA expression levels by RT-qPCR, with specific oligonucleotides, in serum-
induced BALB/c fibroblasts. The gene expression values were normalized to β-actin. Data are presented 
as mean values ± SD of 3 independent experiments; **P < 0.01, *P < 0.05 by the Student's t-test. 
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2.2 Two novel CCR lncRNAs show a significant phenotype in cell proliferation 

To explore the biological role of the identified CCR lncRNAs, we performed loss-of-function 

experiments by transfecting BALB/c fibroblasts with short independent hairpin RNAs 

(shRNAs) against each lncRNA (Figure 2.4A). Among the 10 CCR lncRNAs, only the silencing 

of CCR492 and CCR102 resulted in a significant decrease in cell growth with respect to control 

cells (Figure 2.4B). 

 
 

 
 
 
Figure 2.4 Selection of  CCR lncRNAs with a phenotype in cell proliferation 
A. BALB/c fibroblasts were transfected with two independent shRNAs for each lncRNA. LncRNA 
expression levels were evaluated by RT-qPCR. 
B. Screening of the biological phenotype in loss-of-function experiment. BALB/c fibroblasts were 
transfected with the best shRNA and analyzed in cell growth, compared to shControl. Data are presented 
as mean values ± SD of 3 independent experiments; **P < 0.01, *P < 0.05 by the Student's t-test. 
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Chapter 3  
 

CCR492 lncRNA acts as a ceRNA  
reducing the let-7 repressing activity on c-Myc  

and contributes to cell transformation 

 

Results 

 

3.1 Characterization of CCR492 lncRNA 
The CCR492 gene is localized on chromosome 4, in a 200 kb-long intergenic region between 

the Bnc1 and Cntln protein-coding genes. The promoter specific H3K4me3 modification and 

the presence of the H3K36me3, along the gene body, indicated its active transcription in 

fibroblasts. It is composed of 4 exons, as shown by the RNA-seq profile (Figure 3.1A). 

Importantly, northern blot analysis and rapid amplification of cDNA ends (RACE) revealed 

that CCR492 is a transcript of 953 nucleotides (Figure 3.1B-C). 
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Figure 3.1 Characterization of CCR492 lncRNA  
A. Schematic representation of the chromosomal location of the CCR492 lncRNA. The arrowhead 
indicates the transcription direction. Chromatin structure is shown from fibroblasts ChIP-seq data for 
histone modifications (Zullo et al, 2002). Positions of shRNAs directed against exon 4 are indicated. 
B. Northern blot analysis for CCR492 in polyA+ fraction from serum-induced fibroblasts confirms the 
predicted size of transcript (~1 kb).  
C. CCR492 mature RNA start and stop sites (mapped by 5’ and 3’ RACE, respectively). 
D. Expression of CCR492 in BALB/c fibroblasts transfected with either a non-targeting control 
(shControl) or shRNAs targeting lncRNA CCR492 (shCCR492 #1, #2). Data are presented as mean 
values ± SD of 3 independent experiments; **P < 0.01, *P < 0.05 by the Student's t-test. 
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3.2 CCR492 controls cell-cycle progression in fibroblasts 

To investigate the potential biological role of CCR492 in cell-cycle progression, we transfected 

two shRNAs targeting CCR492 (shCCR492 #1, #2) or shControl in fibroblasts. Cell-growth 

curve assay showed a significant reduction in cell proliferation of CCR492 silenced cells, with 

respect to control cells (Figure 3.2 A, Figure 3.2B top panel). Analysis of the cell cycle by FACS 

revealed an increase of G1-G0-phase cells, together with a reduction of S-phase cells upon 

CCR492 knockdown (Figure 3.2B bottom panel). To verify that the effect on cell proliferation 

was not due to off-target effects of the shRNAs, we performed a complementation experiment 

by expressing two different CCR492 transcripts, a site-specific mutant and a deleted mutant, 

which are not affected by silencing (Figure 3.2C). Analysis of cell proliferation showed that 

ectopic expression of the lncRNA was able to rescue the wild-type proliferation phenotype, 

supporting the involvement of immediate-early CCR492 lncRNA in regulating the cell cycle in 

fibroblasts (Figure 3.2D-E). 
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Figure 3.2 CCR492 depletion suppresses the G1/S progression 
A. Cell-growth curve assay in control (shControl) and CCR492 silenced fibroblasts (shCCR492 #1, #2) 
B. Bright field of control and CCR492 silenced fibroblasts (Top panel). EdU-CellCycle 633-red flow 
cytometry analysis. Cells were pulsed with EdU for 1 h following 72 h transfected with shControl or 
shCCR492 #1, #2. Scatter plot histograms of EdU-labeled cells were stained for DNA content (X-axis) 
and EdU (Y-axis). The following populations are shown: G0/G1, S, and G2/M (Bottom panel). 
C. Schematic representation of the CCR492 WT, CCR492 shMut and CCR492 Δ162 used for the rescue 
experiment. 
D. Expression levels of the endogenous CCR492 were determined by RT-qPCR.  
E. Cell-growth curve assay of CCR492 silenced fibroblasts in the absence or presence of the CCR492 
Mutants. Data are presented as mean values ± SD of 3 independent experiments; **P < 0.01, *P < 0.05 
by the Student's t-test. 
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3.3 CCR492 is a cytosolic lncRNA 

Next we examined the localization of CCR492 in BALB/c fibroblasts by nuclear and 

cytoplasmic subcellular fractionation (Figure 3.3A). The RT-qPCR showed that CCR492 RNA 

was prevalently present in the cell cytoplasm (Figure 3.3B).  

We further analysed the cellular distribution of CCR492 by RNA Fluorescent in Situ 

Hybridization (RNA-FISH). CCR492 signal was visible in the cytoplasm while no signal was 

evident in the DAPI-stained nuclei (Figure 3.3C). 

 

 

 
      (Figure 3.3 – legend on the next page) 
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Figure 3.3 CCR492 is a cytoplasmic lncRNA 
A. Western blot of subcellular fractionation in BALB/c fibroblasts. Controls of subcellular fractionation 
are β-Tubulin for cytoplasm, and Lamin A/C for nucleus.  
B. RT-qPCR of subcellular fractionation in serum-induced BALB/c fibroblasts. Percentage ratio of 
CCR492 nuclear and CCR492 cytoplasmic over the whole total CCR492 expression levels represents the 
distribution of CC492 in fibroblasts. Controls of subcellular fractionation are β-actin for cytoplasm, and 
U1 for nucleus.  
C. RNA Fluorescent In Situ Hybridization (RNA-FISH) of CCR492 in starved or serum-induced BALB/c 
fibroblasts. Top shows the negative control obtained with sense 5′-biotinylated CCR492 probes. Bottom 
shows single-molecule CCR492 localization obtained with 5′-biotinylated antisense (CCR492-AS) probes. 
Data are presented as mean values ± SD of 3 independent experiments; **P < 0.01, *P < 0.05 by the 
Student's t-test. 
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3.4 CCR492 acts as a molecular sponge modulating let-7 activity 

Considering that CCR492 is expressed in the cytoplasm in response to growth-factor treatment 

to favor the cell-cycle progression, we hypothesized that it could act as a competing 

endogenous RNA (ceRNA) for miRNAs targeting genes involved in cell growth.  

By performing small RNA-seq we identified the top 20 miRNAs expressed in MEFs, and 

bioinformatically evaluated the presence of the corresponding MREs on CCR492. Our analysis 

revealed that CCR492 contains 2 or more putative MREs for 13 of them (Table 3). We focused 

our attention to the let-7 miRNAs, which showed 4 high-affinity MREs to CCR492 (Figure 

3.4A-B-C) and are known to play a role in cell growth (Johnson et al., 2007). 

To evaluate the relationship between CCR492 and let-7 we performed a cell growth assay in 

the presence of let-7 inhibitors. The silencing of CCR492 does not affect cell growth in the 

presence of let-7 inhibitors indicating that CCR492-dependent phenotype requires the 

presence of let-7 (Figure 3.4D-E). Taken together these experiments show that CCR492 acts 

by titrating let-7 to limit its activity. 
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Figure 3.4 CCR492 acts as a natural decoy for let-7 
A. Analysis of potential MREs in CCR492.  
B. Schematic representation of the 4 bioinformatics predicted let-7 binding sites in CCR492.  
C. Bioinformatic prediction of target-miRNA seed regions in CCR492 for let-7. Duplex MEF (ΔG seed 
duplex, Minimum Free Energy) values were obtained from RNAhybrid program (Kruger & Rehmsmeier, 
2006) 
D. Expression levels of CCR492 in control and CCR492 silenced fibroblasts, in the absence or presence of 
let-7 Inhibitors. 
E. Cell-growth assay with let-7 Inhibitors in CCR492 depleted BALB/c fibroblasts. Data are presented as 
mean values ± SD of 3 independent experiments; **P < 0.01, *P < 0.05 by the Student's t-test. 
. 
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3.5 CCR492 interacts directly with let-7 to regulate c-Myc expression 

The intersection of the serum-induced genes and those predicted to be let-7 target genes 

identified 14 putative target RNAs (Figure 3.5A). Most of these are not related with the cell 

cycle and are not affected by CCR492 silencing (Figure 3.5B). Interestingly, c-Myc, which is 

known to play a central role in cell proliferation, showed a significant decrease of expression in 

CCR492 silenced cells both at the mRNA and protein levels, but not at the c-Myc hnRNA 

levels (Figure 3.5B-C-D). Demonstrating that this regulation is at the post-transcriptional 

level.  

To verify whether the effect of CCR492-dependent depletion of let-7 acted directly on the c-

Myc RNA, we cloned the 3′UTR of c-Myc containing the let-7 binding site downstream of a 

firefly luciferase reporter gene (pRLuc-c-Myc 3′UTR), and analysed the effect of CCR492 

knockdown on the c-Myc 3′UTR. The inhibition of CCR492 expression resulted in a significant 

reduction of the luciferase expression with respect to the control plasmid. Importantly, the 

inhibitory effect on the luciferase construct by CCR492 silencing was abolished either by the 

co-expression of the CCR492 mutant or by let-7 inhibitors (Figure 3.6A). To determine the 

functional interaction between CCR492 and let-7, we performed an RNA pull-down assay. 

CCR492 pull-down strongly is enriched in let-7 and Ago2, while we could not detect c-Myc 

RNA (Figure 3.6B). Thus, demonstrating that CCR492 and let-7 are associated together within 

a RISC complex (Figure 3.6C). Importantly, CCR492 mutated all its let-7 binding sites was no 

longer able to rescue the wild-type proliferation phenotype (Figure 3.6D). Finally, the 

overexpression of CCR492 in fibroblasts produces a decrease in let-7 activity that is in 

agreement with enhancement of expression levels of some target genes (Suppl. Figure S3.3E). 

Taken together these results demonstrate that, CCR492 by binding directly to let-7 family 

miRNAs, acts as ceRNA reducing, in a post-transcriptional manner, the let-7 repressing 

activity on c-Myc. 
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Figure 3.5 CCR492 is a post-transcriptional regulator of c-Myc 
A. Venn diagram of serum-induced genes versus let-7 target genes in BALB/c fibroblasts.  
B. RT-qPCR of 14 putative let-7 target RNAs and induced by serum treatment in CCR492 depleted 
BALB/c fibroblasts. 
C. RT-qPCR of c-Myc mRNA and c-Myc hnRNA expression levels in control or CCR492 silenced BALB/c 
fibroblasts.  
D. Western blot of c-Myc protein expression in control or CCR492 silenced BALB/c fibroblasts. 
Data are presented as mean values ± SD of 3 independent experiments; **P < 0.01, *P < 0.05 by the 
Student's t-test. 
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Figure 3.6 CCR492 directly interacts with let-7 
A. Dual luciferase assay. Schematic representation of the c-Myc 3′UTR cloned downstream to the Firefly 
luciferase open reading frame (pRLuc-Myc 3′UTR) (Top panel). Luciferase level obtained by RLuc-c-Myc 
3′UTR transfected in control or CCR492 silenced BALB/c fibroblasts. In addition, complementation assay 
using the CCR492 mutant insensitive to the silencing or with let-7 Inhibitors is shown (Bottom panel). 
B. RT-qPCR detection of let-7 in RNA pull-down assay. Mir-16 is the negative control. The results are 
shown as the percentage (1/100) of the input.  
C. Pull-down of Ago2 by biotin-labeled CCR492 probes, as detected by Western Blot.  
D. Schematic representation of CCR492 mutant in let-7 seeds. 
E. Cell-growth curve assay of CCR492 silenced fibroblasts in the absence or presence of the CCR492 let-7 
Mut. Data are presented as mean values ± SD of 3 independent experiments; **P < 0.01, *P < 0.05 by 
the Student's t-test. 
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3.6 CCR492 contributes to cell transformation 

The above results demonstrate that the expression of CCR492 in response to mitogenic stimuli 

antagonizes the function of let-7. The finding that CCR492 protects c-Myc mRNA by 

sequestering let-7 miRNAs prompted us to verify whether CCR492 can cooperate to cell 

transformation. 

To this end, we transfected BALB/c fibroblasts with a constitutively active mutant of the H-Ras 

proto-oncogene (H-Ras V12), with and without CCR492. As expected, significantly increased 

c-Myc expression (Figure 3.7A). Importantly, the ectopic expression of CCR492 strongly 

induced the Ras-dependent transformed foci and soft agar colonies compared to either control 

cells and cells overexpressing H-Ras alone (Figure 3.7B-C). Taken together these data show 

that CCR492 plays a role in the control of the cell cycle and when overexpressed contributes to 

cell transformation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
, 
 
 
 
 
 
 
 
 
 
 
 



	
  

63 

 
 
 
 
 

 
 
 
 
  
Figure 3.7 CCR492 cooperates with H-Ras V12 for cell transformation 
A. Western Blot analysis of c-Myc and H-Ras expression levels in BALB/c transfected either with a 
construct expressing H-RAs V12 alone or together with CCR492.  
B. Soft agar quantification colony assay of BALB/c fibroblasts transfected as in A. 
C. A representative bright field image of soft agar colonies.  
Data are presented as mean values ± SD of 3 independent experiments; **P < 0.01, *P < 0.05 by the 
Student's t-test. 
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Figure 3.8 Molecular mechanism of action of CCR492 
Model of the interactions between CCR492, let-7, and c-Myc. Left panel shows cells expressing CCR492. 
Right panel shows the effect of the let-7 miRNAs on the c-Myc transcripts. 

 
 
 
 
 
 
 
 



	
  

65 

Table 1. Oligonucleotides 
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Table 2. Oligonucleotides 
 

 
 

Table 3. Summary of putative miRNA binding sites in the CCR492 sequence in fibroblasts 
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Chapter 4  
 

CCR102 lncRNA positively affects Smad7 expression in cis  
taking part in TGF-β signaling  

 

Results 

 

4.1 Characterization of CCR102 lncRNA 

The CCR102 gene is localized on chromosome 18 and the presence of active transcription 

marks, H3K4me3, on the promoter, and H3K36me3, on the gene body, indicate its 

transcription in fibroblasts. CCR102 transcript is long 2700 bp and is composed by 8 exons 

(Figure 4.1A). Moreover, CCR102 is ubiquitously expressed in other cell types and tissues 

according to bioinformatics analysis obtained from our RNA-seq approach and CSHL Resource 

(Figure 4.1B). Importantly, CCR102 is transcribed on the opposite strand from its neighboring 

protein-coding gene Smad7 (260 bp away), indicating that CCR102 is a divergent lncRNA 

(Figure 4.1C).  
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Figure 4.1 Characterization of CCR102 lncRNA 
A. Schematic representation of CCR102 lncRNA in term of number of exons (8 exons) and introns. The 
arrowhead indicates the transcription direction. Chromatin structure is shown from ChIP-seq data for 
histone modifications (H3K4me3, H3K36me3) in fibroblasts (Chronis et al., 2017). 
B. Profile of CCR102 transcript in different cell types and tissues. 
C. Schematic representation of a divergent transcription. CCR102 non-coding gene and Smad7 protein-
coding gene are transcribed from a bidirectional promoter. 
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4.2 CCR102 favors G1/S phase progression  

To elucidate the biological role of CCR102, we performed loss-of-function studies in 

proliferation assays. The CCR102 silencing, by transfection of two independent shRNAs 

(shCCR102 #1, #2) (Figure 4.2A), led to a significant decrease in cell growth, compared to the 

control fibroblasts (Figure 4.2B). Importantly, FACS analysis revealed an increase of G0/G1-

phase cells, together with a reduction of S-phase cells upon CCR102 knockdown (Figure 4.2C). 

To verify whether CCR102 play a key role in cell proliferation, we performed a deeply analysis 

by RNA-seq of CCR102 depleted cells, with respect to the control. The silencing of CCR102 

resulted in a modulation of some cell-cycle-associated genes (Figure 4.2D). To gain more 

detailed functional insights into the differentially expressed gene list, a Gene Ontology 

enrichment analysis was conducted. The categories related to cell cycle were strongly 

represented (Figure 4.2E). We thus concluded that immediate-early CCR102 lncRNA is 

directly involved in the regulation of cell-cycle progression. 
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Figure 4.2 CCR102 favors cell-cycle progression 
A. Expression of CCR102 in BALB/c fibroblasts transfected with either a non-targeting control 
(shControl) or two shRNAs targeting CCR102 (shCCR102 #1, #2).  
B. Cell-growth curve assay in control and CCR102 silenced fibroblasts.  
C. Cell-cycle profile by FACS of CCR102 depleted BALB/c fibroblasts compared to the control shows each 
phase. 
D.Heatmap representation of gene commonly affected by CCR102 silencing (shCCR102 #1, #2). Colors 
represent transcripts related to cell cycle with a Row Z-Score positive (red) or negative (green). 
E. Gene Ontology term enrichment analysis of differentially expressed genes, in CCR102 depleted cells 
compared to the control. A significant enrichment in pathways relevant for cell cycle and G1/S transition 
is shown. Data are presented as mean values ± SD of 2 independent experiments; **P < 0.01, *P < 0.05 
by the Student's t-test. 
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4.3 CCR102 is a chromatin-associated lncRNA 

To obtain information about the molecular mechanism of action of CCR102, we first defined 

its subcellular localization. The analysis of biochemical subcellular fractionation by RT-qPCR 

showed that CCR102 RNA was, for the most part, present in the chromatin fraction of 

different cell types (Figure 4.3A). Moreover, RNA-FISH assay revealed that CCR102 signal was 

detected in the euchromatin, while no signal was evident in the DAPI-stained heterochromatin 

(Figure 4.3B). Taken together, these results suggest that CCR102 is a euchromatin-associated 

lncRNA. 

 

 

 
 
 

Figure 4.3 CCR102 is a chromatin-associated lncRNA 
A. RT-qPCR of subcellular fractionation in fibroblasts, mouse embryonic stem cells and CT26. Percentage 
ratio of CCR102 in chromatin, nuclear and cytoplasmic over the whole total CCR102 expression levels 
represents the distribution of CCR102 in cells. Controls of subcellular fractionation are U1 for nucleus 
and β-actin for cytoplasm. 
B. RNA-FISH assay of CCR102 in serum-induced or starved BALB/c fibroblasts as a control. CCR102 
localization was obtained with 5′-biotinylated antisense (CCR102-AS) probes. Data are presented as 
mean values ± SD of 2 independent experiments; **P < 0.01, *P < 0.05 by the Student's t-test. 
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4.4 CCR102 genomic locus harbors an enhancer region by which positively 

affects Smad7 expression 

An interesting finding is that divergent gene organization may allow chromatin-associated 

lncRNAs to regulate their adjacent protein-coding genes in cis (Sigova et al., 2013; Ørom et al., 

2010),(Luo et al., 2016). To gain insight into this, we performed a ChIP-seq analysis in 

fibroblasts that revealed the presence of an enhancer region, within the CCR102 locus (Figure 

4.4A top panel). The high level of H3K4m1 and H3K27ac occupancy, together with the 

enrichment in p300, as obtained by RT-qPCR analysis (Figure 4.4A bottom panel), indicated 

that it was an active enhancer. 

Our working hypothesis was that CCR102 could promote the expression of its neighboring 

protein-coding gene Smad7, via the activation of its internal enhancer. Smad7, an Inhibitory 

Smad (I-Smad), regulates TGF-β signaling by negative feedback loop (Wrighton, Lin, & Feng, 

2009). The activity of Smad7 is modulated at many levels, suggesting that it serves as key 

regulators for fine-tuning the responses to TGF-β signaling. Since CCR102 and Smad7 are 

constitutively expressed in many different cell types, to investigate their potential crosstalk, we 

considered the changes in gene expression due to CCR102 silencing, in CCR102 locus (2 Mb). 

This accurate analysis of the expression levels of the CCR102 neighboring protein-coding 

genes, represented in the heatmap by a color on a continuous scale according to normalized 

counts, revealed that in CCR102 depleted cells, only Smad7 mRNA was significantly affected, 

while Acaa2, Dym, Ctif and Smad2 genes are not affected with respect to the control. 

Moreover, the genes that are not expressed remain off (Figure 4.4B). These results 

demonstrate that CCR102 positively regulates the expression of Smad7 with a novel cis-

regulatory mechanism. Indeed, silencing of CCR102 also produces a significant reduction of 

active chromatin signatures, H3K27ac and p300 markers, in the enhancer localized within 

CCR102 coding, which from now on we will name Smad7 enhancer (Figure 4.4C). 
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Figure 4.4 CCR102 locus shows an enhancer region and positively affects Smad7 expression 
A. Chromatin signatures from ChIP-seq and ATAC-seq measurements in fibroblasts (Chronis et al., 
2017) indicate the presence of an enhancer in an intronic region of CCR102. 
B. Heatmap representation of gene expression levels (Normalized count) of the CCR102 genomic locus 
(2Mb). The represented values derived from CCR102 silenced fibroblasts (shCCR102 #1, #2) and control 
cells (Mock, shControl). 
C. ChIP analysis of Smad7 enhancer in CCR102 depleted fibroblasts compared to the control. The 
antibodies used are specified in the legend. Data are presented as mean values ± SD of 2 independent 
experiments; **P<0.01, *P<0.05 by the Student's t-test. 



	
  

74 

4.5 CCR102 interacts with Mediator proving a mechanistic evidence for 

lncRNA-mediated cis regulation of Smad7 

CCR102 is highly expressed also in mouse embryonic stem cells (ESCs). ChIP-seq data 

revealed in ESCs chromatin features of an enhancer, within the CCR102 locus, with 

overlapping peaks for H3K4me1, H3K27ac and transcription factor binding sites, although 

with a different genomic localization (Figure 4.5A). Importantly, Smad7 was significantly 

downregulated in CCR012 silenced cells suggesting a similar molecular mechanism of action 

modulation than in fibroblasts (Figure 4.5B). 

The Mediator complex contributes to the formation and maintenance of chromatin loops 

between enhancer sequences and the general transcription machinery present at the promoter. 

Recently, it was proposed that lncRNAs can interact with Mediator, by favoring the chromatin 

looping between the lncRNA loci and their targets, to increase the transcription of neighboring 

genes with a cis-mediated mechanism (Lai et al., 2013). To confirm that CCR102 acts as an 

activator of Smad7 enhancer, we performed a RNA pull-down assay with specific biotinylated 

antisense probes (CCR102-AS), by which we observed that CCR102 directly interacts with 

Med12 (Figure 4.5C). In agreement with ChIP-seq experiments, which highlighted a strong 

enrichment of Med12 in Smad7 enhancer and promoter regions, we also demonstrated that 

CCR102 depletion produces a decrease of Med12 occupancy and H3K27ac active enhancer 

marker (Figure 4.5D).  

Taken together, these experiments suggest that CCR102 transcription positively affects Smad7 

expression favoring chromatin accessibility, by the recruitment of the Mediator to the 

enhancer. 
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Figure 4.5 CCR102 modulates local chromatin state 
A. Chromatin signatures from ChIP-seq and ATAC-seq measurements in mouse embryonic stem cells 
(Chronis et al., 2017) indicate the presence of an enhancer, in a CCR102 intronic region, with a strongly 
enrichment of Mediator. 
B. RT-qPCR of Smad7 expression levels in control and CCR102 silenced mouse embryonic stem cells. 
C. Pull-down of Med12 obtained with 5’-biotinylated antisense (CCR102-AS) probes, as detected by 
Western blot. Sense (CCR102-S) 5′-biotinylated probes as negative control. 
D. ChIP analysis of Smad7 enhancer in CCR102 depleted mouse embryonic stem cells compared to the 
control. The antibodies used are specified in the legend. Data are presented as mean values ± SD of 2 
independent experiments; **P<0.01, *P<0.05 by the Student's t-test. 

 



	
  

76 

4.6 CCR102 is upregulated by TGF-β  signaling  

Ligands of the TGF-β superfamily regulate many cellular functions including cell growth, 

adhesion, migration, cell-fate determination, differentiation and apoptosis. Failures in 

signaling downstream of TGF-β are implicated both in the development of tumors and 

metastasis. Immediate-early CCR102 was expressed rapidly upon serum treatment and Smad7 

bidirectional promoter contains a recognized Smad-Binding Element (SBE). Indeed, the 

expression of Smad7 gene is induced by TGF-β itself (Nakao et al., 1997). To test whether the 

presence of SBE also regulates CCR102 transcription, we treated cells with TGF-β1 cytokine. 

Western blot analysis showed a significant increase of pSmad3 proteins, under TGF-β1 and 

Activin A stimulation, confirming the activation of TGF-β signaling (Figure 4.6A top panel). 

Moreover, we observed, by RT-qPCR analysis, an upregulation of CCR102 and, as expected, of 

Smad7 expression levels in primary cells, like fibroblasts and mouse stem cells, but also in 

CT26 colorectal cancer cells (Figure 4.6A bottom panel).  

To examine whether CCR102 takes part in TGF-β signaling, we performed a Gene Ontology 

analysis considering the list of all downregulated genes by CCR102 silencing, compared to the 

control. Importantly, we found a significant enrichment in the DNA replication, cell-cycle 

categories and in TGF-β signaling (Figure 4.6B).  

This analysis strongly confirms that the TGF-β1 early-response Smad7 represents a relevant 

CCR102 target gene. 
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Figure 4.6 CCR102 takes part in TGF-β signaling 
A, B, C Western blot of Smad3 phosphorylation following TGF-β1 (in fibroblasts and CT26) and Activin 
A (in ESCs) stimulation, as a control of TGF-β signaling activation (Top panel). RT-qPCR analysis of 
expression levels of CCR102 and Smad7 genes (Bottom panel). 
D. GO enrichment - KEGG pathway analysis of all downregulated genes by CCR102 silencing. The 
enrichment score (−Log10 p-value) of the GO terms enriched among differentially expression genes. 
Data are presented as mean values ± SD of 2 independent experiments; **P<0.01, *P<0.05 by the 
Student's t-test. 
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4.7 Human counterpart of CCR102, lncSMAD7, is involved in cell proliferation 

Given the importance of cis-regulatory role on Smad7 expression and the effects on TGF-β 

signaling in mouse, we decided to explore whether a human counterpart of CCR102 exists. 

Despite the majority of lncRNAs do not exhibit high levels of sequence conservation across 

species and CCR102 sequence is not conserved, the potential human counterpart that we 

considered, named as lncSMAD7, is localized in a syntenic region, in chromosome 18, 

associated with the same CTIF, SMAD7 and DYM orthologous genes (Figure 4.7A). lncSMAD7 

is already annotated (other names: RP11-1058N17.1 or AC114684.1) and is encoded in three 

isoforms (Figure 4.7B left panel) with two independent TSSs characterized by the presence of 

H3K4me3 (Figure 4.7B middle panel) and determined by 5’ RACE (Figure 4.7B right panel). 

The analysis of expression levels by RT-qPCR, under serum-induction condition in starved- 

fibroblasts and HEK293 cells, revealed an upregulation of lncSMAD7 during the time course 

(Figure 4.7C), comparably to CCR102 transcript in mouse. Next, we examined the possible 

biological role of lncSMAD7 in loss-of-function experiments. Fibroblasts silenced for the 

expression of lncSMAD7, by transfecting two independent shRNAs (shlncSMAD7 #1, 

#2)(Figure 4.7D), showed a reduction of the rate of proliferation in growth curve, with respect 

to the control cells (Figure 4.7E). 

These experiments demonstrate that lncSMAD7 favors the cell-cycle progression, as the 

murine CCR102, suggesting that the conservation of the genomic locus is an indicator of 

analogous biological role. 
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Figure 4.7 Characteziation of Human counterpart of CCR102 (lncSMAD7) 
A. Schematic representation of the CCR102 non-conding gene and its neighboring protein-coding genes 
positioning in the Human and Mouse genomic loci. 
B. Human counterpart of CCR102 (named lncSMAD7) isoform representation (left panel); ChIP analysis 
of two promoter regions of the lncSMAD7 gene (middle panel); lncSMAD7 isoforms start sites (mapped 
by 5’ RACE) (right panel). 
C. RT-qPCR validation of lncSMAD7 in HFF and HEK293 with specific oligos. The expression levels are 
indicated as fold change on starved cells in a serum treatment time course. 
D. Expression of lncSMAD7 in HEK293 transfected with either a non-targeting control (shControl) or 
two shRNAs targeting lncSMAD7 (lncSMAD7 #1, #2). 
E. Cell-growth curve assay in control and lncSMAD7 silenced cells. Data are presented as mean values ± 
SD of 2 independent experiments; **P < 0.01, *P < 0.05 by the Student's t-test. 
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4.8 lncSMAD7 is a chromatin lncRNA that positively impacts on SMAD7 

expression 

Like CCR102, lncSMAD7 is predominantly expressed in the chromatin fraction, as confirmed 

by biochemical subcellular fractionation (Figure 4.8A). RNA-FISH analysis showed a strong 

enrichment of lncSMAD7 transcripts in the nuclear compartment (Figure 4.8B). 

The analysis of the lncSMAD7 locus revealed the presence of two active enhancer regions, well 

described in EBI-EMBL source, supported by the comparable features to CCR102 enhancer 

(Figure 4.9A). Importantly, lncSMAD7 is localized downstream of the SMAD7 TSS, transcribed 

in the same direction as the nearest gene (Figure 4.9B). Moreover, lncSMAD7 contains an 

enhancer region that we named distal enhancer. Proximal (in green) and distal (in yellow) 

SMAD7 enhancers were characterized by ChIP experiments for the presence of H3K4me, 

H3K27ac, p300 markers and CTFC specifically for distal enhancer, in agreement with 

ENCODE data analysis (Figure 4.8B). To verify whether lncSMAD7 affects the expression of 

SMAD7 like in mouse, we performed a knockdown of lncSMAD7. The silencing of lncSMAD7 

resulted in a significant reduction of SMAD7 expression levels (Figure 4.9C). 

Our data indicate that the targeted depletion of lncSMAD7 in the downstream sense 

orientation led to a decrease in expression of its uptstream neighboring protein-coding 

SMAD7. 
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Figure 4.8 lncSMAD7 is a chromatin-associated lncRNA 
A. RT-qPCR of subcellular fractionation. Percentage ratio of lncSMAD7 in chromatin, nuclear and 
cytoplasmic over the whole total lncSMAD7 expression levels represents the distribution of lncSMAD7 in 
HFF and HEK293. Controls of subcellular fractionation are U1 for nucleus and β-actin for cytoplasm. 
B. RNA-FISH assay of lncSMAD7 in serum-induced and starved cells. lncSMAD7 localization was 
obtained with 5′-biotinylated antisense (lncSMAD7-AS) probes. Data are presented as mean values ± SD 
of 2 independent experiments; **P < 0.01, *P < 0.05 by the Student's t-test. 
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Figure 4.9 lncSMAD7 locus exhibits enhancer region as CCR102 locus 
A. EBI-EMBL analysis of lncSMAD7 locus and CCR102 locus. 
B. Schematic representation of lncSMAD7 genomic locus. Arrows indicate the transcription start sites 
(TSSs) of SMAD7 and lncSMAD7 isoforms. Squares represent the enhancer regions (Top panel). ChIP 
analysis of proximal and distal SMAD7 enhancer regions, the antibodies used are specified in each panel 
(middle panel). Chromatin signatures from ChIP-seq measurements (ENCODE) in HEK293 (Bottom 
panel). 
C. Expression of SMAD7 in HEK293 transfected with either a non-targeting control (shControl) or two 
shRNAs targeting lncSMAD7 (lncSMAD7 #1, #2). Data are presented as mean values ± SD of 2 
independent experiments; **P < 0.01, *P < 0.05 by the Student's t-test. 



	
  

83 

4.9 lncSMAD7 is upregulated in colorectal cancer 

Considering that TGF-β signaling has a crucial role in colorectal cancer (Pritchard & Grady, 

2011) and murine CCR102 takes part in this pathway by modulating the expression levels of 

Smad7, we speculated that lncSMAD7 might be altered in tumors. To confirm this hypothesis, 

we analyzed RNA-seq data obtained from The Cancer Genome Atlas (TCGA). Interestingly, we 

found that lncSMAD7 is upregulated in a cohort of 10 patients with colorectal cancer (stages 

II, III) in comparison with normal tissue samples (Figure 4.10A). Futhermore, the 

upregulation of SMAD7 in colorectal cancer has been correlated with poor survival (Boulay et 

al., 2003). A positive correlation between the expression levels of lncSMAD7 and SMAD7 

mRNAs was observed in colorectal tumors, indicating that these transcripts are functionally 

linked to the tumor progression (Figure 4.10B). 

 
 

 
 

 
Figure 4.10 lncSMAD7-1.2 is upregulated in a subset of colorectal cancers and correlates with 
SMAD7  
A: Expression analysis of lncSMAD7-1.2 in a cohort of 10 colon cancer tissues in comparison with the 
corresponding normal tissue in RNA-seq datasets obtained from TCGA.  
B: SMAD7 levels in samples expressing lncSMAD7-1.2 compared to samples that do not express 
lncSMAD7-1.2. 
 

 
 



	
  

84 

 
 
 
 
 
 
 
 

 
 
 
Figure 4.11 Molecular mechanism of action of CCR102 
Model of cis-regulatory mechanism by which CCR102 positively affects Smad7 expression.  
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Table 5. Oligonucleotides 
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Chapter 5  
 

Discussion  

 
In this thesis work we reported the identification of novel immediate-early lncRNAs whose 

expression is induced by mitogens in mouse fibroblasts and the characterization of the 

molecular function of two of these lncRNAs. We found that the lncRNAs CCR492 and 

CCR102 play a role in cell proliferation with post-transcriptional and transcriptional regulatory 

mechanisms, respectively: CCR492 acts as a ceRNA by binding let-7 to upregulate c-Myc, and 

CCR102 acts at the transcriptional level regulating in cis the transcription of Smad7.   

In response to serum treatments quiescent fibroblasts trigger a cellular response to upregulate 

over one hundred coding genes including the nuclear factors c-Jun, c-Fos, c-Myc and many 

genes, coding for other cellular components, required to proceed toward the G1 phase. Only 

recently, the importance of non-coding RNAs in cell regulatory circuits has become clear. We 

therefore performed a screening to identify non-coding RNAs involved in the regulation of the 

cell growth. Since it is impossible to predict RNA function from its primary sequence alone, we 

performed a selection based on their regulation in response to proliferative signals. Thus, we 

took advantage of the knowledge accumulated from the studies of protein-coding genes, which 

revealed the importance of the immediate-early genes in the cell-cycle regulatory circuit.  

Our screening identified a number of transcripts induced by serum in starved MEFs. We 

further characterized the functional role of two of such cell-cycle regulated lncRNAs: CCR492 

and CCR102. CCR492 is a novel lncRNA, of 953 bp, whose gene is organized in 4 exons, it 

maps in a gene devoid region of chromosome 4, distant about 65 kb from the closest gene. 

CCR102 is a divergent lncRNA, transcribed from the same bidirectional promoter of the gene 
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Smad7 and it is localized in the mouse chromosome 18. Both lncRNAs are strongly induced by 

serum (Maldotti et al., 2016). Similarly to Smad7, CCR102 is also induced by TGF-β (Arase et 

al., 2014). Moreover, despite the majority of lncRNAs, which are known to show more cell-

type specificity than protein-coding transcripts, CCR102 is expressed in many different cell 

types and tissues.  
By functional experiments we found that both CCR492 and CCR102 contribute to the 

progression of the cell cycle, since their depletion significantly reduces the growth rate 

affecting the cell entry into the S phase. By analysis of the subcellular localization we found 

that CCR492 is cytoplasmic while CCR102 is chromatin-associated.  

LncRNAs have been shown to function in several contexts to regulate gene expression (Geisler 

& Coller, 2013). In the cytoplasm, a number of lncRNAs has been proposed to function as 

ceRNAs to modulate the availability of miRNAs, sequestering them from their protein-coding 

target RNAs (Poliseno et al., 2010),(Salmena et al., 2011),(Cesana et al., 2011),(Kallen et al., 

2013). Inspection of CCR492 sequence revealed the presence of 4 high-affinity recognition 

elements for the let-7 family of miRNAs, which are known to be involved in the control of the 

cell cycle (Johnson et al., 2007) suggesting that CCR492 could function as a sponge for let-7 

miRNAs. Indeed, in the presence of let-7 inhibitors the effect of CCR492 depletion was 

abolished suggesting that CCR492 acts as a ceRNA to the let-7 miRNAs. In addition, CCR492 

directly interacts with let-7 and the co-immunoprecipitation with Ago2 supports that this 

reciprocal repression is through RISC complex. One important target of let-7 is c-Myc (Kumar, 

Lu, Mercer, Golub, & Jacks, 2007) that contains a let-7 MRE on its 3′UTR region and has been 

recently demonstrated that even modest variations of let-7 levels significantly alter the c-Myc 

expression (Wu et al., 2015). We found that the silencing of CCR492 results in a significant 

decrease of c-Myc expression in fibroblasts, while its overexpression restored elevated c-Myc 

levels. Importantly, we could demonstrate that this regulation is via the c-Myc 3′UTR and it is 

abolished by let-7 inhibitors. Thus, our results are compatible with a model (Figure 3.8) in 

which CCR492, by binding directly let-7 miRNAs, releases c-Myc from let-7 dependent 

inhibition. In agreement with this result we found that the constitutive expression of CCR492 

in fibroblasts cooperates with mutated H-Ras to promote cell transformation. Let-7 family of 

miRNAs must be tightly regulated in the cells as their deregulation leads to developmental 
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alterations and cancer (Johnson et al., 2007). However, their regulation is quite complex 

because in mammals the family of let-7 miRNAs is present in multiple copies in the genome. 

Let-7 expression is regulated at the transcriptional and post-transcriptional level. In spite of 

their different genome organization, let-7 precursors share conserved structural elements and 

the sequence of the mature miRNA is highly conserved. One way to regulate let-7 expression 

is by Lin28 proteins, which inhibit the mature form by their specific interaction with let-7 

precursors (Nam, Chen, Gregory, Chou, & Sliz, 2011),(Stefani, Chen, Zhao, & Slack, 2015). 

Another simple and effective way to regulate let-7 function is to inhibit its activity by direct 

interaction with the mature miRNAs as all let-7 genes share the same seed to bind to their 

targets. This is accomplished by the expression of non-coding RNAs containing multiple 

MREs. In humans, the lncRNA H19 functions as a sponge to antagonize let-7 to regulate 

muscle differentiation (Kallen et al., 2013). Our work unveiled a novel lncRNA that is not 

conserved hence performs the same function of inhibiting let-7 activity in mouse, in a different 

cellular context. Thus, demonstrating the parallel evolution of different molecules to achieve 

the same regulatory mechanism, we establish the importance of this mechanism for the control 

of let-7 miRNAs. 

When compared with protein-coding mRNAs, a significant number of lncRNAs is enriched in 

the nucleus (Derrien et al., 2012) and many of them complex with chromatin modifiers to 

regulate gene expression in a transcriptional manner. Analogous to the enhancer-derived 

lncRNA HOTTIP (K. C. Wang et al., 2011) and che-RNA (Werner et al., 2017), euchromatin-

associated CCR102 promotes an active chromatin state. Some lncRNAs functionally cooperate 

with Mediator, a crucial complex for enhancer–promoter looping formation, to activate the 

transcription (Lai et al., 2013). Consistent with this, inspection of CCR102 genomic region, in 

primary cells, revealed the presence of an active Smad7 enhancer (H3K4me1 and H3K27ac), 

strongly enriched for, the kinase component of Mediator, Med12. CCR102 is localized adjacent 

to the protein-coding gene Smad7, a potent inhibitory of TGF-β signaling that also mediates 

the crosstalk with other signaling pathways to transmit information into the nucleus (Nakao et 

al., 1997). A recent study proposes that lncRNAs transcribed very close to their protein-coding 

genes function as enhancers to activate expression in their chromosomal neighborhood, in cis 

(Ørom et al., 2010). Interestingly, knockdown of CCR102, in primary cells, led to decreased 
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expression of Smad7 together with a significant reduction of Med12 binding to Smad7 

enhancer. Moreover, CCR102 physically interacts with Med12, providing a mechanistic 

evidence for a novel lncRNA-mediated cis regulation. Thus, these experiments highlight an 

important mechanism that may be the key to regulate Smad7 transcription. We propose a 

model in which the transcription of CCR102 favors chromatin accessibility to precisely and 

rapidly regulate Smad7 gene expression in response to growth factors. Above described 

regulation of the TGF-β pathway might be relevant in pathological condition, such as colorectal 

cancer. We therefore also analyzed the human counterpart of CCR102, lncSMAD7, which, 

despite undetectable sequence identities, shows several analogies with CCR102: it is a 

chromatin-associated lncRNA and it is localized close to the TSS of SMAD7 gene, in a human-

mouse syntenic region on chromosome 18. Moreover, the lncSMAD7 locus also appears to 

contain a transcriptional enhancer. Indeed, ENCODE data analysis indicate lncSMAD7 locus to 

be marked by high levels of H3K4me1 and H3K27ac in two active SMAD7 enhancer regions 

and in human cells, silencing of lncSMAD7 results in a significant decrease in SMAD7 

expression levels. Thus, showing that similarly to CCR102 lncSMAD7 positively regulate the 

SMAD7 transcription. Interestingly, SMAD7 is upregulated in a subset of colorectal cancer in 

comparison with normal tissue samples (Halder et al., 2008), (Stolfi et al., 2014),(De Simone 

et al., 2017) and analysis of lncSMAD7 in cancers shows its high correlation with SMAD7. 

Thus, lncSMAD7 may represent a potential target for therapeutic intervention against cancer. 

 

Further studies will be necessary to fully characterize the CCR102/lncSMAD7-mediated 

regulatory mechanism. One of the research priorities will be to use of a knockout (KO) 

strategy, based on CRISPR/Cas9 system, to insert a premature polyadenylation (polyA) signal 

allele-specific into the CCR102 locus to formally demonstrate that CCR102 and lncSMAD7 act 

in cis to enhance gene expression as recently shown (Engreitz et al., 2016). In addition, our 

results provide strong evidence that Mediator complex occupancy in CCR102 locus facilitates 

the contact between promoter and enhancer elements through chromatin looping. 

Nevertheless, a Chromatin Conformation Capture (3C) (J. Dekker, Rippe, Dekker, & Kleckner, 

2002) analysis will allow to confirm the presence of a DNA looping, in comparison with 

CCR102-depleted cells. 
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Chapter 6  
 

Experimental Procedures 

 

6.1 Cell culture 

Primary mouse embryonic fibroblasts (MEFs) derived from 13.5d pregnant female mice, 
BALB/c fibroblasts (ATCC, Manassas, VA, USA) and CT26 (Mus musculus colon carcinoma) 
were cultured in DMEM medium with 10% fetal bovine serum (FBS) (Sigma), 1 mM sodium 
pyruvate (Invitrogen), 50 U/ml of penicillin/ml, and 50 μg/ml of streptomycin/ml. Cell 
synchronization was performed starving MEFs in 0.2% serum for 48 h and BALB/c fibroblasts 
in 0% serum for 48 h then released into cell cycle by adding 20% serum for the times indicated 
(30min, 1 h and 2 h). 60 nM pool of let-7miRNA Inhibitors (Ambion) and 60 nM pool of let-7 
miRNA Mimics (Ambion) were respectively used for let-7 inhibition and overexpression 
experiments. For 5,6-dichloro-1-b-D-ribofuranosylbenzimidazole (DRB) treatment, 40 μM 
DRB (diluted in DMSO) were added directly to the cell culture medium and incubated for the 
indicated times. 
E14 mouse Embryonic Stem Cells (ESCs) were cultured in high-glucose DMEM (Invitrogen) 
supplemented with 15% FBS (Millipore), 0.1 mM nonessential amino acids (Invitrogen), 1 mM 
sodium pyruvate (Invitrogen), 0.1 mM 2-mercaptoethanol, 1500 U/ml LIF (Millipore), 25 
U/ml penicillin, and 25 μg/ml streptomycin. Cytokines treatments were conducted in serum-
free media supplemented with 10 ng/ml TGF-β1 (R&D) or 40 ng/ml Activin A (ThermoFisher 
Scientific) in a rapid time course. 
 

6.2 RNA extraction and quantitative Real-Time PCR (RT-qPCR) 

RNA was extracted using TRIzol reagent (Invitrogen), following manufacturer instructions. 
RNA integrity measurements were performed using Fragment Analyzer™ (Advanced 
Analytical). All samples had RNA Quality Number (RQN) N 9.8. RT-qPCR was performed 
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using the SuperScript III PlatinumOne-Step Quantitative RT-PCR System (Invitrogen) 
following the manufacturer's instructions.  
Primers sequences are shown in Table 1 and 5. Expression levels of mature let-7 were 
quantified by RT-qPCR using TaqMan MicroRNA Assays Kit (Applied Biosystems, Carlsbad, 
CA). In addition, the expression levels of miR-16 were evaluated as a negative control of RNA 
precipitation. The reverse transcription reaction was carried out with TaqMan MicroRNA 
Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA) following the manufacturer's 
instructions. 
 

6.3 RNA-seq library preparation 

For RNA-seq library preparations, 2 μg of total RNA were used as input for the TruSeq RNA 
Library Prep Kit v2 (Illumina), and libraries were prepared following manufacturer 
instructions. Gene ontology was performed using the DAVID Software (Frederick National 
Laboratory, Rockville, MD, USA). Heatmap and clustered heatmap were prepared using 
publically available Morpheus software https://software.broadinstitute.org/morpheus. 
 

6.4 RNA-seq for novel lncRNAs discovery 

Next-generation RN-seq was performed on Illumina HiScanSQ Platform, producing 
approximately 180.000.000 paired-end reads per lane. Reads were preprocessed using the 
FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/), in order to remove poor-quality 
reads, and clip adapter sequences. After preprocessing, we obtained approximately 
150.000.000 high quality paired-end reads. 
Reads were mapped to mouse genome (Mus musculus, assembly mm9) using the TopHat 
v2.0.0 spliced-mapper, a gapped aligner able to discover new splice-junctions ab initio. Briefly, 
TopHat maps reads to the genome using the Bowtie aligner to build a set of putative exons (or 
contigs). The unmapped reads, which may cross splice-junctions, are then mapped allowing for 
large gaps, against a reference built onto GT-AG genomic splicing motifs. Reads mapped from 
TopHat were then assembled into a parsimonious set of transcripts using Cufflinks v2.0.2. 
Cufflinks uses TopHat output to build the minimal set of transcripts that can explain the 
majority of mapped reads. To increase Cufflinks accuracy, we provided it with an annotation of 
both annotated and predicted transcripts from Ensembl release 68 (July 2012). 
To create a comprehensive and combined annotation of any discovered transcript in all 
sequenced lanes, we used the Cuffcompare utility. Cuffcompare performs a union of all 
transcripts by merging transcripts that share all introns and exons, with some flexibility for the 
first and last exons. 
At this stage, Cufflinks produced approximately 300.000 transcripts, many of which are single 
exon transcripts deriving from transcriptional noise, residuals of pre-mRNAs, and exons that 
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Cufflinks was unable to connect due to the lack of spliced-read information. To clean our 
annotation from background noise, we designed a filtering pipeline, which allows us to 
simultaneously remove low-fidelity transcripts, and to select putative previously unannotated 
transcripts lacking coding potential: 
(1) Size selection. All single exon transcripts, and multi-exon transcripts shorter than 200 
bases were excluded; (2) Minimal read coverage. Using Cufflinks estimation read coverage for 
each transcript, we excluded those transcripts with a maximal coverage below 3 reads per base; 
(3) Filtering of known annotations. We removed all transcripts that have at least an exon 
overalapping a transcript from RefSeq, UCSC, Ensembl, and Vega annotation sets, and any 
transcript overlapping known microRNAs, tRNAs, snoRNAs, and rRNAs; (4) Coding potential 
estimation. To estimate the coding potential of novel transcripts, we used two different 
Support Vector Machines, named LNSeeRNA and Coding Potential Calculator, which have 
been trained onto different dataset. Transcripts identified by at least one SVM as coding, were 
excluded. The final annotation yields approximately high-fidelity 750 transcripts. To determine 
which transcripts may have a role in cell proliferation, we then performed differential 
expression analysis across time-course samples, using Cuffdiff, and selected only those 
showing significant upregulation upon serum induction respect to serum-starved cells (point 0 
of our time-course). Cuffdiff estimates the abbundance of each transcript, by calculating the 
number of reads which map on it, normalized over the lenght of the transcript and the total 
number of reads mapped in the experiment (RPKM, Reads Per Kilobase per Million reads). 
miRNA target prediction on lncRNA CCR492 was performed using three algorithms: 
MREdictor (Incarnato, Neri, Diamanti, & Oliviero, 2013), RNAhybrid (Kruger & Rehmsmeier, 
2006), and Pita (Kertesz, Iovino, Unnerstall, Gaul, & Segal, 2007) .  
The RNA-seq of the present manuscript are deposited in: 
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=mhgdymwgxloxvij&acc=GSE77324 
 

6.5 Chromatin Immunoprecipitation assay (ChIP) 

Approximately 7*106 cells were cross-linked by addition of formaldehyde to 1% for 10 min at 
RT, quenched with 0.125 M glycine for 5 min at RT, and then washed twice in cold PBS. The 
cells were resuspended in Lysis Buffer 1 (50 mM Hepes-KOH pH 7.5, 140mM NaCl, 1mM 
EDTA, 10% Glycerol, 0.5% NP-40, 0.25% Triton X-100 and protease inhibitor) to disrupt the 
cell membrane and in Lysis Buffer 2 (10 mM Tris-HCl pH 8.0, 200 mM NaCl, 1mM EDTA, 0.5 
mM EGTA and protease inhibitor) to isolate nuclei. The isolated nuclei were then resuspended 
in SDS ChIP Buffer (20 mM Tris-HCl pH 8.0, 10 mM EDTA, 1% SDS and protease inhibitors). 
Extracts were sonicated using the Bioruptor H Twin (Diagenode) for 2 runs of 10 cycles [30 
sec ‘‘ON’’, 30 sec ‘‘OFF’’] at high power setting. Cell lysate was centrifuged at 12,000 g for 10 
min at 4°C. The supernatant was diluted with ChIP Dilution Buffer (20 mM Tris-HCl pH 8.0, 
150 mM NaCl, 2 mM EDTA, 1% Triton) before immunoprecipitation step. Streptavidin beads 
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(Dynabeads®Protein G, Life Technologies) were saturated with PBS/1% BSA and the samples 
were incubated with 2 mg of antibody overnight at 4°C on a rotator. Next day samples were 
incubated with saturated beads for two hours at 4°C on a rotator. Successively 
immunoprecipitated complexes were washed five times with RIPA buffer (50 mM Hepes-KOH 
pH7.6, 500mM LiCl, 1mM EDTA, 1% NP-40, 0,7% Na-Deoxycholate) at 4°C for 5 minutes 
each on a rotator. Elution Buffer was added and incubated at 65°C for 15 minutes. The 
decrosslinking was performed at 65°C overnight. Decrosslinked DNA was purified using 
QIAQuick PCR Purification Kit (QIAGEN) according to the manufacture’s instruction. 
 

6.6 ChIP-seq library preparation 

Approximately 10 ng of purified ChIP DNA were end-repaired, dA-tailed, and adapter-ligated 
using the NEBNext ChIP-seq Library Prep Master Mix Set (NEB), following manufacturer 
instructions. 
 

6.7 Reads mapping and data analysis 

Samples were sequenced on the HiScanSQ or Next500 platforms (Illumina). All of the 
analysed data sets, were mapped to a recently published variant of the Mus musculus mm9 
genome assembly. Prior mapping, sequencing reads were trimmed from low quality score basis 
and clipped from the adapter sequence by using FASTX toolkit 
(http://hannonlab.cshl.edu/fastx_toolkit/). For RNA-seq data analysis, reads were mapped 
using TopHat v2.0.6 and mRNA quantification was performed using Cuffdiff v2.0.2. For ChIP-
seq data analysis, reads were mapped Bowtie version 0.12.7, reporting only unique hits with up 
to two mismatches (parameters: -m 1 –v 2).  
 

6.8 Constructs and transfection 

shRNAs were constructed using the TRC hairpin design tool 
(http://www.broadinstitute.org/rnai/public/seq/search), choosing the hairpin sequences 
provided in Table 2. Annealed oligonucleotides were cloned into pLKO.1 vector (Addgene: 
10,878) and each construct was verified by sequencing. For shRNA transient transfection, 5 μg 
of PLKO.1 vectors against lncRNAs and control hairpins were incubated with cells for 24 h. 
CCR102 silencing in chromatin-related experiments was obtained by using GapmeRs (IDT 
Custum Oligos) targeting CCR102 or random scrambled sequence. 
To generate the CCR492 expression plasmid the full length of CCR492 was PCR amplified 
from MEF-cDNA and inserted into pCCLsin.PPT.hPGK.GFPpre using AscI/SalI restriction 
sites as previously described [16]. The primer sequences are as follow: CCR492-FW: 5′- 
TTGGCGCGCCTATCTTTATCCCTGAACTTTCTTTC-3′ and CCR492-REV: 5′-
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GCGTCGACCATCATGTGTCTGTGTACAAG-3′. A deleted form of CCR492 was produced by 
PCR to create CCR492 Δ162 with a new reverse primer: CCR492 Δ162-REV: 5′-
GCGTCGACTAACCGCTGATATCTCTCCAG-3′. A mutant form of CCR492 with within the 
shRNA #1 target sequence, CCR492 shMut, was produced with two-step PCR procedure and 
these primers: CCR492 shMut-FW: 5′-CTAGATTCTAGATGGAAAAATAAAGGAT 
GAAGCAAC-3′; CCR492 shMut-REV: 5′-CATCCTTTATTTTTCCATCTAGAA 
TCTAGTTCCTC-3′. A 297-bp fragment of c-Myc 3′UTR containing the let- 7 target-miRNA 
seed region was PCR amplified from c-Myc cells cDNA, and cloned into MluI/SpeI sites of 
pMIR-Report (Invitrogen) to generate pMIR-RLuc-Myc-3′UTR. Primer sequences are as 
follows: c-Myc-3′UTRFW: 5′-ACGCGTACTGACCTAACTCGAGGAGGA-3′ and c-Myc-3′UTR-
REV: 5′-CCCTATTTACATGGGAAAATTGGATACTAGT-3′. The CCR492 mutant in the 4 let-7 
binding sites was generate by QuikChange II XL Site-Directed Mutagenesis kit. Transient 
transfections of the constructs were performed using Lipofectamine 2000 Transfection Reagent 
(Invitrogen) according to the manufacturer's protocol.  
 

6.9 Luciferase assay 

For the luciferase assays, 3x103 BALB/c fibroblasts were seeded per well in a 96-well plate the 
day before transfection. The cells were transfected with: 25 ng of pMIR-RLuc-Myc-3′UTR 
vector bearing the tested MRE, 2.25 ng of SV40-Renilla and either 86.9 ng of shControl or 86.9 
ng of shCCR492, plus 86.9 ng of empty vector or 86.9 ng of CCR492 Mutant. For 
complementation assay cells were also transfected with 30 nM miRNA Inhibitor negative 
control #1 (Ambion) or a 30 nM pool of let-7 miRNA Inhibitors (Ambion). Firefly luciferase 
activity was assayed after 48 h using the Dual Luciferase Reporter Assay System (Promega, cat. 
E1910) and was normalized over the Renilla intensity. 
 

6.10 Northern blot and rapid amplification of cDNA ends (RACE) 

Northern blot analysis was performed with NorthernMax kit (Ambion) following manufacturer 
instructions. In brief, 4 μg of polyA+ RNAs was purified from total RNA of serum-induced 
fibroblasts and run on formaldehyde 1% agarose gel, transferred to BrightStar-Plus Membrane 
(Ambion) followed by cross-linking through UV irradiation. The membrane was subjected to 
hybridization with 0.1 nM of biotinylated sntisense probe overnight at 68 °C. 
The probe complementary to CCR492 was transcribed in vitro with T7-FlashScribe 
Transcription kit (CellScript) and labeled with biotin-16- UTP (Roche) for a length of 351 nt 
(561–912), using the following primers: AS-PROBE-FW:  
5′-GAGATAATACGACTCACTATAGGGAGAAGCATCATGTGTCTGTGTACAAG-3′ and  
AS-PROBE-REV: 5′-TATCTTTATCCCTGAACTTTCTTTC-3′. After washing, membranes were 
exposed for 2 h. 5′ and 3′ RACE were performed using SMARTer RACE cDNA Amplification 
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kit (Clontech) and followed by DNA sequencing. The Gene-Specific Primers used for PCR of 
RACE analysis were as follows: CCR492-REV: 5′-TTCCAGCTCCTAAGGTCACTG-3′ (5′RACE) 
and CCR492-FW: 5′-CTACTCTTATAAAGGACCCGACT-3′ (3′RACE). 
 

6.11 RNA/protein extracts and Western blotting 

RNA and protein extracts of cytoplasmic and nucleoplasmic fractions were isolated using the 
PARIS kit (Ambion) according to the manufacturer's specifications.  
Chromatin fraction was obtained with a further step on the nucleoplasmic fraction: the nuclei 
pellet was resuspended in a prechilled glycerol buffer (20 mM Tris-HCl pH 7.9, 75 mM NaCl, 
0.5 mM EDTA, 0.85 mM DTT, 0.125 mM PMSF, 50% glycerol) by gentle flicking of the tube. 
An equal volume of cold nuclei lysis buffer (10 mM HEPES pH 7.6, 1mM DTT, 7,5 mM MgCl2, 

0.2 mM EDTA, 0.3 M NaCl, 1M UREA, 1% NP-40) was added, the tube was gently vortexed 
for 2 x 2 sec, incubated for 2 min on ice, and then centrifuged for 2 min, 4°C, 14000 rpm. The 
supernatant correspond to the nuclear fraction while the pellet the chromatin fraction. The 
distribution of lncRNA in cellular compartment was calculated as percentage ratio of lncRNA 
nuclear, cytoplasmic and chromatin over the whole total lncRNA expression levels in all 
compartments. For total protein extracts, cells were resuspended in F-buffer (10 mM Tris-HCl 
pH 7.0, 50 mM NaCl, 30 mM Napyrophosphate, 50 mM NaF, anti-proteases) and sonicated for 
3 pulses. Extracts were quantified using bicinchoninic acid (BCA) assay (Pierce) and were run 
in SDS-polyacrylamide gels, transferred to nitrocellulose membranes and incubated 16 h with 
specific primary antibodies. 
  

6.12 RNA Fluorescent in Situ Hybridization (RNA-FISH) 

5′-biotinylated sense (negative Ctrl) and antisense (CCR492-AS and CCR102-AS) probes were 
purchased from Eurofins MWG Operon. RNA-FISH analysis was performed with both probes 
in starved and serum-induced cells. 2x104 BALB/c fibroblasts were seeded onto 0.1% gelatin-
coated glass slide chambers. Cells were rinsed once in PBS buffer, fixed in 4% 
paraformaldehyde and permeabilized with 0.5% TRITON X-100. Cells were saturated in 
saturation buffer (SSC Buffer, 1% BSA, 1 μg yeast tRNA) for 2 h at room temperature. Then, 
30 ng of 5′-biotinylated probes were denatured at 80 °C for 5 min and added to hybridization 
buffer (SSC Buffer, 10% formamide, 100 mg/ml dextran sulfate). Cells were incubated at 37 °C 
for 3 h in a humidified chamber protected from light for the hybridization. After incubation, 
RNA probes were revealed using Streptavidin, Alexa Fluor 488 conjugate (Life Technologies). 
DAPI (0.5mg/ml) was used to visualize cell nuclei and the images were performed with Leica 
TCS SP5 confocal microscope. 
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6.13 RNA pull-down assay 

Whole-cell extracts were prepared from 3.5x 106 BALB/c fibroblasts with RIP buffer (150 mM 
KCl, 25 mM Tris-HCl pH 7.4, 0.5 mM DTT, 0.5% NP40, 1 mM PMSF, protease inhibitor and 
20 U/ml RNaseout (Invitrogen)). The same number of cells was used for each condition. For 
precipitation assays, 1 μg of lncRNA-antisense probes and whole-cell extracts were incubated 
for 2 h at 4 °C; complexes were isolated with Streptavidin-coupled Dynabeads (Invitrogen). 
Beads were washed 5 times for 5 min at 4 °C with RIP buffer. The co-precipitated RNAs were 
extracted with phenol:chloroform:isoamyl alcohol and detected by RT-qPCR. Proteins isolated 
from the beads were detected by Western blot. 
 

6.14 Proliferation assay and fluorescence-activated cell sorting (FACS) analysis 

For cell-growth assay, 5x104 cells were plated in 35mm wells and counted at the indicated time 
point using Scepter™ Automated Cell Counter (Millipore). A growth curve was plotted to 
examine the effects of the shRNAs on cell proliferation. 72 h post-transfection, the cells were 
harvested, fixed in 70% ethanol, and stained for flow cytometry analysis. For the One-
dimensional cell-cycle analysis, the cells were stained with propidium iodide (PI) solution 
(0.1% TRITON X-100, 200 mg/ml RNase, 20 mg/ml PI in PBS buffer) for 30 min at room 
temperature. Two dimensional cell-cycle analysis was performed using Click-iT EdU-Cell Cycle 
633-red assay from Invitrogen according to the manufacturer's protocol with 1 h of EdU pulse. 
Acquisition was performed using Becton Dickinson FACS Canto and analysis was done with 
FACS FlowJo Software. 
 

6.15 Monolayer and soft agar colony-formation assays 

For monolayer colony-formation assay, 1000 BALB/c fibroblasts were transduced with pCCL-
CCR492 and H-RasV12 (Addgene Plasmid 9051: pBABEpuro H-RasV12) expression vectors 
and plated in 100 mm2 plates and allowed to grow in appropriate culture medium for 10 days. 
Fresh media were supplied every 3 days. Colonies were stained with crystal violet dye after 
formaldehyde fixation. Soft agar colony-formation assays, 3x104 cells/ml were transduced in 
the same conditions and seeded on top of a solidified layer in a volume of 2ml of 0.5% Bacto 
Agar (Sigma-Aldrich) over 2 ml 0.4% agar base layers in each six-well plate. 
 

6.16 Bioinformatics analysis of colorectal cancer tissues  

Gene expression analysis of RP11-1058N17.1 (other names: lncSMAD7, AC114684.1) was 
performed using The Cancer Genome Atlas TCGA database (http://cancergenome.nih.gov/).  
Statistical analyses were performed using two-tailed Student’s t-test. 
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6.17 Statistical data analysis  

Data are presented as mean values ± SD of minimally 2 independent experiments; **P<0.01, 
*P<0.05 by the Student's t-test.  
 

6.18 Antibodies 

The antibodies were purchased from  
Abcam (anti-c-Myc-ab11917, anti-Ago2-ab186733, anti-H3K4me1-ab8895, anti-Med12-
ab70842, anti-pSmad3-ab28379), Sigma-Aldrich (anti-b-tubulin- T8328), SantaCruz (anti-Ras-
sc520, anti-LaminA-sc20680, anti-p300-sc48343), Millipore (anti-H3K4me3-07473, anti-
H3K27ac-07360, anti-CTCF-07729) Cell Signaling (anti-Ezh2-4905). 
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