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Glossary 

 

Back-splicing: a particular kind of alternative splicing in 

which a 5’ splice site is joined to an upstream 3’ splice site, 

giving rise to a circularised exon(s). 

Cell proliferation: the highly regulated set of processes 

through which a cell grows and divides into two daughter cells. 

circRNA (circular RNA): a covalently closed single-stranded 

RNA molecule whose 5’ and 3’ extremities are covalently 

joined together. 

FACS analysis of cell cycle: flow cytometry-based method to 

calculate the distribution of cells in each cell cycle phase (G1, 

S, G2-M); it relies on the quantification of the DNA content 

via staining with fluorescent DNA-intercalant dyes. 

G1-S transition: the cell cycle stage between the end of G1 

phase and the start of S phase; it is regulated by specific 

checkpoints, e.g. the DNA-damage checkpoints which prevent 

the cell from replicating damaged DNA. 

Knock-down: reduction of the expression of a gene, e.g. 

through the transfection of siRNAs in the cells. 

Master regulator: a protein factor which is an upstream 

modulator of a particular pathway involved in the regulation 

of a cellular process, e.g. proliferation. 

miRNAs (microRNAs): small non-coding RNAs involved in 

the post-transcriptional regulation of gene expression; 
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miRNAs target complementary sequences on messenger 

RNAs, inducing their destabilisation and/or translational 

suppression. 

Microtubules: fundamental constituents of the cell 

cytoskeleton; they are highly dynamical polymers of Tubulin, 

with a role in cell shape, intracellular transport and mitotic 

spindle formation. 

Mitosis: the last stage of cell cycle, through which a cell 

divides into two daughter cells having the same number and 

kind of chromosomes as the mother cell. 

mRNA (messenger RNA): single-stranded RNA molecule 

which can be translated into a specific protein. 

Myoblasts: proliferating myogenic precursors with 

mesodermal origin. 

PAR-CLIP-sequencing: photoactivatable ribonucleoside-

enhanced crosslinking and immunoprecipitation; the 

incorporation of photoreactive ribonucleoside analogues into 

nascent RNA transcripts allows an efficient 365-nm UV 

irradiation-induced crosslinking of labelled RNAs to their 

interacting proteins. Protein immunoprecipitation allows 

recovering all the RNAs bound to it, which are then identified 

by RNA-sequencing. The PAR-CLIP protocol allows the 

identification of the specific protein binding sites on the RNAs 

with nucleotide-level resolution.  
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qRT-PCR: the real-time quantitative Reverse Transcription 

PCR allows an accurate measurement of the PCR product 

during each amplification cycle; the template for qRT-PCR 

amplification is copy DNA (cDNA) generated from RNA 

through a reverse transcription reaction. 

RBP (RNA binding protein): a protein which can bind to 

single- or double-stranded RNA thanks to its RNA-binding 

domains, e.g. RNA recognition motif and double-stranded 

RNA-binding domain. 

RD cells: cell line derived from a tumour biopsy of a 7-year-

old female child with refractory pelvic embryonal 

rhabdomyosarcoma (ATCC: CCL-136; Resource Identifiers 

RRID: CVCL_1649). 

Regulon: a group of genes that are regulated altogether by the 

same transcription factor, or whose differential expression 

correlates to changes in the activity of a specific protein (even 

if not a transcription factor). 

RH4 cells: cell line derived from a biopsy of an alveolar 

rhabdomyosarcoma lung metastasis in a 7-year-old female 

child; these cells are positive for the t(2;13)(q35;q14) 

translocation (Resource Identifiers RRID: CVCL_5916). 

Rhabdomyosarcoma (RMS): a skeletal muscle-derived 

paediatric malignancy; the main RMS subtypes are the 

embryonal (ERMS) and the alveolar (ARMS). 
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RIP assay: RNA-immunoprecipitation technique used to 

investigate RNA-protein interactions. 

RNA-pulldown: experimental technique which allows the 

precipitation of a specific RNA molecule usually through 

biotinylated probes binding to it. It allows the recovery of the 

specific RNA’s interactors, either RNAs or proteins. 

RNA-sequencing: a wide class of experimental techniques 

using Next-Generation Sequencing approaches for the high-

throughput identification and quantification of RNA species 

expressed in a biological sample. 

rRNA (ribosomal RNA): non-coding RNA which associates 

to ribosomal proteins to form the ribosomal subunits. 

siRNAs (small interfering RNAs): small non-coding RNAs 

involved in the post-transcriptional silencing of gene 

expression. They can target a specific RNA through perfect 

base-pairing, inducing its degradation. 

Splicing: the process through which introns are co-

transcriptionally removed from a precursor-RNA molecule 

and exons are joined together. Alternative splicing 

mechanisms can direct the exclusion or the inclusion of 

specific exons from the mature mRNA, giving rise to different 

mRNA isoforms. 

Transfection of cells: experimental procedure to introduce 

foreign DNA or RNA molecules in the cells, in order to modify 

gene expression. 
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Western blot:  experimental technique allowing detection and 

quantification of a specific protein expressed in a biological 

sample. 
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Summary 
 

Circular RNAs (circRNAs) are covalently closed 

single-stranded RNA molecules whose important role in 

regulating gene expression at different levels is recently 

emerging. Particularly, circRNAs often show a deregulated 

expression in several pathological processes, including cancer, 

contributing to the disease’s onset and progression.  

My PhD work aimed at investigating the molecular role 

of a specific circRNA, named circZNF609, in regulating cell 

proliferation in rhabdomyosarcoma, a paediatric skeletal 

muscle tumour. We found that circZNF609 is overexpressed 

in rhabdomyosarcoma with respect to primary myoblasts and 

its depletion slows down cell-cycle progression at the G1-S 

transition. We also characterised the impact of circZNF609 

knock-down on rhabdomyosarcoma cell transcriptome and 

major pathways involved in proliferation, e.g. 

Retinoblastoma/E2F1 and PI3K/AKT pathways.  

Thanks to the analysis of circZNF609 molecular 

interactors, we discovered that the circRNA can bind to Ckap5 

mRNA, a transcript encoding a microtubule polymerase with 

a fundamental role in controlling mitotic spindle assembly and 

chromosome segregation. We found that circZNF609 

depletion impairs CKAP5 protein expression possibly through 
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HUR, an RNA-binding protein promoting mRNA stability and 

translation.  

By reducing Ckap5 mRNA stability and protein levels, 

circZNF609 knock-down impairs microtubule dynamics and 

induces defective chromosome segregation. This results in the 

accumulation of DNA damage that could be responsible for 

the activation of checkpoints during the following cell cycle, 

blocking it at the G1-S transition. 

Therefore, our research unveiled a novel molecular 

circuit through which a circRNA regulates cell cycle 

progression in rhabdomyosarcoma tumour. 

In the last part of this work, we identified other 

circRNAs deregulated between myoblasts and 

rhabdomyosarcoma cells, and we started to elucidate the role 

of circHIPK3 in modulating YAP/TAZ activation in tumour 

cells.  

Our long-term aims are to unveil circRNA-dependent 

circuits which can be responsible for tumour onset and 

progression, and to investigate potential uses of these 

circRNAs as rhabdomyosarcoma biomarkers and/or 

therapeutic targets. 
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Introduction  

Circular RNAs, a novel and intriguing class of RNAs 

  Circular RNAs (circRNAs) are covalently closed 

single-stranded RNA molecules, lacking 5’ and 3’ free ends. 

They were first observed in eukaryotic cells many decades ago 

thanks to electron microscopy [1]. In the early 1990s, circular 

RNA molecules with an inverted exon order with respect to 

their position in the genome were identified, and were 

therefore referred to as scrambled exons  [2,3]. 

 Although circRNAs are ubiquitously expressed among 

eukaryotes [4] and also in archaea and viruses [5,6], they have 

been considered a rare class of transcripts for a long time. It is 

only in recent years that circRNAs have come to the scene 

again. The improvement of Next Generation Sequencing 

techniques and the invention of dedicated bioinformatics 

scripts for their identification allowed researchers to recognize 

circRNAs as a large class of transcripts originating from 

thousands of genes, expressed in different cell types and often 

conserved among eukaryotes [7]. 
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Biogenesis of circRNAs 

In eukaryotic cells, circRNAs are produced by the 

canonical spliceosome through a particular splicing event 

called back-splicing. During this process, a 5’ splice site is 

joined to an upstream 3’ splice site, giving rise to a circularised 

exon(s) whose ends are connected through a phosphodiester 

bond [8]. The back-splicing reaction and the circularisation 

process account for the fact that circRNA-composing exons 

appear to be in an inverted order with respect to the reference 

transcriptome. 

The back-splicing junction is the only region 

distinguishing the circularised exon in the circRNA from the 

corresponding linear exon included in the mRNA transcribed 

from the same genomic locus (Fig. 1).  

 There are evidences suggesting that back-splicing 

occurs co-transcriptionally, like linear splicing. Indeed, 

hundreds of reads on back-splicing junctions have been found 

in datasets of chromatin-bound nascent RNA in D. 

melanogaster [9]. Moreover, the linear splicing can compete 

with the back-splicing, since when the linear splicing is 

potentiated, the back-splicing is disadvantaged. This was 

observed in mutant flies expressing a slower RNA Polymerase 

II: while their linear splicing was more efficient, they produced 

significantly fewer circRNAs with respect to wild-type flies 

[9].  
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 Back-splicing can be considered as a kind of alternative 

splicing and, similarly to linear alternative splicing, it is highly 

regulated. The factors that modulate circRNA production can 

act both in cis and in trans (Fig. 1).  

 The introns flanking circularising exons often harbour 

repetitive complementary and inverted sequences (e.g. Alu 

repeats) favouring the pairing across bordering introns, so that 

the two splice sites can get closer and the back-splicing is 

favoured [10,11]. It has been observed that in some cases even 

very short intronic inverted repeats (30 or 40 nucleotide-long) 

are sufficient to promote back-splicing [11]. 

 Introns flanking circularizing exons also show an 

enrichment in adenosine-to-inosine (A-I) editing performed by 

the Adenosine Deaminase RNA Specific (ADAR) enzyme 

[12]. The A-I transition significantly reduces the pairing 

capacity of the edited intronic sequences, representing an 

interesting mechanism to regulate circRNA production by 

inhibiting back-splicing [13]. 

 Among cis-acting elements regulating back-splicing, 

there is also the length of circularising exons, which is 

positively related to their circularisation propensity [14]. This 

could be due to steric reasons, as a minimal distance between 

the two splice sites could favour the back-splicing reaction.  

 RNA-binding proteins (RBPs) can promote or inhibit 
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circRNA biogenesis acting in trans on circularizing exons and 

their flanking introns. 

 The splicing factors hnRNPs and SR proteins regulate 

the back-splicing of D. melanogaster circRNAs transcribed 

from the Laccase-2 and Plexin-A genes [15]. 

 The RBP Quakin (QKI) can directly bind intronic 

sequences flanking the circularising exons. Its dimerization 

can then bring the splice sites closer, promoting circRNA 

production during epithelial-mesenchymal transition [16].  

Similar to QKI, other RBPs can regulate back-splicing 

by binding bordering intronic sequences. This is the case of the 

Mannose-binding Lectin (MBL), which promotes the 

circularisation of the second exon of its own transcript, giving 

rise to circMBL, in D. melanogaster [9].   

Finally, the Fused in Sarcoma protein (FUS) regulates 

the biogenesis of 132 circRNAs in in vitro-derived mouse 

motor neurons [17].  

Recently it has been shown that specific patterns of N6-

methyladenosin RNA modification (m6A) can direct the back-

splicing of the m6A-containing exon in the primary transcript. 

This could depend on the m6A reader YTHDC1, as a 

significant positive correlation has been found between 

YTHDC1 binding and the ability of methylated exons to 

circularise [18].  
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These mechanisms of back-splicing regulation 

highlight the fact that circRNAs are far from being only 

splicing by-products and are a class of molecule the biogenesis 

of which can be regulated at different levels. 
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Fig. 1 

 

  

Back-splicing junction 

mRNA 

circRNA 

Precursor RNA 

Fig. 1 Schematic representation of linear splicing (top) and back-splicing 
(bottom). Intron pairings and some RBPs are among the cis- and trans-
acting factors that can enhance back-splicing. By contrast, A-I editing, 
some helicases and other RBPs can inhibit back-splicing. Adapted from 
Di Timoteo, Rossi and Bozzoni, 2020. 
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Molecular functions of circRNAs 

CircRNAs are broadly expressed, often conserved 

among different species, and a large number of them also 

shows a cell-type specific expression pattern [7,10,19].  

CircRNAs are generally expressed at lower levels than 

their linear mRNA counterpart [20], but there are also cases in 

which the circular RNA is the most abundant transcription 

product [19]. This is frequently observed in the mammalian 

brain. Indeed, many circRNAs are upregulated during 

neuronal differentiation, and their expression is often regulated 

differently from their linear mRNA counterpart [13].  

These features of circRNA expression suggest that 

circRNAs could actually be functional molecules, whose 

expression needs to be modulated during physiological (as 

well as pathological) processes. 

 Indeed, many examples of functional circRNAs have 

been reported so far, with roles in regulating gene expression 

at different levels (Fig. 2). 

The first functional circRNA to be described was 

CDR1as. Its sequence harbours 74 miR-7 seed matches, with 

most of them conserved in at least one more species [7].  The 

first hypothesis about its molecular function was that CDR1as 

could act as a competing endogenous RNA (ceRNA), 

sponging miR-7 and interfering with its ability to target 

specific mRNAs [7,21] (Fig. 2A). 
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Few years later, however, an alternative molecular 

mechanism of action has been proposed for CDR1as, and a 

deeper insight into the phenotype associated to its loss was 

gained. The CDR1as knock-out mouse exhibited a dysfunction 

of excitatory synaptic transmission. At the molecular level, 

CDR1as depletion was associated with the downregulation of 

miR-7 and the upregulation of its target mRNAs. Since these 

observations contrasted with the previously proposed ceRNA 

activity of CDR1as, it was hypothesised that CDR1as may 

stabilize miR-7 and translocate it towards neuronal synapses. 

Here it contributes to the regulation of miR-7-targeted mRNAs 

encoding factors with a role in synaptic transmission [22].  

Another circRNA harbouring a high number of binding 

sites for the same microRNA is the one coming from SRY 

gene [23]. SRY circRNA hosts 38 binding sites for miR-138 

and acts as a ceRNA for this microRNA [21].  

So far, several other circRNAs have been proposed to 

act as ceRNAs, regulating microRNA activity and impacting 

on different cellular pathways, particularly related to cell 

proliferation and differentiation [24,25]. However, the ceRNA 

activity for circRNAs cannot be generalised.  

Besides the miRNA-sponging activity, other molecular 

functions have been ascribed to circRNAs.  

There are examples of circular transcripts working as 

protein scaffolds or decoys to regulate their activity (Fig. 2B). 
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This is the case of circANRIL sequestering PES1 protein and 

affecting rRNA processing [26], and circFOXO3 which can 

bind both p21 and CDK2 proteins favouring the inhibition of 

CDK2 by p21 and impacting cell cycle progression [27].  

A few circRNAs have also been shown to harbour an 

open reading frame (ORF) and to be translated in a cap-

independent manner (Fig. 2C) [28–33]. The typical circRNA-

specific ORF spans the back-splicing junction, finally 

encountering a downstream stop-codon. In many cases the 

circRNA-encoded protein corresponds to a truncated version 

of the corresponding mRNA-encoded full-length protein, with 

the addition of a new aminoacidic sequence encoded by the 

codons downstream the back-splicing junction.  

Although the majority of circRNAs is predominantly 

located in the cytoplasm and acts in this cellular compartment, 

there are also examples of nuclear functional circRNAs. The 

Exon-Intron circRNAs (EIciRNAs) retain intronic sequences 

between circularising exons and show a nuclear localisation. 

In the nucleus, they can regulate the transcription of their 

parental gene (Fig. 2D). This is the case of EIciRNAs 

circPAIP2 and circEIF3J regulating RNA Polymerase II 

activity by base-pairing with U1 small nuclear RNA (snRNA) 

[34]. 
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Fig. 2 

  A 

B 

C 

D 

Fig. 2 Schematic representation of circRNA molecular functions. They 
can act as ceRNAs by sequestering or stabilizing miRNAs (A). CircRNAs 
can act as scaffolds or decoys for RBPs (B). Some circRNAs can act as a 
template for cap-independent translation (C). Nuclear circRNAs can 
regulate the transcription of their parental gene (D). Adapted from Di 
Timoteo, Rossi and Bozzoni, 2020. 
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CircRNAs in cancer biology 

 Since circRNAs have been found to be broadly 

expressed, regulated in their production and possibly 

functional, a great interest arose regarding their modulation 

and roles in pathological processes, particularly cancer. 

 Thousands circRNAs are differentially expressed 

among normal and cancer tissues, and many of them can 

regulate several aspects of cancer biology, e.g. aberrant cell 

proliferation, metabolic reprogramming, migration and 

metastasis, angiogenesis, and evasion of immune suppression 

[35,36]. 

 One of the most studied oncogenic circRNA is 

circHIPK3, deriving from the circularisation of the second 

exon of HIPK3 precursor RNA. It is overexpressed in many 

cancers, including hepatocellular carcinoma [37], epithelial 

ovarian cancer [38] and lung cancer [39]. CircHIPK3 mainly 

acts as a promoter of cancer cell proliferation, migration and 

invasion by sequestering tumour-suppressor microRNAs, such 

as miR-124 [37,40].  

Besides circHIPK3, a large number of circRNAs are 

deregulated in many cancers with respect to normal tissues, 

and most of them have been proposed to act as ceRNAs for 

either oncogenic or tumour-suppressor microRNAs [41,42].  

 However, alternative molecular mechanisms of actions 

have been discovered for some cancer-related circRNAs. 
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For example, CDR1as expression is epigenetically 

silenced in invasive melanoma cells with respect to the non-

invasive stage. When expressed in the non-invasive condition, 

CDR1as can interact with the RBP IGF2BP3. This is a member 

of the IGF2BP-family, which are oncofetal proteins regulating 

target mRNAs at a post-transcriptional level, and have been 

shown to have an oncogenic role in several cancers. When 

CDR1as binds to IGF2BP3, it sequesters the protein 

interfering with its role in sustaining melanoma metastasis. 

When CDR1as is epigenetically silenced, IGF2BP3 is released 

and contributes to the increased cancer invasiveness. 

Therefore, in this case, CDR1as contributes to melanoma cell 

metastasis by acting as an RBP-sponge, in a miR-7-

independent way [43].  

In glioblastoma, circSHPRH is downregulated with 

respect to the healthy brain tissue. This circRNA can be 

translated into a tumour-suppressive protein, named SHPRH-

146aa. SHPRH-146aa protects the SHPRH mRNA-encoded 

full-length protein from proteasomal degradation. When 

circSHPRH is overexpressed in glioblastoma cells, the full-

length SHPRH protein is stabilised and inhibits cancer cell 

proliferation by ubiquitinating the Proliferating Cell Nuclear 

Antigen (PCNA) [44].  

A second protein-encoding circRNA has been found to 

inhibit glioblastoma cell proliferation. CircAKT3 is translated 
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into a 174aa-long protein (AKT3-174aa). The overexpression 

of the circAKT3-encoded protein reduces proliferation and in-

vivo tumorigenicity of glioblastoma cells, by acting as a 

dominant-negative variant of the full-length AKT3 protein. 

Indeed, AKT3-174aa competes with AKT3 for the binding to 

PDK1, resulting in lower PDK1-mediated phosphorylation 

and consequent lower activation of AKT3 [32]. 

Interestingly, circRNAs can also originate from 

tumour-specific chromosomal rearrangements. For example, 

the chromosomal translocation t(15;17)(q24;q21), giving rise 

to the PML/RARa fusion gene, characterises acute 

promyelocytic leukaemia cells. The circRNAs originating 

from the circularisation of the PML and RARa exons 

juxtaposed to the breakpoint are called fusion-circRNAs (F-

circRNAs). F-circRNAs contribute to sustained proliferation, 

malignant transformation and resistance to drug treatments in 

leukaemia cells, both in-vitro and in-vivo [45].  

 

CircRNAs as cancer biomarkers 

In the last years, there has been a growing effort to 

identify specific circRNAs to be used as novel biomarkers for 

several pathologies, from diabetes [46] to coronary artery 

disease [47], from pre-eclampsia [48] to cancer [49]. 

 CircRNAs have the right features to be considered as 

biomarkers. Most of them are differentially expressed in many 
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pathological processes and sometimes specifically expressed 

in one condition compared to another one. Moreover, although 

there is still much to discover about circRNA turnover, 

circRNA covalently closed structure makes them resistant to 

exoribonuclease-initiated RNA decay pathways [50], and their 

half-life is generally longer than their mRNA counterparts 

[51].  

So far, many circRNAs have been proposed as 

biomarkers for specific cancers.  

Two examples are hsa_circ_0000190, which is 

downregulated in tumour tissues and plasma of gastric cancer 

patients as compared to controls, showing better specificity 

and sensitivity than classic biomarkers for this tumour (e.g. 

CA19-9 and Carcinoembryonic Antigen) [52], and 

hsa_circ_100855, which is upregulated in laryngeal squamous 

cell cancer compared to normal tissues. Its overexpression 

positively correlates with advanced clinical stages and 

metastasis [53]. 

CircRNAs are also present and differentially expressed 

in extracellular fluids of healthy people and cancer patients, 

such as saliva and blood [54,55], thus allowing non-invasive 

approaches to evaluate the presence of the pathology. 

CircRNAs are very abundant in human whole blood, 

sometimes more than their mRNA counterpart [55]. CircRNAs 

are very stable in the blood also because they are loaded into 
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cell-secreted exosomal vesicles, being often enriched in 

exosomes as compared to parental cells [56].  

Interestingly, tumour-derived exosomal circRNAs 

have been identified, such as in the case of KRAS-mutant 

colon cancer cell-derived vesicles [57], and a significant 

difference in the circRNA-content of serum exosomes between 

colon cancer patients and controls has been observed [56]. 

In conclusion, circRNAs are relevant molecules for 

cancer progression, and the analysis of their expression in 

tumour biopsies, as well as in body fluids, could be of 

significant help for a rapid and non-invasive cancer diagnosis. 
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Rhabdomyosarcoma, a paediatric soft tissue tumour 

Characteristics of rhabdomyosarcoma subtypes 

Rhabdomyosarcoma (RMS) is a malignant cancer of 

muscular origin. It is the most common soft tissue malignancy 

in children, accounting for about 5% of all paediatric tumours, 

while it is very rare in adults [58]. Boys develop RMS with a 

slightly higher incidence than girls, with a male to female rate 

ratio of 1.37 [59].  

The majority of RMS cases occurs sporadically. 

However, this tumour shows association with some familial 

diseases, e.g. neurofibromatosis and Li-Fraumeni syndrome 

[60–62]. 

 RMS is generally classified based on its histology. 

According to the classical histological classification of this 

tumour, four main RMS subtypes can be identified: the 

embryonal (ERMS), the alveolar (ARMS), the pleomorphic 

and the botryoid [63]. 

ERMS is the most common subtype, accounting for 

almost 60% of RMS cases, and generally has a favourable 

prognosis. It frequently affects young children (from 0 to 10 

years old) and preferentially arises from the genitourinary tract 

and the head/neck district [64]. ERMS cells are small, round 

or elongated, resembling those of a 6/8-week-old fetal muscle 

(American Cancer Society), and are embedded in a loose 

myxoid stroma [64].  
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Instead, ARMS represents 20% of all RMS cases and 

is more aggressive than ERMS. It often shows metastasis at 

diagnosis and is characterised by unfavourable prognosis [65]. 

ARMS preferentially affects adolescents and young adults, 

and originates from body extremities, but also from abdomen, 

genitals and the head/neck district [64]. ARMS cells resemble 

those of a 10-week-old fetal muscle (American Cancer 

Society), are round-shaped and arranged in a sort of alveolar 

structures separated by fibrous septa [64]. 

Pleomorphic RMS is a very rare and poorly 

characterised high-grade sarcoma with unfavourable 

prognosis, generally arising in older adults at their body 

extremities [66]. 

 Botryoid RMS often occurs in children and 

adolescents and originates under the mucosa in the 

genitourinary tract, especially cervix and vagina. It is 

described as a grape-like lesion with a polypoid aspect [67]. 

 

Genetic alterations in ERMS and ARMS subtypes 

ERMS and ARMS tumours are characterised by 

specific genetic alterations.  

ERMS commonly show loss of imprinting and frequent 

loss of heterozygosity on chromosomes 11p, 11q and 16q [68]. 

Particularly, this affects the 11p15 chromosome [69]. 
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The ARMS subtype is characterised by two non-

random chromosomal translocations. The most frequent (70% 

of ARMS cases) is the t(2;13)(q35;q14), while a rarer 

translocation is the t(1;13)(p36;q14) [69].  

These two genetic alterations affect PAX3 and PAX7 

genes respectively, which are members of the Paired Box 

Transcription Factor family involved in the regulation of 

embryonic development. Indeed, both PAX3 and PAX7 are 

expressed in myogenic progenitor cells and participate in 

skeletal muscle development [70,71]. Upon translocation, 

PAX3 or PAX7 are fused to FOXO1 gene, which belongs to 

the Forkhead family of transcription factors and is involved in 

the regulation of insulin signalling [72]. Particularly, the 5’ 

exons of PAX3 or PAX7 (encoding the DNA-binding domain) 

are fused with the 3’ exons of the FOXO1 gene (encoding the 

transactivation domain), giving rise to the chimeric 

transcription factors PAX3-FOXO1 and PAX7-FOXO1, 

respectively [73].  

PAX3-FOXO1 and PAX7-FOXO1 are expressed at 

higher levels than PAX3 and PAX7 transcription factors, and 

also have a more potent capacity to activate target gene 

expression, thus having a primary role in the dysregulation of 

many pathways related to cell proliferation, apoptosis, 

myogenesis and migration that contribute to ARMS 

tumorigenesis [69,73].  
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RMS cell origin and main altered pathways 

 RMS derives from the disruption of the skeletal muscle 

differentiation programme of mesenchymal cells committed to 

a myogenic lineage. These muscular progenitors express some 

myogenic markers, but then fail to differentiate properly [68]. 

Particularly, MyoD and Myogenin are expressed by RMS 

cells, and they are used in the differential diagnosis of this 

tumour from other malignancies [74,75]. 

The alteration of key cellular pathways sustains RMS 

cells’ aberrant proliferation and impossibility to differentiate 

[76] (Fig. 3). 

The RAS pathway is often constitutively activated in 

ERMS, generally due to point mutations in RAS-family genes 

[68], while the loss of imprinting on the Insulin-like Growth 

Factor 2 (IGF2) gene and the upregulation of its expression by 

the PAX3-FOXO1 transcription factor in ARMS have a 

fundamental role in the activation of the IGF pathway in RMS 

[77].  

The Fibroblast Growth Factor Receptor 4 (FGFR4) is 

overexpressed in RMS, particularly in ARMS where it is 

transcriptionally activated by PAX3-FOXO1. FGF ligands are 

expressed in RMS cells. Therefore, the whole pathway is 

overactivated, with consequent upregulation of downstream 

signalling pathways, e.g. PI3K-AKT [77].  
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Fig. 3 

 

   

Fig. 3 Schematic representation of cellular origin and altered myogenic 
pathways in rhabdomyosarcoma tumour. Adapted from Sun et al., 2015. 
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RMS survival rate and current treatments  

The 5-year survival rate for RMS is strongly related to 

the specific risk group assigned to the patient. The risk group 

is determined based on the location and size of the tumour, the 

metastasis to nearby lymph nodes and to other body districts, 

how much of the tumour was removed from initial surgery, the 

tumour subtype and the presence of the PAX3-FOXO1 

translocation for ARMS (American Cancer Society).  

For the low-risk group, the overall survival is about 

70% to 90%. For the intermediate-risk group, it ranges from 

50% to 70%, while for the high-risk group the overall survival 

drops down to 20-30% (American Cancer Society).  

Standard treatments to fight RMS include surgery, 

radiotherapy and chemotherapy.  

Surgery is the first-line approach to remove resectable 

tumours completely and is often associated to radiotherapy, 

especially when there is the involvement of nearby lymph 

nodes.  

Chemotherapy is recommended to all RMS patients 

and the standard treatment is the VAC regimen, a mix of three 

drugs: Vincristine, Actinomycin D and Cyclophosphamide 

[78]. Particularly, Vincristine impairs microtubule 

polymerisation by sequestering Tubulin monomers [79]. 

Targeting microtubule dynamics is one of the best anti-tumour 

strategies identified so far, not only for RMS but also for many 
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other solid and blood cancers [80]. Indeed, Vincristine-

induced microtubule cytoskeleton destabilisation results in the 

block of chromosome segregation during mitosis, preventing 

cells from dividing, and leading them to apoptosis [79]. 

 Molecular targets with an aberrant upregulation in 

RMS can be inhibited by administering specific drugs 

(targeted therapies), such as the antibody against IGFR1 

(Cixutumumab). There are preclinical and clinical trials 

investigating the benefits of combined targeted therapies, also 

administered in combination to chemotherapy, in order to 

bypass resistance to standard treatments. For example, the 

combination of Cixutumumab with standard chemotherapy 

shows promising results, as it increased the percentage of 

patients with an 18-month event-free survival [81]. 

Despite these encouraging results, there are still poor 

chances to cure high-risk RMS patients. Moreover, many of 

the standard treatments can have important side-effects in 

children (such as radiotherapy and high doses of 

chemotherapeutics). Therefore, there is the need to expand our 

knowledge about the molecular pathways involved in the 

progression of this cancer, to study more efficient treatments 

and ameliorate children survival rate.  
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Aim of the thesis 

 The work I carried out during my PhD aimed at 

elucidating the molecular role of circRNAs in regulating RMS 

tumorigenesis. 

 The main part of my research focused on understanding 

the role of a circRNA, circZNF609, in regulating cell cycle 

progression in this tumour. 

 As circRNA functions in RMS have not been 

elucidated yet, another part of my PhD work aimed to explore 

more generally the circRNA deregulation in RMS cells 

compared to wild-type myoblasts, in order to investigate their 

roles in tumorigenesis and their possible use as biomarkers for 

RMS diagnosis. 

 

Studying circZNF609 role in regulating RMS cell 

proliferation  
Myogenesis is a highly regulated process by which 

skeletal muscle is generated.  

In the laboratory where I carried out my PhD research 

we previously identified a subset of circRNAs expressed and 

modulated during myogenesis [28]. Thanks to an siRNA-

based phenotypic screening, we studied the effects of the 

knock-down of some circRNAs on human myogenesis. 

Indeed, we were interested in finding new regulatory 

circRNAs controlling proliferation in myoblasts (i.e. 
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proliferating myogenic precursors), and myoblast 

differentiation into myotubes (i.e. non-proliferating 

multinucleated muscle cells originating muscle fibres). 

Among the candidates tested, we focused our attention on 

circZNF609. 

 CircZNF609 derives from the circularisation of the 

second exon of ZNF609 primary transcript (Fig. 4). The full-

length linear ZNF609 mRNA encodes for a poorly studied 

zinc-finger protein, involved in thymocyte maturation [82] and 

in neuron migration in the developing mouse brain [83]. 

 ZNF609 second exon contains the last part of the 

5’UTR of the gene and the start of its ORF, with two in-frame 

start codons (ATGs).  

Upon circularisation of the second exon, the two ATGs 

are in frame with a stop codon which is downstream 

circZNF609 back-splicing junction (Fig. 4). Therefore, 

circZNF609 harbours a circRNA-specific ORF and can be 

translated into two proteins [28]. This was the first example of 

a translated circRNA in mammalian cells. 

CircZNF609 also harbours m6A modifications, with 

specific m6A residues having a fundamental role in regulating 

its biogenesis and translation [18]. 

In human primary myoblasts, circZNF609 knock-down 

by an siRNA targeting its back-splicing junction (si-Circ) 

inhibits cell proliferation [28] (Fig. 5).  
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In order to understand how circZNF609 regulates 

myoblasts proliferation, during my Master’s Degree I analysed 

the effects of circZNF609 depletion on the transcriptome of 

human primary myoblasts. Thanks to a differential expression 

analysis, we found 204 genes to be downregulated and 116 

genes to be upregulated upon circZNF609 depletion [84].  

We then performed a Gene Ontology (GO) term 

enrichment analysis on differentially expressed genes and 

found that the GO Biological Process terms enriched among 

downregulated genes were mainly related to cell cycle 

progression (Fig. 6). This was consistent with the impairment 

of myoblasts proliferation observed upon circZNF609 

depletion [84]. 

To better investigate circZNF609 role in regulating cell 

proliferation, we decided to move to a system where cell cycle 

progression is altered, such as cancer. Therefore, we 

investigated circZNF609 expression and function in RMS, a 

skeletal muscle-related tumour. 

My PhD thesis continues the work I started during my 

Master’s Degree in Prof. Irene Bozzoni’s lab. It aims to 

elucidate circZNF609 molecular mechanism of action in 

regulating cell cycle progression in two RMS subtypes, ERMS 

and ARMS. 

Having found that circZNF609 is upregulated in 

ERMS and ARMS with respect to primary myoblasts, we 



Dottorato di Ricerca in Genetica e Biologia Molecolare 
 

 

 
 

37 

analysed the effects of circZNF609 knock-down on RMS cell 

cycle progression. We observed that circZNF609 depletion 

induced a slow-down of the G1-S phase transition in ERMS 

cells. 

The analysis of known protein factors regulating cell 

proliferation, and particularly G1-S transition, revealed that 

circZNF609 depletion impairs both AKT and Retinoblastoma 

pathways. In this work, we aimed at distinguishing between 

the direct and indirect effects of circZNF609 knock-down on 

cell cycle regulators, to understand whether circZNF609 could 

affect AKT and Retinoblastoma directly or this is just an effect 

of a general cell cycle alteration induced by the circRNA 

modulation.  

Since we found that circZNF609 depletion has 

different effects on ERMS and ARMS cell cycle progression, 

we compared circZNF609-induced transcriptomic changes 

and pathway alterations in the two RMS subtypes. 

To understand circZNF609 molecular mechanism of 

action in regulating cell proliferation and highlight its direct 

effects on cell cycle progression, we investigated its molecular 

partners starting from its mRNA interactors. Therefore, we 

pulled down circZNF609 and sequenced the recovered RNA 

fraction. From this analysis we found Ckap5 transcript to 

directly interact with circZNF609. 
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As circZNF609 knock-down reduced Ckap5 mRNA 

stability and negatively affected its protein levels, we 

investigated whether and how circZNF609-Ckap5 interaction 

could regulate Ckap5 transcript stability and translation.  

CKAP5 protein is a fundamental regulator of 

microtubule polymerisation and mitotic spindle assembly. 

Therefore, we analysed whether circZNF609 could directly 

regulate microtubule cytoskeleton and mitotic progression 

through the regulation of CKAP5 protein, obtaining 

encouraging results. 

Since we found circZNF609 knock-down to impair a 

correct chromosome segregation and mitotic progression, we 

investigated whether this could lead to an accumulation of 

DNA damage in circZNF609-depleted RMS cells. 

We actually found an accumulation of DNA damage 

and hypothesised this could lead to defects in cell cycle 

progression, such as the impaired G1-S progression previously 

observed. 
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Fig. 4 

 

  

Fig. 4 Schematic representation of ZNF609 pre-mRNA and mRNA (top), 
and the circularisation process originating circZNF609 (bottom). ZNF609 
exon 2 also harbours a split ORF which is then reconstituted upon 
circularisation. Adapted from Legnini et al., 2017. 
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Fig. 5  

  

  

Fig. 5 Schematic representation of circZNF609-targeting siRNA (si-Circ) 
(left). BrdU assay in human primary myoblasts in control condition (si-
SCR) and upon circZNF609 knock-down (si-Circ), and corresponding 
quantification of proliferant BrdU+ cells (right). Adapted from Legnini et 
al., 2017. 
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Fig. 6 

   

Fig. 6 Gene Ontology (GO) Biological Process term enrichment analysis 
on genes downregulated (white) and upregulated (grey) upon circZNF609 
knock-down in human primary myoblasts. 
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Exploring circRNAs deregulated in RMS 

We were interested in identifying other circRNAs 

differentially expressed between RMS cells and myoblasts, to 

explore whether they have a role in RMS tumorigenesis. 

To this aim, we performed a circRNA differential 

expression analysis, starting from our total RNA-sequencing 

data from myoblasts, ERMS and ARMS cells [84]. 

We then selected a subset of differentially expressed 

circRNAs for further analyses. 

Particularly, we decided to study the effects of 

circAFF1, circVAMP3 and circHIPK3 knock-down on ARMS 

cell transcriptome. Therefore, we performed an RNA-

sequencing analysis in ARMS cells upon their depletion. 

While the role of circAFF1 and circVAMP3 are 

currently being investigated by another PhD student in the lab, 

I am focusing on circHIPK3 and on its modulation of the 

YAP/TAZ pathway through specific miRNAs in ARMS cells. 

This part of my research is still at its beginning, and here I will 

present some preliminary results about circHIPK3 and its 

function in ARMS.  

  



Dottorato di Ricerca in Genetica e Biologia Molecolare 
 

 

 
 

43 

Results 

CircZNF609 regulates RMS cell proliferation 

CircZNF609 is upregulated in RMS and localises in 

specific cytoplasmic spots 

The finding that circZNF609 regulates cell 

proliferation in human primary myoblasts [28], inspired us to 

investigate circZNF609 expression and function in a skeletal 

muscle related tumour, which is RMS. 

 We analysed circZNF609 expression levels in primary 

myoblasts and in ERMS and ARMS cell lines (RD and RH4, 

respectively). We found the circRNA to be significantly 

upregulated in both the RMS cell lines compared to myoblasts 

(Fig. 7A). The linear ZNF609 mRNA followed the same trend 

(Fig. 7B), suggesting that the ZNF609 locus may be activated 

at a transcriptional level in RMS.  

 We also analysed circZNF609 and ZNF609 mRNA 

expression in primary RMS biopsies from 6 ERMS and 5 

ARMS paediatric patients, and in skeletal muscle biopsies 

from 3 age-matched donors who underwent surgery for non-

oncological reasons. We found that both the circRNA and the 

mRNA were significantly upregulated in RMS biopsies 

compared to controls (Fig. 7C-D).  

 The upregulation of circZNF609 in RMS cell lines and 

biopsies is coherent with its function in promoting cell 

proliferation. 
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 We previously observed that circZNF609 has a 

cytoplasmic localisation in myoblasts [28]. We then 

investigated its subcellular localisation in RMS cells by 

fluorescent in situ hybridization (FISH) using a probe targeting 

its back-splicing junction. 

 When looking at circZNF609 subcellular distribution 

in RD and RH4 cells, we observed that it showed a spotted 

cytoplasmic localisation (Fig. 8A). The signal was specific for 

the circRNA, as it disappeared upon its knock-down (Fig. 8B).  

ZNF609 mRNA localisation was also checked and 

appeared to be cytoplasmic and spotted as well, but with a 

higher number of cytoplasmic spots than the circRNA (Fig. 

8C, left). As a negative control for the FISH experiment, a 

probe targeting a bacterial mRNA was used, providing no 

signal (Fig. 8C, right). 

 Although the FISH protocol we used has a single-

molecule sensitivity, we hypothesized that circZNF609 spots 

could contain more than one circZNF609 molecule, as they 

often showed different diameters (Fig. 8D, asterisks). 

Moreover, RD and RH4 cells showed very few circZNF609 

spots (usually 1 or 2 spots per cell). Based on the circRNA 

expression level, it is unlikely that there could be so few 

circZNF609 molecules per cell, therefore we believe that the 

circRNA could aggregate in particular cytoplasmic sub-

compartments. However, due to the signal amplification 
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obtained with the FISH protocol and to the limitations of 

optical microscope resolution, we were not able to establish 

the number of circZNF609 molecules in each aggregate. 

 Subsequently, we coupled circZNF609 FISH with 

immunofluorescence (IF) for either KDEL peptide (i.e. 

endoplasmic reticulum marker), or GM-130 (i.e. cis-Golgi 

marker), or pericentrin (i.e. centrosome marker), but observed 

no colocalisation of the circRNA with these organelles (Fig. 

9A-B-C). Therefore, further investigation is needed to 

understand the specific cytoplasmic sub-compartment hosting 

circZNF609 aggregates. 
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Fig. 7 
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qRT-PCR in human primary myoblasts (Myobl), RD and RH4 cells; N=3. 
CircZNF609 (C) and linear ZNF609 (D) RNA levels measured by qRT-
PCR in 3 healthy skeletal muscle biopsies, 6 ERMS and 5 ARMS tumour 
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Changes ± standard deviation of biological replicates, and dots represent 
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Fig. 8 
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FISH in RD cells using a circZNF609-specific probe in control condition 
(si-SCR) and upon circZNF609 knock-down (si-Circ) (B). FISH in RD 
cells using a ZNF609-specific probe or a bacterial mRNA-specific probe 
(negative control) (C). FISH in RD cells using a circZNF609-specific 
probe, merged with DAPI staining and phase contrast to highlight cell 
borders (left); white asterisks indicate smaller circZNF609 spots (right).  
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Fig. 9 
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RD cells using a circZNF609-specific probe combined with an 
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circZNF609-specific probe combined with an immunofluorescence for a-
Tubulin and Pericentrin; a magnification of the area defined by the yellow 
rectangle is shown on the right (C).  
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CircZNF609 knock-down impairs G1-S transition in 

ERMS 

To evaluate the effects of circZNF609 depletion on 

ERMS and ARMS cell cycle progression, we knocked down 

circZNF609 using an siRNA targeting its back-splicing 

junction (si-Circ) in RD and RH4 cell lines (Fig. 10A). We 

then performed a FACS cell-cycle analysis and found that 

circZNF609 knock-down induced a reproducible slow-down 

of cell cycle progression at the G1-S transition, with an 

increase of cells in G1 phase and a decrease of cells in S phase. 

Interestingly, this occurred only in RD cells (Fig. 10B) and not 

in RH4 cells (Fig. 10C).  

We also performed the same analysis after the 

transfection of either an siRNA targeting both circZNF609 and 

ZNF609 mRNA (si-Circ+Lin) or an siRNA targeting only 

ZNF609 mRNA (si-Lin) (Fig. 10D). While si-Circ+Lin 

induced a G1-S transition slow-down in RD cells, si-Lin had 

no effects (Fig. 10E), confirming the specific role of 

circZNF609 (but not of its linear counterpart) in regulating 

ERMS cell cycle progression. 

Since we observed a defect at the G1-S transition, we 

investigated some of the protein factors regulating G1-S 

checkpoint and cell proliferation, i.e. Retinoblastoma (RB) and 

Protein Kinase B (AKT).  
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RB is a fundamental regulator of G1-S transition, 

controlling the expression of E2F1-dependent S-phase genes. 

When hypo-phosphorylated, RB binds to E2F1 transcription 

factor, blocking its activity and consequently the expression of 

S-phase genes. When hyper-phosphorylated, RB cannot bind 

E2F1 protein anymore, therefore S-phase genes are transcribed 

[85].  

Upon circZNF609 depletion in RD cells, the total RB 

protein level decreased. Interestingly, Rb mRNA levels were 

unchanged (Fig. 11A).  

The levels of the phosphorylated form of RB (p-RB) 

strongly decreased as well. We measured the relative quantity 

of p-RB over total RB and found that circZNF609 depletion 

reduced the p-RB/RB ratio down to approximately 50% 

compared to the control condition in RD cells (Fig. 11A). This 

suggests that the RB/E2F1 pathway controlling G1-S 

transition is impaired upon circZNF609 knock-down.  

Indeed, a transcriptomic analysis performed in 

circZNF609-depleted RD cells (discussed in the next 

paragraph) revealed that many E2F1-targets were 

downregulated, such as Cdk1, Cyclin A2, Cyclin B1, Cyclin 

B2, Pcna and some DNA polymerase subunits.  

In RH4 cells, we observed a downregulation of both 

total RB and p-RB protein levels, but the p-RB/RB ratio did 

not decrease reproducibly (Fig. 11B), suggesting that these 
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cells could be more resistant to the RB/E2F1 pathway 

modulation following circZNF609 knock-down.  

AKT protein is a fundamental modulator of cell growth 

and proliferation, standing at the crossroad of the regulation of 

cell cycle progression, glucose metabolism and protein 

translation [86,87]. Total AKT protein levels showed no 

changes, while the phosphorylated and active form of AKT (p-

AKT) decreased upon circZNF609 depletion in both RD and 

RH4 cells (Fig. 11A-B).  

This suggests that even if the circRNA knock-down 

does not affect RH4 cell proliferation, circZNF609 specificity 

of action on RB and AKT pathways is maintained also in RH4 

cells. 

 To elucidate whether the decrease in total RB and p-

AKT protein levels upon circZNF609 depletion was due to an 

increased degradation by the proteasome, we treated control 

and circZNF609-depleted RD cells with MG132, a proteasome 

inhibitor. To check whether the proteasome was correctly 

inhibited, we used p27Kip1 protein as a positive control [88].  

Following proteasome inhibition, RB protein levels 

showed no recovery (Fig. 11C). This suggests that the RB 

decrease upon circZNF609 knock-down could be due either to 

an inhibited translation of its mRNA or to a proteasome-

independent protein degradation. So far, our preliminary data 

do not support an impaired translation of Rb mRNA (data not 
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shown). Therefore, we are still investigating whether a 

proteasome-independent protein degradation could be 

involved in RB downregulation upon circZNF609 depletion.  

On the other hand, p-AKT protein levels were partially 

rescued in circZNF609-depleted cells upon MG132 treatment 

(Fig. 11C), suggesting that circZNF609 could contrast p-AKT 

proteasome-mediated degradation.  

These effects on RB and AKT pathways indicate that 

the circRNA knock-down can affect key regulators of cell 

proliferation and that it maintains its specificity of action on 

common pathways in both RD and RH4 cells. However, 

further investigation is needed in order to discriminate whether 

these are direct effects or indirect effects due to a general 

alteration of cell proliferation following circZNF609 knock-

down. In the following paragraphs, however, we will discuss a 

more direct effect of circZNF609 on a specific cell cycle-

related pathway which could explain how circZNF609 can 

ultimately affect G1-S transition. 
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Fig. 10 
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    Fig. 10 Schematic representation of the siRNA used against circZNF609 
(si-Circ) (A). Cell cycle analysis by FACS of RD cells upon control 
treatment (si-SCR) or circZNF609 knock-down (si-Circ), and 
corresponding relative RNA levels; N=3 (B). Cell cycle analysis by FACS 
of RH4 cells upon control treatment (si-SCR) or circZNF609 knock-down 
(si-Circ), and corresponding relative RNA levels; N=3 (C). Schematic 
representation of the siRNAs used against either both circZNF609 and 
ZNF609 mRNA (si-Circ+Lin) or against ZNF609 mRNA (si-Lin) (D). 
Cell cycle analysis by FACS of RD cells upon control treatment (si-SCR), 
circZNF609+ZNF609 knock-down (si-Circ+Lin) or ZNF609 knock-
down (si-Lin), and corresponding relative RNA levels; N=2 (E).  

In all panels FACS data are shown as mean of the percentage of cells in 
each cell-cycle phase + standard deviation of biological replicates; relative 
RNA levels are represented as mean of the Fold Changes ± standard 
deviation of biological replicates, and dots represent individual data 
points. Where statistical analysis was performed, the ratio of each sample 
versus its experimental control was tested by two-tailed unpaired 
Student’s t test. *: p-value < 0.1, **: p-value < 0.05, ***: p-value < 0.01.  
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Fig. 11 
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  Fig. 11 Representative Western blot of RD cells in control conditions (si-
SCR) and upon circZNF609 knock-down (si-Circ) with GAPDH 
hybridization used as loading control; ratio of pRB/RB protein levels, 
AKT and p-AKT protein levels (relative to GAPDH), and Rb mRNA 
levels (relative to Gapdh); N=3 (A). Representative Western blot of RH4 
cells in control conditions (si-SCR) and upon circZNF609 knock-down 
(si-Circ) with GAPDH hybridization used as loading control; ratio of 
pRB/RB protein levels, AKT and p-AKT protein levels (relative to 
GAPDH), and Rb mRNA levels (relative to Gapdh); N=3 (B). 
Representative proteasome inhibition experiment in RD cells in control 
conditions (si-SCR) and upon circZNF609 knock-down (si-Circ) with 
p27Kip1 hybridization used as positive control and b-ACTIN hybridization 
used as loading control; correspondent RB and p-AKT protein 
quantifications relative to b-ACTIN; N=2 (C).  

All the graphs referred to proteins show the mean of protein quantification 
relative to the loading control ± standard deviation of biological replicates, 
with dots representing individual data points. Relative RNA levels are 
represented as mean of the Fold Changes ± standard deviation of 
biological replicates, and dots represent individual data points. The ratio 
of each sample versus its experimental control was tested by two-tailed 
unpaired Student’s t test. In panel C, all the statistical confrontations were 
referred to the si-SCR sample. p-value: *: p-value < 0.05, **: p-value < 
0.01, ***: p-value < 0.001, ****: p-value < 0.0001. 
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CircZNF609 knock-down affects different pathways 

in ERMS and ARMS cells 

Since circZNF609 knock-down had different effects on 

ERMS and ARMS cell proliferation, we compared the 

transcriptomic responses of RD and RH4 cells upon 

circZNF609 depletion, to identify divergences in the pathways 

altered in the two cell lines. 

Therefore, an RNA-sequencing analysis was 

performed on two biological replicates of circZNF609 knock-

down in RD and RH4 cells, respectively.  

With the support of the bioinformaticians in our 

laboratory, we performed a differential expression analysis, 

and then a GO term enrichment analysis on downregulated and 

upregulated genes in RD and RH4 cells, obtaining different 

results in the two RMS subtypes. 

In RD cells, the Biological Process (BP) GO terms 

enriched among the downregulated genes were related to cell 

proliferation, consistently with the phenotype observed in 

these cells upon circZNF609 depletion. Among the most 

significant terms, there were “DNA replication”, 

“chromosome segregation”, “mitotic nuclear division” and 

“cell cycle phase transition” (Fig. 12A).  

These results highlight a profound effect of 

circZNF609 knock-down on cell cycle-related genes. As 

circZNF609 depletion affects Retinoblastoma/E2F1 pathway, 
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it is likely that the downregulation of the majority of the genes 

related to DNA replication and S-phase entry are indirectly 

regulated by circZNF609 through RB/E2F1.  

Interestingly, the categories enriched among the 

downregulated genes were related to different phases of the 

cell cycle, also including mitosis.  

In contrast, the GO BP term enrichment analysis on the 

downregulated genes in RH4 cells did not reveal any cell 

proliferation-related category. Indeed, RH4 cells did not show 

any significant alteration of the RB/E2F1 pathway, and this 

could explain the lack of deregulation of E2F1-dependent S-

phase entry genes. 

Instead, some of the enriched terms were related to cell 

locomotion (e.g. “actin filament organisation”, “positive 

regulation of locomotion”). Finally, no GO term enrichment 

was found among the upregulated genes in RH4 cells (Fig. 

12B).  

We then explored and compared the pathways 

deregulated upon circZNF609 knock-down in RD and RH4 

cells. To do this, we performed a Gene Graph Enrichment 

Analysis (GGEA) [89], which allows to compute consistency 

of the differentially expressed genes with the regulatory 

interactions existing among them according to KEGG 

pathways [90].  
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GGEA outputs are graphs representing sets of genes 

involved in the same pathway. Genes are represented as nodes, 

coloured either in red (if downregulated) or in green (if 

upregulated). The activating/inhibitory interaction between 

two genes is represented as an edge, coloured according to 

consistency (Fig. 12C-D).  

In circZNF609-depleted RD cells, GGEA revealed 

“DNA replication”, “cell cycle” and “PI3K-AKT signalling 

pathway” among the most significantly and consistently 

deregulated pathways (Fig. 12C, Table 1).  

Instead, in RH4 cells we obtained less significant 

results, with almost no enrichment of cell proliferation-related 

pathways (Table 1). However, the “PI3K-AKT signalling 

pathway” was found to be altered (Fig. 12D), in line with the 

previously shown data indicating that circZNF609 depletion 

downregulated p-AKT protein levels also in RH4 cells. 

In conclusion, the GO term enrichment analysis and 

GGEA revealed that circZNF609 knock-down induces a 

downregulation of cell cycle-related genes in RD cells, 

affecting different proliferation-related pathways.  

These analyses also confirmed that circZNF609 

depletion does not affect the proliferative capacity of RH4 

cells. In fact, no significant alteration of cell proliferation-

related pathways was observed in this cell line. 
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Subsequently, we performed a msVIPER (Virtual 

Inference of Protein-activity by Enriched Regulon) analysis to 

identify the upstream regulators of the transcriptomic 

responses induced by circZNF609 knock-down in RD and 

RH4 cells. 

msVIPER allows to predict changes in protein activity, 

based on the differential expression of the genes which are part 

of the protein’s regulon [91]. Since the relationship between 

the protein and its regulon depends on the specific tumour 

context, we based our analysis on human sarcoma regulons 

[92].  

In Fig. 13A-B the typical msVIPER output is shown. 

The “Set” column contains the names of proteins whose 

activity status is predicted. Red colours in the “Act” column 

indicate a predicted protein activation, while blue colours 

stand for a predicted de-activation. Protein expression is 

described in the “Exp” column, with white meaning that the 

protein is expressed and grey that it is not expressed in RD or 

RH4 cells. Rows represent the gene regulon associated with 

each protein. Red and blue vertical bars in the rows represent 

genes in the regulon; particularly red bars are genes generally 

observed to be upregulated if the protein is active, while blue 

bars are genes downregulated if the protein is active. The more 

the genes are packed to the right and left extremities of the row, 

the more they are upregulated or downregulated upon 
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circZNF609 knock-down, respectively. Therefore, in the case 

of a predicted protein activation, the more the red genes are 

packed to the right and the blue genes are packed to the left, 

the more their deregulation upon circZNF609 depletion is 

consistent with the activation of a particular protein (p-values 

indicating the significance of the prediction are listed at the left 

of the table). On the other hand, in the case of a predicted 

protein de-activation, the more the red genes are packed to the 

left and the blue genes are packed to the right, the more their 

deregulation is consistent with the protein de-activation.  

According to msVIPER analysis, circZNF609 

depletion in RD cells induced the de-activation of TCF19, 

CENPU, MCM7 and ZWINT (Fig. 13A, asterisks). These 

factors are known master regulators of cell cycle progression, 

promoting not only G1-S transition but also chromosome 

segregation, as in the case of CENPU and ZWINT [93–100]. 

This suggests that circZNF609 knock-down could have an 

impact on mitotic progression as well.  

We then analysed the relative RNA levels of these 

master regulators upon circZNF609 knock-down in RD cells, 

and we found all of them to be actually downregulated (Fig. 

13C). 

In RH4 cells, among the proteins predicted to be de-

activated upon circZNF609 knock-down there were not known 

master regulators of cell cycle progression, except for Cyclin 
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E1 and MCM7, which however had higher p-values than those 

observed in RD cells (Fig. 13B, asterisks). This was again 

coherent with the fact that circZNF609 depletion does not alter 

cell cycle progression in RH4 cells. 

We also checked whether Tcf19, Cenpu, Mcm7 and 

Zwint were downregulated at their RNA level in RH4 cells 

upon circZNF609 depletion, but they were not affected (Fig. 

13D). 

Interestingly, by comparing RD and RH4 

transcriptomes in control conditions, we noticed that Mcm7, 

Cenpu and Zwint were expressed at lower levels in RH4 with 

respect to RD cells (Fig. 13E).  

We also observed that in RH4 many cell-cycle related 

genes were expressed at higher levels than in RD cells, but 

their expression was stable upon circZNF609 knock-down 

(Fig. 13E, asterisk). Among these genes, there was a 

significant enrichment of p53 targets (i.e. Cdk2, Cdkn1b, E2f7, 

E2f1, Znf385a, Pcbp4, Ccna2, Ccna1, Ccne1, Ccne2, enriched 

in the Reactome pathway “TP53 regulates transcription of 

genes involved in G1 cell cycle arrest”; FDR = 4.02e−02).  

We checked for p53 expression in RD and RH4 cells in 

control condition, and we found it to be strongly 

downregulated in RH4 cells (log2 Fold Change = -3.7; FDR = 

0). It has also been reported in literature that p53 gene carries 

a gain-of-function mutation in RD (R248W homozygous 
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mutation), while it shows a loss-of-function mutation in RH4 

cells (frameshift deletion of nucleotides 1001–1013) [101–

103].  

Therefore, we hypothesised that p53 lower expression 

in RH4 than in RD cells contributed to the upregulation of 

many p53-target cell cycle-related genes in RH4.  

This could account for a more complex dysregulation 

of proliferation-related pathways in RH4 cells, which cannot 

be counteracted by the knock-down of circZNF609 alone. In 

this way we could explain the lack of effects of circZNF609 

depletion on RH4 cell cycle progression. 
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Fig. 12 
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Fig. 12 Gene Ontology (GO) term enrichment analysis (Biological 
Process) performed on genes downregulated (white) and upregulated 
(grey) upon circZNF609 depletion in RD cells (A) and RH4 cells (B). One 
of the most significant GGEA results upon circZNF609 knock-down in 
RD cells (C) and RH4 cells (D); the clearer the node/edge colour appears 
in the graph, the more significant it is.  
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Fig. 13 
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  Fig. 13 msVIPER plot for RD (A) and RH4 cells (B) showing the 
transcriptional status (blue=repressed, red=activated) of the target genes 
(bars in each row) for each differentially active transcriptional regulator; 
the inferred differential activity is shown in the first column 
(red=activated, blue=de-activated), and the expression is shown in the 
second column (grey=not expressed, white=expressed); the numbers at 
the right side of the plot indicate the rank of the displayed genes in the 
VIPER inferred gene expression signature; p-values refer to the 
differential activity of the factor calculated by msVIPER. Relative RNA 
levels of some master regulators identified though msVIPER analysis in 
control condition (si-SCR) and upon circZNF609 knock-down (si-Circ), 
in RD (C) and RH4 cells (D); N=3. Heatmap representing differential 
expression of some cell-cycle related genes in RD and RH4 cells in control 
condition (si-SCR) and upon circZNF609 knock-down (si-Circ), in two 
replicates (#A and #B) analysed by RNA-sequencing; expression values 
are plotted as colour-coded mean-centred log2-transformed RPKM values 
(E).  

Relative RNA levels are represented as mean of the Fold Changes ± 
standard deviation of biological replicates, and dots represent individual 
data points. The ratio of each sample versus its experimental control was 
tested by two-tailed unpaired Student’s t test. p-value: *: p-value < 0.05, 
**: p-value < 0.01, ***: p-value < 0.001, ****: p-value < 0.0001. 
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Identifying circZNF609 molecular interactors to 

understand its mechanism of action  

 Once we elucidated the effects of circZNF609 knock-

down on RMS cell proliferation and transcriptome, we were 

interested in deepening our knowledge about circZNF609 

molecular mechanism of action. Therefore, we decided to 

focus on its molecular interactors, starting from the analysis of 

circRNA-mRNA interactions. 

 A pulldown of the endogenous circZNF609 was 

performed in RD cells after 4’-aminomethyl-4,5’,8-

trimethylpsoralen (AMT) crosslinking, according to an 

established protocol [104].  

We opted for a crosslinked RNA-pulldown because we 

were interested only in direct interactions between 

circZNF609 and mRNAs, and we chose the psoralen-mediated 

crosslinking as it is specific for RNA-RNA interactions. 

Indeed, AMT can intercalate into double-stranded RNA and 

form covalent bonds between pyrimidines on adjacent RNA 

molecules, upon a 365-nm UV irradiation. The crosslinking 

can then be reverted by irradiating RNA with 254-nm UV 

light.  

 To pull down circZNF609, we used two sets of 

biotinylated probes (named odd and even) targeting ZNF609 

exon 2. All the probes can pair both on the circularized exon 2 

(circZNF609) and on the exon 2 included in ZNF609 mRNA, 
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since it was not possible to design a back-splicing junction-

specific probe.  

We checked for circZNF609 and ZNF609 mRNA 

enrichment in two biological replicates of the pulldown 

experiment (Fig. 14A). We then performed an RNA-

sequencing analysis on the second replicate, in which no 

enrichment of the linear mRNA was detected, even if 

circZNF609 enrichment was about 10-fold lower compared to 

the first replicate. Indeed, we aimed to limit the pulldown of 

mRNAs interacting also with ZNF609 linear transcript. 

 The analysis of the RNA-sequencing data was 

complicated by the fact that only a small percentage of the total 

number of reads could be aligned to the reference 

transcriptome, as the majority of them was too degenerated. 

Particularly, the uniquely mapping reads were 17.02% for the 

even pulldown, 13.35% for the odd pulldown, 9.63% for the 

Input and 3.68% for the LacZ pulldown (the negative control). 

We think that this could be due to either the AMT-crosslinking 

or the reverse-crosslinking procedure, as the protocol we used 

was not optimised for a subsequent RNA-sequencing analysis 

and may require adaptations.  

However, with the help of the bioinformaticians of our 

group, we could identify some mRNAs enriched in the odd and 

even circZNF609 pulldown samples compared to the pulldown 
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of the bacterial LacZ mRNA. These candidate mRNAs 

interacting with circZNF609 are listed in Table 2. 

Among the interactors of circZNF609, we furthered 

our investigations on Ckap5, Ddx27 and Pes1 mRNAs. 

Their interaction with the circRNA was validated by 

qRT-PCR on two native (i.e. not crosslinked) circZNF609 

pulldown experiments performed by mixing odd and even 

probes together (Fig. 14B-C). These interactions were also 

validated in the non-sequenced replicate of the psoralen-

crosslinked pulldown with odd and even probes used 

separately (Fig. 14D). In this experiment, the enrichment of 

Ckap5 and Ddx27 mRNAs over the Input was higher in the 

even pulldown (Fig. 14D), which also showed the higher 

enrichment of circZNF609 if compared to the odd pulldown 

(Fig. 14A, left). However, in this experiment Pes1 mRNA 

could not be amplified properly (Fig. 14D). 

Ckap5 (also known as ch-TOG) mRNA encodes for a 

highly conserved cytoskeleton-associated protein. CKAP5 is a 

member of the XMAP215 family regulating microtubule 

dynamics. It binds to the plus end of microtubules and 

promotes their nucleation and elongation. It also regulates 

mitotic spindle formation and chromosome segregation by 

stabilising kinetochore fibres, thus having an important role in 

mitotic progression [105–108]. 
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Pes1 and Ddx27 mRNAs encode for proteins involved 

in rRNA processing. PES1 is a component of the PeBoW 

complex, together with BOP1 and WDR12 proteins, while 

DDX27 is an associated factor of this complex. The PeBoW 

complex and DDX27 regulate pre-rRNA processing and 60S 

ribosomal subunit maturation. Therefore, they can be involved 

in cell growth and proliferation by controlling ribosome 

biogenesis [109,110]. 

To investigate whether circZNF609 depletion could 

have an effect on the stability and/or translation of the 

interacting mRNAs, we analysed RNA and protein levels of 

CKAP5, PES1 and DDX27 upon circZNF609 knock-down. 

While circZNF609 depletion has no effects on PES1 

and DDX27, either at the RNA or at the protein level (Fig. 

15A-B), a decrease in CKAP5 protein was observed (Fig. 

15C). On the other hand, Ckap5 mRNA showed a slight 

downregulation trend upon circZNF609 depletion (Fig. 15C 

and Fig. 20A), although this trend was not always significant 

(as in Fig. 15C) 

However, to investigate whether the downregulation 

trend of Ckap5 mRNA upon circZNF609 knock-down could 

be due to a slightly reduced transcript stability, we treated 

control and circZNF609-depleted cells with Actinomycin D to 

inhibit transcription. We found a small but significant decrease 

in Ckap5 mRNA stability after 2.5 hours and 5 hours of 
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Actinomycin D treatment (Fig. 15D). As controls, we tested 

the half-life of an mRNA whose levels are stable upon 

circZNF609 depletion (Gapdh) and of a transcript which is 

downregulated upon circZNF609 knock-down (AurkA). Both 

the mRNAs showed a non-significant variation in their half-

life in response to circZNF609 depletion (Fig. 15D). 

These data suggest that the interaction between 

circZNF609 and Ckap5 mRNA could be functional to the 

regulation of Ckap5 transcript stability and protein levels. On 

the other hand, we are still investigating which could be the 

biological function of the circZNF609 interaction with Ddx27 

and Pes1 mRNAs. 
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Fig. 14 
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Fig. 14 qRT-PCR experiments showing the enrichment of circZNF609, 
ZNF609 mRNA and Gapdh mRNA (negative control) with respect to 
Input in two replicates of the psoralen-crosslinked circZNF609-pulldown 
in RD cells (A). qRT-PCR experiments showing the enrichment of 
circZNF609, ZNF609 mRNA, Gapdh mRNA (negative control) and 
candidate circZNF609 interactors with respect to Input, in two native 
circZNF609-pulldowns in RD cells (B-C). qRT-PCR experiments 
showing the enrichment of candidate circZNF609 interactors with respect 
to Input in the first replicate of the psoralen-crosslinked circZNF609-
pulldown shown in Fig. 14A (D). Data are shown as mean of Fold Changes 
± standard error of technical triplicates. 
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Fig. 15 
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  Fig. 15 Representative Western blot of RD cells in control conditions (si-
SCR) and upon circZNF609 knock-down (si-Circ) with b-ACTIN 
hybridization used as loading control; protein quantifications (relative to 
b-ACTIN) and corresponding RNA levels of DDX27 (A), PES1 (B) and 
CKAP5 (C) in RD cells in control conditions (si-SCR) and upon 
circZNF609 knock-down (si-Circ); N=3. qRT-PCR experiments showing 
Ckap5, Gapdh and AurkA mRNA half-life upon Actinomycin D 
treatment in RD cells, in control conditions (si-SCR) and upon 
circZNF609 knock-down (si-Circ); N=3 (D).  

All the graphs referred to proteins show the mean of protein quantification 
relative to b-ACTIN ± standard deviation of biological replicates, with 
dots representing individual data points. Relative RNA levels are 
represented as mean of the Fold Changes ± standard deviation of 
biological replicates, and dots represent individual data points. The ratio 
of each sample versus its experimental control was tested by two-tailed 
unpaired Student’s t test. p-value: *: p-value < 0.05, **: p-value < 0.01, 
***: p-value < 0.001, ****: p-value < 0.0001. 
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HUR protein can bind Ckap5 mRNA in the 

circZNF609-interaction site 

 Using IntaRNA, a software for calculating RNA-RNA 

interactions [111], we predicted the interacting sequences 

between circZNF609 and Ckap5 mRNA. 

The best predicted interaction involved the 3’UTR of 

Ckap5 (nucleotides 6443-6451 of the ENST00000529230 

isoform) and the coding sequence of circZNF609 (nucleotides 

600-671). The calculated Free Energy of the predicted 

interaction is -31.83 kcal/mol (Fig. 16A). 

 Since the 3’UTR region of mRNAs is known to contain 

many regulatory sequence elements such as RNA binding 

protein (RBP) target sites, we analysed the sequence of Ckap5 

3’UTR interacting with circZNF609 looking for RBP 

consensus motifs. There, we found three tandem binding sites 

for HUR RBP (Fig. 16A, underlined).  

 HUR (also known as ELAVL1) is a member of the 

ELAV-like RBP family. It generally binds to AU-rich 

elements (AREs) in the 3’UTR of mRNAs, often stabilising 

them [112,113] and enhancing their translation [114–116].  

Non-ARE motifs for HUR binding have also been 

described in the literature, e.g. CUnC and (CUUU)11(U)8  

[117,118]. 



Dottorato di Ricerca in Genetica e Biologia Molecolare 
 

 

 
 

77 

 The HUR-binding sites we found in the Ckap5-

circZNF609 interacting region belong to the CUnC type (i.e. 

[CU4]3). 

 Data mining analysis performed using published PAR-

CLIP-sequencing data confirmed that Ckap5 3’UTR is bound 

by HUR in HeLa [119] and HEK293 cells [120], and that the 

binding occurs in the circZNF609-interacting region in both 

the cell types (Fig. 16B). 

 We then checked whether HUR could bind Ckap5 

mRNA in RD cells and whether this interaction could be 

affected by circZNF609 depletion. By performing an HUR 

RIP assay, we found that both circZNF609 and Ckap5 mRNA 

can be immunoprecipitated with HUR. Interestingly, the 

interaction between HUR and Ckap5 mRNA is reduced upon 

circZNF609 knock-down (Fig. 16C). 

CircZNF609 itself has been reported to have eight 

binding sites for HUR according to CircInteractome database 

[121]. These sites were identified on ZNF609 exon 2 in a PAR-

CLIP experiment in conjunction with MNase treatment in 

HEK293 cells [120] (Fig. 16D). 

We also observed that circZNF609-depletion has no 

effects on HUR protein levels (Fig. 16E). 

 Subsequently, we checked whether the downregulation 

of CKAP5 protein, observed upon circZNF609 depletion, 

could be reproduced by HUR knock-down, in order to 
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understand whether circZNF609 could modulate CKAP5 

levels via HUR. A preliminary experiment showed that 

CKAP5 protein was downregulated compared to control 

condition upon both circZNF609 knock-down and HUR 

knock-down (Fig. 16F). 

 In conclusion, we found that circZNF609 could interact 

with a region in Ckap5 3’UTR hosting three HUR binding 

sites. HUR actually binds both Ckap5 mRNA and 

circZNF609, and HUR-Ckap5 interaction decreases when the 

circRNA is downregulated. We checked whether circZNF609 

depletion influences HUR protein levels, but it has no effects. 

Finally, upon HUR knock-down, CKAP5 protein level 

decreases, suggesting it can be regulated by HUR. 

 Altogether these findings indicate that circZNF609 

could promote HUR-Ckap5 interaction. Indeed, circZNF609 

can bind both HUR and Ckap5 mRNA. We hypothesise that 

the interaction between the circRNA and the mRNA could 

bring HUR in the proximity of Ckap5 3’UTR, facilitating its 

loading onto the mRNA. Therefore, circZNF609 might 

stabilise Ckap5 mRNA and promote its translation via HUR 

(Fig. 16G). 
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Fig. 16 
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Fig. 16 Interaction between Ckap5 mRNA 3’UTR (top) and circZNF609 
(bottom) according to IntaRNA prediction; the red bar highlights the HUR 
binding site on Ckap5 3’UTR (A). HUR binding sites within the 3’UTR 
of Ckap5 (reverse strand) identified by published PAR-CLIP data; the red 
track indicates the HUR consensus motif in the 3’UTR of Ckap5 (B). qRT-
PCR showing the enrichment of circZNF609, Ckap5 and Gapdh (negative 
control) mRNAs with respect to Input, in a representative HUR RIP 
experiment in RD cells; N=3 (C). HUR binding sites within ZNF609 exon 
2 identified by published PAR-CLIP data (D). Representative Western 
blot showing HUR protein levels in RD cells in control conditions (si-
SCR) and upon circZNF609 knock-down (si-Circ) with b-ACTIN 
hybridization used as loading control; HUR protein quantifications 
(relative to b-ACTIN) in RD cells in control conditions (si-SCR) and upon 
circZNF609 knock-down (si-Circ); N=3 (E). Western blot showing 
CKAP5 and HUR protein levels in RD cells in control conditions (si-
SCR), upon circZNF609 knock-down (si-Circ) and upon HUR knock-
down (si-HUR) with b-ACTIN hybridization used as loading control, and 
corresponding protein quantifications (relative to b-ACTIN); N=1 (F). 
Schematic representation of the proposed molecular mechanism through 
which circZNF609 stabilises Ckap5 transcript and promotes its translation 
via HUR protein.  

In panel C, data referred to RNA are shown as mean of Fold Changes ± 
standard error of technical triplicates. In panel E, data referred to proteins 
are shown as means of protein quantification relative to b-ACTIN ± 
standard deviation of biological replicates, and dots represent individual 
data points. Where statistical analysis was performed, the ratio of each 
sample versus its experimental control was tested by two-tailed unpaired 
Student’s t test. p-value: *: p-value < 0.05, **: p-value < 0.01, ***: p-
value < 0.001, ****: p-value < 0.0001. 

 jjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjj  
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CircZNF609 could regulate microtubule dynamics 

and cell cycle progression through CKAP5 

 CKAP5 is a fundamental regulator of microtubule 

(MT) dynamics and mitotic spindle stability.  

Interestingly, we found GO BP terms related to MT 

cytoskeleton, mitosis and chromosome segregation to be 

enriched among downregulated genes upon circZNF609 

knock-down, in primary myoblasts and in RD cells (Fig. 17A). 

Moreover, among the msVIPER results in RD cells, we found 

master regulators of chromosome segregation (e.g. CENPU 

and ZWINT) to be de-activated and downregulated at the RNA 

level upon circZNF609 depletion. This suggests that 

microtubule-dependent chromosome segregation and mitotic 

progression are impaired, and we hypothesised this is due to 

the circZNF609-dependent downregulation of CKAP5. 

  Therefore, we decided to explore MT dynamics upon 

circZNF609 knock-down, and performed a cold-induced MT 

depolymerisation and re-polymerisation assay (Fig. 17B) in 

RD cells, in collaboration with Dr Patrizia Lavia’s lab. 

Preliminary experiments revealed that after 20 minutes 

of cold-induced MT depolymerisation, circZNF609-depleted 

cells showed a significant MT destabilisation. Compared to 

control condition, in fact, there is a lower proportion of cells 

with partially depolymerised MT and a higher proportion of 
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cells showing a more advanced MT destabilisation, i.e. only 

residual MT fibres (Fig. 17C).  

We checked MT depolymerisation in CKAP5-depleted 

cells as a positive control, since CKAP5 has a fundamental role 

in regulating MT elongation. These cells exhibited a more 

dramatic phenotype, as expected. Indeed, only residual MT 

fibres or fully depolymerised MT were observed (Fig. 17C). 

No fully polymerised MT were observed in any condition, as 

we analysed an extensive depolymerisation time point (Fig. 

17C). 

After extensive cold-induced depolymerisation, a MT 

re-polymerisation assay was performed by shifting cells at 

37°C (Fig. 17B, right). After 4 minutes at 37°C, in 

circZNF609 knock-down condition there was a higher 

percentage of cells in a precocious stage of MT re-

polymerisation (i.e. only MT regrowing from asters) and a 

lower percentage of cells with a partial MT re-polymerisation, 

compared to control (Fig. 17D). 

CKAP5-depleted cells displayed an even more delayed 

regrowth kinetics, with a higher percentage of cells with only 

MT regrowing from asters and a few cells presenting partially 

regrown MT (Fig. 17D). No fully depolymerised MT and no 

K-fibres were observed in any condition, as we analysed an 

extensive re-polymerisation time point. 
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These preliminary data suggest that circZNF609 

knock-down can induce a significant MT destabilisation and 

an impaired MT polymerisation in RD cells. CircZNF609-

depleted cells showed intermediate MT-related phenotypes 

between control and CKAP5-depleted cells. These results 

could then support the hypothesis that the defective MT 

polymerisation in circZNF609-depleted cells could be due to 

the downregulation of CKAP5 protein observed upon 

circZNF609 knock-down.  

Subsequently, as CKAP5 also regulates mitotic spindle 

stabilisation and therefore chromosome segregation, we 

investigated the effects of circZNF609 depletion on mitotic 

progression. 

In collaboration with Dr Lavia’s lab, we analysed the 

proportion of cells in mitosis (mitotic index) and the 

proportion of cells in each mitotic phase (mitotic progression) 

in control conditions, upon circZNF609 knock-down, and 

upon CKAP5 knock-down (positive control). 

CircZNF609 depletion induced a decrease in the 

percentage of mitotic cells, identified by DAPI staining and 

Tubulin immunofluorescence (Fig. 18A), with a smaller 

proportion of cells in late pro-metaphase/metaphase (LPM/M) 

and a higher proportion of cells in anaphase/telophase (A/T) 

(Fig. 18B).  
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In CKAP5-depleted cells, a higher proportion of cells 

in mitosis was counted (Fig. 18A), in pro-metaphase (PM) 

particularly (Fig. 18B), suggesting that upon CKAP5 knock-

down cells are stuck in PM and cannot complete mitosis.  

When we analysed mitotic abnormalities by DAPI 

staining and Tubulin immunofluorescence (Fig. 18C), we 

found that circZNF609 depletion increased the proportion of 

cells displaying mis-segregating chromosomes, while CKAP5 

knock-down increased multipolar spindles and misaligned 

chromosomes (Fig. 18D).  

In conclusion, CKAP5 knock-down induced a dramatic 

effect on MT organisation and mitotic progression, while 

circZNF609 depletion produced a more moderate but still 

significant effect. 

Indeed, CKAP5-depleted cells displayed important 

defects in assembling the mitotic spindle. Therefore, they 

could not complete mitosis, they were blocked in pro-

metaphase, and showed a low frequency of chromosome mis-

segregation in anaphase and telophase since they could not 

reach these stages.  

On the other hand, although circZNF609-depleted cells 

displayed some defects in microtubule organisation, they 

could nucleate functional mitotic spindles, could get over 

metaphase and conclude mitosis. However, they showed 

abnormalities such as mis-segregating chromosomes in 
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anaphase and telophase, and we think this is due to the 

circZNF609-mediated downregulation of CKAP5 protein 

levels, and we are now working to verify this hypothesis.  

In circZNF609-depleted cells, CKAP5 protein levels 

drop down to approximately 50% (Fig. 15C), while in 

CKAP5-depleted cells the reduction of CKAP5 protein levels 

is much more dramatic (e.g. Fig. 20B). This could explain why 

circZNF609 depletion-induced defects in MT dynamics and 

mitotic progression are milder that those caused by CKAP5 

knock-down. 
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Fig. 17 
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  Fig. 17 Gene Ontology (GO) term enrichment analysis (Biological 
Process) performed on genes downregulated upon circZNF609 depletion 
in myoblasts and RD cells; terms related to microtubules and mitosis are 
highlighted by a red rectangle (A). Stages of progressive microtubule 
(MT) depolymerisation (left) and re-polymerisation (right) identified by 
immunofluorescence for Tubulin protein and DAPI DNA-staining, in 
control RD cells (B). Percentage of RD cells in each stage of microtubule 
depolymerisation process, in control condition (si-SCR), upon 
circZNF609 knock-down (si-Circ) and upon CKAP5 knock-down (si-
CKAP5); no fully polymerised MT were observed in any condition; N=1; 
total number of cells counted in si-SCR=90, total number of cells counted 
in si-Circ=71, total number of cells counted in si-CKAP5=78 (C). 
Percentage of RD cells in each stage of microtubule re-polymerisation 
process, in control condition (si-SCR), upon circZNF609 knock-down (si-
Circ) and upon CKAP5 knock-down (si-CKAP5); no fully depolymerised 
MT and no K-fibres were observed in any condition; N=1; total number 
of cells counted in si-SCR=103, total number of cells counted in si-
Circ=84, total number of cells counted in si-CKAP5=95 (D). 

The ratio of each sample versus its experimental control was tested by 
χ2 test. p-value: *: p-value < 0.05, **: p-value < 0.005, ***: p-value < 
0.0001.  
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Fig. 18 
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  Fig. 18 Percentage of mitotic RD cells over the total number of cells in 
control condition (si-SCR), upon circZNF609 knock-down (si-Circ) and 
upon CKAP5 knock-down (si-CKAP5); N=1; total number of cells 
counted in si-SCR=1008, total number of cells counted in si-Circ=996, 
total number of cells counted in si-CKAP5=914 (A). Percentage of mitotic 
RD cells in PM=pro-metaphase, in LPM/M=late pro-
metaphase/metaphase and in A/T=anaphase/telophase, in control 
condition (si-SCR), upon circZNF609 knock-down (si-Circ) and upon 
CKAP5 knock-down (si-CKAP5); N=1; total number of cells counted in 
si-SCR=1008, total number of cells counted in si-Circ=996, total number 
of cells counted in si-CKAP5=914 (B). Representative images of mitotic 
abnormalities identified by immunofluorescence for Tubulin protein and 
DAPI DNA-staining (C). Percentage of mitotic RD cells showing 
different kinds of mitotic abnormalities in control condition (si-SCR), 
upon circZNF609 knock-down (si-Circ) and upon CKAP5 knock-down 
(si-CKAP5); N=1; total number of cells counted in si-SCR=88, total 
number of cells counted in si-Circ=58, total number of cells counted in si-
CKAP5=122 (D). 

The ratio of each sample versus its experimental control was tested by 
χ2 test. p-value: *: p-value < 0.05, **: p-value < 0.005, ***: p-value < 
0.0001.  
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CircZNF609 depletion induces accumulation of DNA 

damage 

 It is known that the accumulation of DNA damage can 

impair a correct mitotic progression. Reciprocally, mitotic 

abnormalities could lead to the accumulation of DNA damage 

[122]. 

 Aneuploidy due to aberrant chromosome segregation 

could cause altered gene dosage, affecting fundamental 

processes such as DNA replication and DNA repair, with 

subsequent accumulation of DNA damage [123,124]. 

 Since in circZNF609-depleted cells we observed a 

higher frequency of mis-segregating chromosomes, we asked 

whether this could lead to an accumulation of DNA damage. 

 Therefore, we performed a COMET assay which 

allows to quantify DNA damage in individual cells by 

analysing the pattern of DNA migration by electrophoresis 

(Fig. 19A). This experiment revealed that RD cells accumulate 

DNA damage upon circZNF609 knock-down (Fig. 19B).  

 This was further confirmed by the analysis of a marker 

of damaged DNA, the phosphorylated form of H2AX histone 

(gH2AX). Western blot analysis on three independent 

biological replicates of circZNF609 knock-down revealed the 

upregulation of gH2AX upon circZNF609 depletion (Fig. 

19C). Preliminary data obtained by performing an 

immunofluorescence for gH2AX also showed an increase in 
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gH2AX spots in the nuclei of circZNF609-depleted RD cells 

(Fig. 19D). 

 The presence of damaged DNA induces the cell to 

arrest at a specific checkpoint to prevent the further spread of 

damage. The first checkpoints in the cell cycle are found at the 

G1-S transition [125]. A cell which accumulated damaged 

DNA during the previous mitosis will delay the S-phase 

entrance to avoid the replication of damaged DNA. 

 Therefore, we hypothesised that the cell cycle slow-

down at the G1-S transition previously observed upon 

circZNF609 depletion could be due to the accumulation of 

damaged DNA, as a consequence of CKAP5-dependent 

mitotic alterations. 

 So, we investigated whether CKAP5 downregulation 

could reproduce the effects of circZNF609 knock-down on 

known markers controlling G1-S transition. 

 We analysed the relative RNA levels of factors 

regulating cell cycle progression and particularly S-phase 

entrance (E2f1, Cdk1, Cyclins A2 B1 and B2), as well as 

master regulators of G1-S transition and chromosome 

segregation (Tcf19, Cenpu, Mcm7). These mRNAs were 

significantly downregulated upon CKAP5 depletion as much 

as upon circZNF609 knock-down, with the exception of 

cyclins (Fig. 20A).  
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 We also analysed p-RB and p-AKT protein levels. 

While p-RB decreased upon circZNF609 as well as CKAP5 

depletion, p-AKT showed a negligible change following 

CKAP5 knock-down (Fig. 20B).  

 Interestingly, upon CKAP5 knock-down we noticed 

the presence of an additional higher band in the anti-p-RB 

hybridisation (Fig. 20B). This band could represent an 

increased hyper-phosphorylated RB protein level, that could 

be the result of a general alteration of the cell cycle in CKAP5-

depleted cells.  
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Fig. 19 
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Fig. 19 COMET assay: representative fluorescence microscopy images 
showing single nucleoids which underwent electrophoresis from H2O2-
treated RD cells (positive control for DNA damage induction), RD cells 
in control condition (si-SCR) and circZNF609-depleted RD cells (si-Circ) 
(A). COMET assay results: tail moment measurements in RD cells in 
control conditions (si-SCR) and upon circZNF609 knock-down (si-Circ); 
log10 scale on the y axis; dots represent individual tail moment values from 
3 independent experiments, while horizontal lines represent their median 
with interquartile range; N=3; total number of nucleoids counted in si-
SCR=91, total number of nucleoids counted in si-Circ=100 (B). 
Representative Western blot showing gH2AX protein levels in RD cells 
in control conditions (si-SCR) and upon circZNF609 knock-down (si-
Circ) with b-ACTIN hybridization used as loading control; gH2AX 
protein quantifications (relative to b-ACTIN) in RD cells in control 
conditions (si-SCR) and upon circZNF609 knock-down (si-Circ); N=3 
(C). Immunofluorescence for gH2AX merged with DAPI staining in RD 
cells, in control conditions (si-SCR) and upon circZNF609 knock-down 
(si-Circ), and proportion of cells showing 0 and ⩾1 gH2AX foci in their 
nucleus; N=1; total number of nuclei analysed in si-SCR=702, total 
number of nuclei analysed in si-Circ=537 (D).  

Where statistical analysis was performed, the ratio of each sample versus 
its experimental control was tested by two-tailed unpaired Student’s t test. 
p-value: *: p-value < 0.05, **: p-value < 0.01, ***: p-value < 0.001, ****: 
p-value < 0.0001. 
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Fig. 20 
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  Fig. 20 qRT-PCR experiments showing relative RNA levels of 
circZNF609, Ckap5 mRNA and some transcripts encoding proliferation-
related factors, in RD cells in control condition (si-SCR), upon 
circZNF609 knock-down (si-Circ) and upon CKAP5 knock-down (si-
CKAP5); N=3 (A). Representative Western blot in RD cells in control 
condition (si-SCR), upon circZNF609 knock-down (si-Circ) and upon 
CKAP5 knock-down (si-CKAP5) with GAPDH hybridization used as 
loading control; protein quantifications (relative to GAPDH) in RD cells 
in control condition (si-SCR), upon circZNF609 knock-down (si-Circ) 
and upon CKAP5 knock-down (si-CKAP5); N=3; 1 outlier in CKAP5 
hybridisation upon circZNF609 depletion was removed while calculating 
relative CKAP5 protein level (B).  

Relative RNA levels are represented as mean of the Fold Changes ± 
standard deviation of biological replicates, and dots represent individual 
data points. Graphs referred to proteins show the mean of protein 
quantification relative to GAPDH ± standard deviation of biological 
replicates, with dots representing individual data points. The ratio of each 
sample versus its experimental control was tested by two-tailed unpaired 
Student’s t test. p-value: *: p-value < 0.05, **: p-value < 0.01, ***: p-
value < 0.001, ****: p-value < 0.0001. 
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Analysis of circRNA deregulation in RMS 

Identification of differentially expressed circRNAs 

among myoblasts and RMS subtypes 

 To identify new circRNAs with a possible role in 

regulating RMS tumorigenesis, we started from the analysis of 

differentially expressed circRNAs among human primary 

myoblasts, ERMS (RD) and ARMS (RH4) cells.  

 Since we already had total RNA-sequencing data from 

control and circZNF609-depleted myoblasts, RD and RH4 

cells, we applied a dedicated bioinformatic pipeline for 

identifying circRNAs only to control samples, and then we 

evaluated circRNA differential expression among the three 

cell lines. In parallel, we analysed linear mRNA differential 

expression among samples.  

We considered as “concordant” a circRNA and its 

cognate linear mRNA, if they displayed the same expression 

trend among two cell lines. We considered as “discordant” a 

circRNA and the correspondent mRNA showing a different or 

opposite expression trend among two cell lines.  

Our interest was mainly focused on “discordant” 

couples, as the different expression trend between the circRNA 

and the mRNA could suggest a circRNA-specific regulation 

and function, independently from its linear counterpart. Even 

if also circRNAs showing a “concordant” expression trend 

with their linear counterparts could have specific molecular 
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roles, the focus on “discordant” couples could make the 

discovery of functional circRNAs easier. 

Therefore, we started our analysis by selecting 

“discordant” circRNA-mRNA couples. Then, for each 

comparison (RD vs RH4; RD vs myoblasts; RH4 vs myoblasts) 

we applied a filter on the significance of the circRNA’s and 

mRNA’s differential expression. Subsequently, we filtered for 

circRNA log2 Fold Change, and then for circRNA expression 

level, as summarised in Fig. 21A. In the end, we selected 34 

candidate circRNAs for experimental validation. 

To confirm the covalently closed structure of these 

circRNAs, we performed RT-PCRs using divergent primers in 

order to selectively amplify the back-splicing junction, and 

then an RNase R (a 3’ exoribonuclease degrading only linear 

RNAs) resistance assay (Fig. 21B) [14]. 

The RT-PCR-based screening detected nearly all the 

selected circRNAs. Indeed, we obtained amplicons of the 

expected size for all of them but one, circZNF124 (Fig. 21C). 

We then performed the RNase R resistance assay on 

the 24 most expressed circRNAs, excluding circZNF124 and 

other 9 circRNAs that were sub-optimally amplified by RT-

PCR (Fig. 21C, right). The 24 circRNAs were all resistant to 

RNase R treatment, confirming their covalently closed 

structure (Fig. 21D). 
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We then selected 3 candidates for further analysis. We 

shortlisted the most expressed circRNAs, preferring the ones 

harbouring a potential ORF to possibly investigate the 

functions of circRNA-derived proteins. The chosen candidates 

were circAFF1, circHIPK3 and circVAMP3. While the first 

two circRNAs harbour an ORF spanning their back-splicing 

junction, circVAMP3 ORF stops upstream its back-splicing 

junction and therefore its protein-coding potential was not 

further investigated (Fig. 22A).  

The differential expression of these three circRNAs 

among myoblasts, RD and RH4 cells was confirmed by qRT-

PCR (Fig. 22B). 

CircAFF1 was significantly upregulated in RMS cell 

lines compared to myoblasts, while its mRNA counterpart 

showed no comparable changes.  

CircHIPK3 displayed a slight upregulation in RH4 

cells. This circRNA is also exceptionally abundant and has 

been widely studied for its role in governing tumorigenesis in 

a variety of malignancies [40]. 

CircVAMP3 was upregulated selectively in RH4 cells 

in two biological replicates out of three, while its mRNA only 

showed a slight downregulation between myoblasts and RMS 

cells. 

Subsequently, the subcellular localisation of these 

circRNAs was evaluated thanks to a cytoplasmic-nuclear 
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fractionation. All of them were prevalently cytoplasmic (Fig. 

22C). Only circVAMP3 showed about a 20% of nuclear 

localisation (Fig. 22C). This circRNA is composed of two 

exons and it is possible that a circVAMP3-isoform could 

include the 799-bp intron between its exons, being retained in 

the nucleus.  

For circAFF1 and circHIPK3 which harbour a 

predicted ORF spanning their back-splicing junction, we 

investigated their association to polysomes by performing a 

sucrose gradient fractionation of the cytoplasmic cell lysate. 

We compared their polysome-association profile with the ones 

of circZNF609 (positive control) and circPMS1 (negative 

control). However, neither circAFF1 nor circHIPK3 were 

enriched in polysome fractions, therefore suggesting their 

ORFs are not functional at least in our system (Fig. 22D). 
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Fig. 21 
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Fig. 21 Schematic representation of the filters applied during the 
bioinformatic selection of circRNAs differentially expressed among 
myoblasts, RD and RH4 cells (A). Schematic representation of two 
experimental methods for validating the covalently closed structure of 
circRNAs, adapted from Jeck and Sharpless, 2014. Two biological 
replicates of RT-PCR experiment amplifying the selected circRNAs 
(CIRC) and cognate mRNAs (LIN) differentially expressed among 
myoblasts (Myo), RD and RH4 cells; Gapdh mRNA amplification was 
used as loading control; PCR cycles (cc) loaded on the agarose gel are 
indicated on the right of the images, both for circRNAs (circ) and mRNAs 
(lin); horizontal bars on the left of the images indicate the expected 
amplicon size; N=2 (C). Representative qRT-PCR experiment showing 
circRNA and cognate mRNA levels in RD cells in control conditions 
(RNase R (-)) and upon RNase R treatment (RNase R (+)); N=2; relative 
RNA levels are shown as means of Fold Changes ± standard error of 
technical triplicates (D). 
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Fig. 22 
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  Fig. 22 Molecular weights of the proteins encoded by the predicted ORFs 
found in the selected circRNAs (A). qRT-PCR experiments representing 
the differential expression of the selected circRNAs and linear 
counterparts among myoblasts, RD and RH4 cells; black asterisks refer to 
circRNA confrontations, while grey asterisks refer to mRNA 
confrontations; N=3 (B). qRT-PCR data representing the subcellular 
localisation of the selected circRNAs; Gapdh and pre-Gapdh were used as 
positive controls for cytoplasmic and nuclear RNAs, respectively; N=2 
(C). Representative qRT-PCR experiment showing the distribution of the 
selected ORF-containing circRNAs among the heavy, medium and light 
fractions of a sucrose gradient, in RD cells; N=2 (D).  
In panel B, relative RNA levels are represented as mean of the Fold 
Changes ± standard deviation of biological replicates, and dots represent 
individual data points. Panel C represents the means of the nuclear and 
cytoplasmic RNA quantity calculated as 2-DCt and then converted into 
percentages + standard deviation of biological replicates. Where statistical 
analysis was performed, the ratio of each sample versus its experimental 
control was tested by two-tailed unpaired Student’s t test. p-value: *: p-
value < 0.05, **: p-value < 0.01, ***: p-value < 0.001, ****: p-value < 
0.0001. 
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CircHIPK3 knock-down enhances YAP/TAZ 

transcriptional activity in RH4 cells 

 To elucidate the molecular role of circAFF1, 

circVAMP3 and circHIPK3, we knocked down each of them 

separately in RH4 cells and performed an RNA-sequencing 

analysis. Now I will briefly describe the results regarding 

circHIPK3 depletion in RH4 cells. 

After a differential expression analysis, we performed 

a GO BP term enrichment analysis on downregulated and 

upregulated genes upon circHIPK3 knock-down.  

Only one category was found to be enriched among the 

downregulated genes, “ensheathment of neurons” (Fig. 23A).  

On the other hand, many categories related to cell 

movement and cell-substrate adhesion were enriched among 

the upregulated genes (e.g. “integrin-mediated signalling 

pathway”, “actin filament-based movement”, “cell-substrate 

adhesion”), indicating that circHIPK3 could be involved in the 

regulation of these processes (Fig. 23A). 

Interestingly, among the upregulated genes enriched in 

cell adhesion-related GO terms, we found Ccn1 (Cyr61), Ccn2 

(Ctgf) and Ankrd1. These are well known direct targets of 

YAP and TAZ transcriptional activators [126].  

YAP and TAZ are nucleocytoplasmic shuttling 

proteins, which accumulate in the nucleus in response to a 

variety of signals (e.g. activated Hippo pathway). In the 
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nucleus, they induce a gene expression programme generally 

promoting cell proliferation. YAP/TAZ are hyper-activated in 

many cancers, therefore being considered potent oncogenes 

[127].  

Subsequently, we validated the differential expression 

of some YAP/TAZ pathway-related genes and some integrins 

involved in cell adhesion.  

We observed a significant upregulation of Taz mRNA, 

while Yap showed no changes. Ankrd1, Ccn1, Ccn2 

(downstream YAP/TAZ targets), as well as Fmn1 (an 

upstream YAP/TAZ activator), were significantly 

upregulated. On the other hand, we found Gsn and Stk3, two 

YAP/TAZ inhibitors, to be downregulated (Fig. 23B), 

suggesting that there could be a specific activation of the 

YAP/TAZ pathway.   

Regarding integrins, we found ItgA3, ItgA6 and ItgB6 

to be significantly upregulated following circHIPK3 depletion 

(Fig. 23B).  

The deregulation of these genes was specifically due to 

circHIPK3 knock-down, as the depletion of Hipk3 mRNA had 

no relevant effects on most of them (Fig. 23C). For some of 

these genes, however, HIPK3 knock-down induced an 

opposite effect compared to circHIPK3 depletion, such as in 

the case of Ccn2, Fmn1, Stk3 and ItgA6. This will lead us to 
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further investigate the role of the linear Hipk3 mRNA in the 

YAP/TAZ pathway activation. 

Since we observed an upregulation of YAP/TAZ target 

genes, we investigated whether YAP/TAZ transcriptional 

activity was enhanced upon circHIPK3 knock-down.  

Therefore, we exploited a YAP/TAZ activity reporter 

vector (8xGTIIC-luciferase), kindly provided by Prof. Stefano 

Piccolo’s lab [128]. The vector carries a YAP/TAZ-responsive 

synthetic promoter driving luciferase expression. This 

promoter contains eight tandem binding sites for TEAD, a 

partner of YAP and TAZ which mediates their transcriptional 

activity (Fig. 23D, top).  

The depletion of either YAP or TAZ decreased the 

luciferase signal as expected. On the other hand, circHIPK3 

knock-down increased luciferase signal compared to control 

condition (Fig. 23D, bottom). This suggests that circHIPK3 

knock-down could enhance YAP/TAZ transcriptional activity, 

with the consequent upregulation of their target genes Ankrd1, 

Ccn1 and Ccn2. 

We then checked YAP/TAZ protein subcellular 

localisation upon circHIPK3 knock-down. Preliminary data 

revealed an increased TAZ protein level both in the cytoplasm 

and in the nucleus (Fig. 23E), strengthening the hypothesis 

that its transcriptional activity could be enhanced following 

circHIPK3 depletion. 
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Fig. 23 
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Fig. 23 Gene Ontology (GO) Biological Process term enrichment analysis 
on genes downregulated (grey) and upregulated (white) upon circHIPK3 
knock-down in RH4 cells (A). Relative RNA levels of circHIPK3, Hipk3 
mRNA and transcripts encoding factors related to YAP/TAZ and cell-
adhesion pathways in control conditions (si-SCR) and upon circHIPK3 
knock-down (si-CircHIPK3); N=3 (B). Relative RNA levels of 
circHIPK3, Hipk3 mRNA and transcripts encoding factors related to 
YAP/TAZ and cell-adhesion pathways in control conditions (si-SCR) and 
upon HIPK3 knock-down (si-HIPK3); N=3 (C). Luciferase assay using a 
YAP/TAZ-sensitive reporter vector (top) in RH4 cells, in control 
conditions (si-SCR), upon YAP or TAZ depletion (si-Yap, si-Taz: 
positive controls) and upon circHIPK3 knock-down (si-CircHIPK3); 2 
individual biological replicates are shown separately (D). Representative 
Western blot of a nucleocytoplasmic subcellular fractionation in RH4 
cells in control conditions (si-SCR) and upon circHIPK3 knock-down (si-
CircHIPK3), showing YAP/TAZ localisation; SUZ12 and HPRT were 
used as nuclear (Nuc) and cytoplasmic (Cyt) controls, respectively; N=2 
(E). 

Relative RNA levels are represented as mean of the Fold Changes ± 
standard deviation of biological replicates, and dots represent individual 
data points. The ratio of each sample versus its experimental control was 
tested by two-tailed unpaired Student’s t test. p-value: *: p-value < 0.05, 
**: p-value < 0.01, ***: p-value < 0.001, ****: p-value < 0.0001. 
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Discussion and conclusions 

CircRNAs are a class of covalently closed RNAs, 

ubiquitously expressed among eukaryotes and often conserved 

among different species. CircRNA conservation, tissue-

specificity and abundance suggest they could be important 

regulators of many biological processes.  

In my work, I focused on a particular circRNA, 

circZNF609, and on its molecular function in modulating cell 

proliferation in RMS.  

We previously observed that circZNF609 knock-down 

induced a block of cell proliferation in human primary 

myoblasts [28]. By performing a RNA-sequencing analysis on 

circZNF609-depleted myoblasts, we observed that a large 

group of proliferation-related genes was significantly 

downregulated [84].  

To better investigate circZNF609 role in regulating cell 

proliferation, we explored its expression and function in a 

muscle-related tumour, RMS. We found the circRNA to be 

overexpressed in both ERMS and ARMS subtypes with 

respect to myoblasts, coherently with its putative role in 

safeguarding cell proliferation by preventing DNA damage 

accumulation and sustaining a correct mitotic progression. 

Thanks to a flow cytometric analysis of cell cycle, we 

found that circZNF609 depletion induced a slow-down of the 

G1-S transition in ERMS, promoting an accumulation of cells 
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in G1 phase and reduction of cells in S phase. Therefore, we 

investigated whether known factors controlling G1-S 

checkpoint were deregulated following circZNF609 knock-

down, and we observed an impaired RB protein 

phosphorylation and an increased p-AKT degradation by the 

proteasome.  

Subsequently, we performed an RNA-sequencing 

analysis on RD (ERMS) and RH4 (ARMS) cells depleted of 

circZNF609.  

In RD cells, the knock-down of the circRNA inhibited 

pathways related to both G1-S transition (e.g. it downregulated 

genes targeted by RB through E2F1 regulation) and mitotic 

progression. Among the master regulators of cell proliferation 

which are downregulated upon circZNF609 depletion, we 

found TCF19, MCM7, CENPU and ZWINT. These factors are 

not only key regulators of the G1-S transition, but also have a 

fundamental role in chromosome segregation, highlighting the 

importance of circZNF609-mediated control of the mitotic 

checkpoint. 

On the other hand, circZNF609-depleted RH4 cells 

(ARMS) showed no alteration in cell cycle progression and in 

proliferation-related pathways, although we found the levels 

of p-RB and p-AKT proteins to be downregulated in a similar 

manner as in RD cells. 
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We hypothesised that the different behaviour of ARMS 

and ERMS cells in response to circZNF609 depletion could be 

due to a significant downregulation of p53 expression in RH4 

with respect to RD cells. We also found a significant 

upregulation of p53-target cell cycle-related genes in RH4 

compared to RD cells. The alteration of many cell cycle-

related pathways (including the p53 pathway) in ARMS cells 

could explain why the effects of circZNF609 depletion alone 

are not sufficient for significantly reducing the proliferation of 

these tumour cells. 

Interestingly, p53 is a fundamental guardian of the G1-

S checkpoint, and cells in which a functional p53 is lost cannot 

arrest at the G1-S transition in response to specific signals, e.g. 

unrepaired DNA damage, bypassing the checkpoint [129]. 

This first part of my work about circZNF609 effects on 

cell cycle progression in RMS cells was the subject of a first-

author peer-reviewed publication [84].  

Subsequently, in order to unveil circZNF609 

mechanism of action, we looked for its molecular interactors 

to understand the direct partners mediating its effect on cell 

cycle progression. 

CircZNF609 has already been reported to interact with 

different miRNAs, acting as a competing endogenous RNA to 

regulate cell proliferation, migration and differentiation [130–

132]. Based on our analysis, it is not likely that circZNF609 
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could sequester many of the miRNAs described in the 

literature, at least in our system. Nevertheless, we tested 

whether circZNF609 could act as a sponge for miR-150-5p, 

regulating the expression of the miRNA-target Akt3 as 

described in [133]. However, we found neither Akt3 

RNA/protein nor miR-150-5p to be altered upon circZNF609 

depletion (data not shown), suggesting that the circRNA is not 

acting as a sponge for this miRNA in RMS cells [84].  

While we are still optimising an experimental strategy 

to identify putative circRNA-bound proteins, an efficient 

pulldown protocol to identify circRNA-interacting transcripts 

has been set up in our lab. 

Therefore, we pulled down circZNF609 following 

psoralen-mediated crosslinking, as we were specifically 

interested in direct circRNA-mRNA interactions. An RNA-

sequencing analysis was then performed on the recovered 

RNA fraction, revealing that circZNF609 interacts with Ckap5 

mRNA, a transcript encoding a microtubule polymerase which 

regulates microtubule dynamics and mitotic spindle assembly.  

CircZNF609 knock-down slightly reduced Ckap5 

mRNA stability and significantly downregulated its protein 

levels. By analysing the predicted interaction region between 

the circRNA and the mRNA, we found that it includes three 

tandem binding sites for HUR, an RBP which enhances 

mRNA stability and translation.  
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The fact that Ckap5 mRNA can interact with HUR 

protein and their binding is reduced upon circZNF609 

depletion, raised the hypothesis that circZNF609-Ckap5 RNA-

RNA interaction could increase Ckap5 transcript stability and 

protein levels by promoting HUR binding on Ckap5 mRNA.  

So far, there are still some important details to be 

clarified about the circZNF609/Ckap5 mRNA/HUR protein 

circuit, in order to understand its molecular mechanism. 

To confirm that the interaction between circZNF609 

and Ckap5 mRNA involves the predicted sequences, we 

designed an antisense LNA (Locked Nucleic Acid) 

oligonucleotide which pairs to circZNF609 and blocks its 

interaction with Ckap5 mRNA in the predicted region. This 

would allow us to demonstrate that the interaction between the 

two RNAs occurs in this specific region.  

Following the LNA transfection, we will analyse 

Ckap5 RNA stability and protein levels to elucidate whether 

the downregulation of CKAP5 observed upon circZNF609 

knock-down is directly mediated by the interaction of its 

mRNA with the circRNA. We will also analyse the phenotype 

of the LNA-treated cells, in order to elucidate whether the 

impaired cell cycle progression observed upon circZNF609 

knock-down could be reproduced by the disruption of the 

circZNF609-Ckap5 mRNA interaction.  
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Finally, we will need to clarify how circZNF609 could 

promote the binding of HUR protein on Ckap5 mRNA. It is 

reported that HUR can mainly bind single stranded RNAs 

[134], thus so far we hypothesise that HUR binds circZNF609 

and then, thanks to the circZNF609-Ckap5 interaction, HUR 

could be released on the mRNA. 

Besides Ckap5 mRNA, HUR can bind a large group of 

transcripts involved in microtubule dynamics and mitosis as 

Ckap5. These transcripts were also downregulated upon 

circZNF609 knock-down, and include AurkA, Tacc1, Tacc3, 

Ndc80, Cyclins B1 and B2. However, unlike Ckap5, these 

transcripts did not interact with circZNF609 as they were not 

pulled down with it (data not shown). Therefore, we 

hypothesised that circZNF609 depletion could have an indirect 

effect on these targets, maybe mediated by CKAP5 itself, as 

all these factors are part of a CKAP5-centric network of 

genetic interactions required for the formation of a correct 

bipolar spindle [135].  

Since CKAP5 regulates microtubule cytoskeleton 

organisation and mitotic spindle assembly, we reasoned about 

the fact that the defects in mitosis-related pathways and 

factors, highlighted by the Gene Ontology and msVIPER 

analyses, could depend on the circRNA-mediated regulation 

of CKAP5 levels. Intriguingly, preliminary data indicated that 

circZNF609-depleted cells displayed significant defects in 
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microtubule dynamics and chromosome segregation leading to 

aneuploidy, that could be ascribed to CKAP5 alteration.  

As aneuploidy due to aberrant chromosome 

segregation could alter gene expression, often impairing 

fundamental cellular processes such as DNA repair, we 

investigated whether circZNF609 knock-down could increase 

DNA damage in RMS cells. Through COMET assay we 

detected an increase of the damaged DNA content, as 

confirmed also by the upregulation of gH2AX histone variant 

following circZNF609 depletion.  

To confirm the hypothesis that the accumulation of 

DNA damage is due to the mitotic aberrations caused by the 

circZNF609-mediated decrease in CKAP5 protein levels, we 

will repeat these experiments comparing circZNF609-depleted 

cells with cells transfected with the antisense oligonucleotide 

which blocks circZNF609-Ckap5 mRNA interaction. 

Cells can sense damaged DNA, inducing the activation 

of specific mechanisms to prevent its replication, including the 

p53-dependent checkpoint. It has been reported that 

chromosome mis-segregation-induced DNA damage and 

cellular stress associated with aneuploidy can activate the p53 

checkpoint, producing a G1-S arrest upon an aberrant mitosis 

[136]. 

Therefore, we hypothesise that circZNF609 directly 

induces CKAP5-mediated mitotic aberrations, such as 



Francesca Rossi 
 
 

 118 

chromosome mis-segregation, with subsequent accumulation 

of DNA damage. This could be responsible for the activation 

of the p53-dependent G1-S checkpoint, which will prevent 

cells with damaged DNA from entering the S phase at the 

following cycle.  

In support of this hypothesis, we observed that CKAP5 

knock-down could recapitulate some of the circZNF609-

induced effects on RNAs and proteins involved in the G1-S 

transition, e.g. downregulation of E2f1, Tcf19, Mcm7, Cenpu 

mRNAs, and decreased levels of p-RB protein.  

These data, together with the fact that Ckap5 mRNA 

and circZNF609 interact directly with each other, could 

suggest that the effects of circZNF609 depletion on G1-S-

regulating factors can be mediated by CKAP5 downregulation. 

However, the effects of circZNF609 depletion and CKAP5 

knock-down are not completely overlapping, maybe because 

CKAP5 knock-down strongly reduces CKAP5 protein levels, 

while circZNF609 depletion only reduces CKAP5 protein 

levels down to about 50%. This could explain why CKAP5 

depletion has a more dramatic effect on cell cycle progression 

than circZNF609 depletion. Moreover, other signalling 

pathways and feedback regulations could intervene upon 

CKAP5 knock-down. Further investigations in this direction 

will allow us to better understand the phenotypic differences 

in CKAP5- and circZNF609-depleted cells, not only at the 



Dottorato di Ricerca in Genetica e Biologia Molecolare 
 

 

 
 

119 

level of microtubule dynamics and mitotic progression, but 

also at the molecular level (e.g. the insensitivity of p-AKT 

protein and transcripts encoding for cyclins to CKAP5 knock-

down). 

Another interesting point is that in circZNF609-

depleted RD cells we only observe a G1-S slow-down of cell 

cycle progression with no apoptosis occurring, contrary to 

what would be expected upon the activation of p53 checkpoint. 

However, these cells accumulate a low amount of chromosome 

alterations, carry a p53 gain-of-function mutation and are 

malignant cells probably adapted to a certain amount of 

damaged DNA content and aneuploidy. All these aspects could 

converge in order to allow circZNF609-depleted RD cells to 

escape the apoptosis and continue to proliferate, despite a G1-

S transition slow-down. 

The activation of the p53-dependent pathway in 

response to DNA damage accumulation could reinforce our 

previously mentioned hypothesis that circZNF609-depleted 

RH4 cells do not show any defect in cell cycle progression 

because of a strong downregulation of p53 expression 

compared to RD cells. Therefore, in RH4 cells, circZNF609 

knock-down-induced errors in chromosome segregation and 

subsequent DNA damage accumulation might not be 

counteracted by the activation of the p53 checkpoint. Thus, 

RH4 cells can keep proliferating, adapting to chromosome 
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instability and DNA damage spread in the limited timeframe 

in which we analysed them. However, this is just one of the 

possible mechanisms that could explain why RH4 cells are 

resistant to cell proliferation slow-down, and other pathways 

could allow them to adapt to the presence of damaged DNA 

and aberrant karyotype. 

In conclusion, this work elucidated a novel molecular 

circuit in which circZNF609 regulates the stability of Ckap5 

mRNA and its protein levels. So far, little is known about 

circRNA-mRNA base-pairing-mediated interactions. By 

characterising circZNF609 binding to Ckap5 transcript and its 

direct effects on CKAP5-dependent processes, we contributed 

to the understanding of a circRNA-mRNA axis regulating 

RMS cancer cell proliferation, for the first time.  

This could represent a significant advance in the 

understanding of RMS cell cycle control pathways and could 

inspire new therapeutic strategies based on circZNF609 

knock-down or on the blocking of its interaction with Ckap5.  

Interestingly, circZNF609 depletion can alter 

microtubule polymerisation and mitotic spindle assembly. 

Indeed, microtubule-targeting drugs as Vincristine are used in 

first-line chemotherapy to treat RMS. Thus, in the next future, 

we are going to investigate whether circZNF609 depletion 

could make RMS cells more sensitive to these drugs, paving 

the way to improved targeted therapies for treating this cancer. 
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The last part of my work investigated the deregulation 

of other circRNA molecules among myoblasts and RMS 

subtypes, in order to gain a deeper insight into the role of 

circRNAs in this tumour.  

We identified several circRNAs differentially 

expressed among myoblasts, ERMS and ARMS cells and, 

after a multi-step filtering process, we selected 3 candidates 

for further analyses: circHIPK3, circAFF1 and circVAMP3. 

I started by analysing circHIPK3 role in regulating 

ARMS cell biology. Thanks to an RNA-sequencing analysis 

of circHIPK3-depleted RH4 cells, we observed that circHIPK3 

knock-down upregulates several genes involved in cell-

substrate adhesion and actin-based cell movement.  

Among the pathways altered by circHIPK3 depletion, 

there is the YAP/TAZ signalling pathway which sustains cell 

proliferation and is often deregulated in cancer. Indeed, we 

discovered that circHIPK3 knock-down can enhance 

YAP/TAZ transcriptional activity, as demonstrated by the 

upregulation of Ankrd1, Ccn1 and Ccn2 which are known 

transcriptional targets of the YAP/TAZ factors. 

The characterisation of circHIPK3 molecular 

mechanism of action in activating the YAP/TAZ pathway is 

still at its beginning.  

As circHIPK3 has been shown to be an efficient 

miRNA-sponge in many cancers [40], we investigated whether 
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among the circHIPK3-bound miRNAs there were some 

targeting transcripts involved in the YAP/TAZ pathway. 

By consulting databases of miRNA-target interactions 

such as PITA [137] and miRanda [138], we found that 

circHIPK3 has 2 binding sites for miR-550a-5p, a miRNA 

targeting Taz mRNA (according to miRWalk 3.0 database 

[139]). Since Taz is upregulated upon circHIPK3 knock-down, 

we are currently investigating whether circHIPK3 could 

directly regulate TAZ by stabilising miR-550a-5p. 

Another intriguing circuit we are studying is the one 

linking actin-cytoskeleton remodelling to YAP/TAZ 

activation. It is known that YAP/TAZ can both sense and 

mediate mechanical stimuli [128]. Since upon circHIPK3 

depletion we observed a significant alteration of actin 

filament-based movement and cell adhesion-related genes, we 

will investigate whether this could contribute to the YAP/TAZ 

pathway activation.  

Indeed, upon circHIPK3 depletion, we observed an 

upregulation of Fmn1 and a downregulation of Gsn RNA 

levels. Formin (FMN1) promotes the polymerisation of linear 

actin cables, while Gelsolin (GSN) is an actin-depolymerising 

factor. Interestingly, it has been reported that YAP/TAZ 

nuclear translocation and transcriptional activity are sustained 

by an increased tension in the actin cytoskeleton (e.g. FMN1-

dependent actin polymerisation), while are inhibited by a 
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reduced tension (e.g. GSN-dependent actin depolymerisation) 

[140].  

Moreover, by consulting PITA and miRanda databases, 

we found that circHIPK3 hosts 3 binding sites for miR-103a-

3p, in addition to the 2 binding sites for miR-550a-5p 

previously mentioned. Both miR-103a-3p and miR-550a-5p 

can target Fmn1 transcript (according to miRWalk 3.0 

database). We are currently investigating whether circHIPK3 

can directly control actin cytoskeleton mechanics by 

stabilising Fmn1-targeting miRNAs, therefore contributing to 

the YAP/TAZ pathway activation. 

If verified, this circHIPK3/miRNAs/mRNAs axis 

could represent the first example of circHIPK3 acting not as a 

canonical miRNA sponge but as a miRNA stabiliser [40]. 

circHIPK3 is a very abundant circRNA and it hosts five 

binding sites for these miRNAs overall (3 for miR-103a-3p 

and 2 for miR-550a-5p). Moreover, Fmn1 can be targeted by 

both the miRNAs. These characteristics and the cooperative 

action of the two involved miRNAs on the same target could 

make this circuit very strong. Indeed, cooperative circuits 

involving either more than one circRNA and the same 

miRNAs, or one circRNA sponging different miRNAs with 

the same targets, can reinforce circRNA activity in modulating 

miRNA-targets’ expression, especially when the circRNA 

hosts only a few binding sites for a specific miRNA. 
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In conclusion, our research laid the groundwork for the 

comprehension of the molecular function of some circRNAs 

in RMS biology. Our future efforts will aim to further elucidate 

the roles of circHIPK3 and other circRNAs in RMS 

tumorigenesis both in vitro, and in vivo using xenograft mouse 

models. 

 We are also interested in better characterising how 

circRNAs can be involved in other aspects of RMS biology, 

such as cancer heterogeneity. As many other solid and blood 

tumours, also RMS includes a subpopulation of cancer stem 

cells (CSCs) with capacity to self-renew, extensively 

proliferate in vivo and resist to pharmacological therapies 

[141].  

Thus, by isolating CSCs from mixed RMS cell 

populations we could investigate whether circRNAs are 

differentially expressed between CSCs and non-CSCs, and 

whether the knock-down of circRNAs overexpressed in CSCs 

can have a specific impact on their in vivo proliferation, 

aggressiveness and insensitivity to chemotherapy. 

Finally, we would also like to investigate the 

expression of circRNAs in tumour biopsies and in patient-

derived extracellular fluids, to explore the possibility to use 

them as RMS biomarkers. Many circRNAs are expressed in 

human serum exosomes, and ARMS and ERMS cells can 

produce exosomes with a specific miRNA content [142]. It 
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would be very interesting to elucidate whether circRNAs could 

load specific miRNA-cargoes into exosomes. This would 

allow us to study paracrine signalling mediated by exosome-

contained circRNAs and its role in RMS tumorigenesis. 
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Materials and methods 

Cell cultures and transfections 

Wild-type human primary myoblasts (Telethon 

Biobank) were obtained from a skeletal muscle biopsy from a 

2-year-old male child. They were cultured in a growth medium 

made of DMEM (Sigma-Aldrich), 10% FBS (Sigma-Aldrich), 

L-glutamine (Sigma-Aldrich) 2 mM, insulin (Sigma-Aldrich) 

50 mg/ml, FGFb (Millipore - Merck) 25 ng/ml, EGF (Corning) 

1 ng/ml, penicillin-streptomycin 1X (Sigma-Aldrich). Human 

ERMS RD cells and ARMS RH4 cells were kindly provided 

by Prof. C. Dominici’s lab. RD and RH4 cells were cultured in 

DMEM high-glucose supplemented with 10% FBS, 2 mM L-

glutamine and penicillin-streptomycin. All cell lines were 

tested for mycoplasma contamination. 

To transfect cells with siRNAs, 3 pmol siRNA 

(Dharmacon) and 0.15 μl Dharmafect-1 Transfection Reagent 

(Dharmacon) in 150 μl DMEM were added to each 100 μl of 

culture medium in the plate. For HUR knock-down, 60 pmol 

siRNA were used for each 100 μl of culture medium. The 

transfection mixture was briefly vortexed, left at RT for 20 min 

and then seeded in the plate. Medium was replaced 24 h after 

the transfection and cells were harvested after another 24 h, 

unless differently specified. 
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Patient biopsies 

Tumour samples from 11 primary RMS tumours, 5 

ARMSs and 6 ERMSs, were obtained at diagnosis before any 

treatment from children admitted to the Department of 

Oncology at Alder Hey Children’s NHS Foundation Trust, 

Liverpool, United Kingdom. Control RNA was extracted from 

normal skeletal muscle biopsies obtained from 3 children 

undergoing surgery for non-oncological conditions. 

Institutional written informed consent was obtained from the 

patient’s parents or legal guardians. The study underwent 

ethical review and approval according to the local institutional 

guidelines (Alder Hey Children's NHS Foundation Trust 

Ethics Committee, approval number 09/H1002/88). 

 

Flow cytometric analysis of cell cycle 

Cells were pelleted and 100 μl PBS (Sigma-Aldrich) 

and 10 μl RNase A (Sigma-Aldrich) were added to the pellet 

(1 mg/ml). Cells were incubated at 37°C for 30 min. Then 

propidium iodide (Sigma-Aldrich) was added (1 mg/ml) and 

cells were incubated at room temperature, in the dark, for 5 

min. Samples were processed using a BD FACSCalibur Flow 

Cytometer (BD Biosciences, Franklin Lakes, NJ, USA) 

machine and Cell Quest Pro (BD Biosciences) software. 

Results were analyzed using ModFit 3.1 software (BD 
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Biosciences). Three independent biological replicates of 

FACS analysis were performed, unless differently specified. 

 

Proteasome inhibition 

Cells in 10 cm plates were transfected with either si-

SCR or si-Circ (Dharmacon) as previously described. 24 h 

after transfection, si-Circ-transfected cells were split into three 

60 mm plates and the si-SCR-transfected cells were sub-

cultured as well. After additional 24 h, si-SCR-transfected 

cells and one plate of si-Circ-transfected cells were harvested; 

fresh medium supplemented either with MG132 (10 μM, 

dissolved in DMSO, Sigma-Aldrich) or with an equal volume 

of 100% DMSO (Sigma-Aldrich) was added to the other two 

si-Circ-transfected plates. DMSO- and MG132-treated cells 

were harvested after 5 h of treatment. Two independent 

biological replicates of this experiment were performed. 

 

Actinomycin D treatment 

Cells in 6 cm plates were transfected with either si-SCR 

or si-Circ (Dharmacon) as previously described. 24 h after 

transfection, si-SCR- and si-Circ-transfected cells were split 

into five 35 mm plates. 48 h after transfection, one plate si-

SCR and one plate si-Circ were harvested (0 h). For both si-

SCR and si-Circ, fresh medium was replaced to the remaining 

plates, and supplemented with either Actinomycin D (three 
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plates, final concentration = 5µg/ml in DMSO) or an equal 

volume of 100% DMSO (one plate).  Actinomycin D-treated 

cells were harvested after 2.5 h, 5 h and 7.5 h of treatment, 

while DMSO-treated cells were harvested after 7.5 h of 

treatment. An equal quantity of RNA was used for the reverse 

transcription reaction. Graphs represent DCts normalised with 

respect to the reference sample (0h) which was set as 1. The 

experiment was performed in 3 biological replicates. 

 

COMET assay 

COMET assay was performed according to the 

protocol described in [143]. Cell lysis and electrophoresis were 

performed in alkaline conditions. DNA was stained with 20 µl 

of a 10 mg/ml Ethidium Bromide solution (Thermo-Fisher) in 

10 ml of distilled water for 20 min at RT, then slides were 

rinsed with distilled water to remove excess stain. Slides were 

imaged on a Zeiss AXIO Observer A1 microscope. Comet tail 

moment was measured using the ImageJ Macro “Comet 

Assay” by Robert Bagnell available at https:// 

www.med.unc.edu/ microscopy/ resources/ imagej-plugins-

and-macros/ comet-assay/. Three independent biological 

replicates of this experiment were performed, two of them 48 

h after transfection and one of them 72 h after transfection. 

Since the results were comparable, the data from the three 

experiments are shown altogether in Fig. 19B. 
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Fluorescent in situ hybridisation (FISH) and 

immunofluorescence 

Cells were cultured on pre-coated glass coverslips (0,4 

mg/ml Collagen Rat Tail, Corning), and then fixed in 4% 

paraformaldehyde (Electron Microscopy Sciences) in PBS for 

20 min at 4°C. After dehydration steps with ice-cold ethanol 

series (50%, 70%, 100%), cells were stored at -20°C in 

absolute ethanol until use. Detection of circZNF609 was 

performed using RNAscope assay (Advanced Cell 

Diagnostics, Bio-Techne) according to manufacturer’s 

instructions, with a little modification. Briefly, fixed cells were 

permeabilized with Protease III (diluted 1:15) before 

hybridization with BA-HS-ZNF609circRNA-1ZZ-Exon1 

probe (ref. 708461), designed by ACD and ordered as a single-

plex probe to detect the back-splicing junction of the circRNA. 

A probe specific for the exon 2-exon 3 junction of ZNF609 

mRNA (BA-HS-ZNF609linearRNA-1ZZ- Exon2-3 probe, ref. 

798471) and for the bacterial RNA dapB, were used as positive 

and negative controls, respectively. The cells were incubated 

with probe solution (45 ul for each coverslip) at 40°C for 2 h 

in the EZ Hybridization oven using the humidity control tray 

and slide rack (ACD Instruments). Amplification and 

detection steps were performed using Basescope detection 

reagents – RED (ref. 322910) and SIGMA-FAST™ Fast Red 

TR/Naphthol AS-MX Tablets (Sigma-Aldrich) for fluorescent 
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signal development. The washings after each amplification 

step were performed three times for 5 min with 2 ml of 1X 

wash buffer (ADC ref. 310091) at RT.  

When FISH staining was combined to 

immunofluorescence, the samples were washed twice for 5 

min with 2 ml of ddH2O after SIGMA-FAST™ incubation and 

then blocked with 1% goat serum/PBS for 15 min at RT. 

Primary antibodies were diluted 1:100 in 1% goat serum/PBS 

and incubated overnight at 4°C. Anti-KDEL, anti-GM130 

antibodies were kindly provided by Dr De Jaco’s lab. Anti-

Tubulin and anti-Pericentrin were kindly provided by Dr 

Giulia Guarguaglini’s lab. Anti- gH2AX (Ser 139) antibody 

was purchased from Santa Cruz Biotechnology (sc-517348). 

Fluorescent secondary antibodies were diluted 1:200 in 1% 

goat serum/PBS and incubated for 45 min at RT. After 

extensive washings with PBS, cells were incubated with DAPI 

solution (Sigma, D9542; 1ug/ml/PBS) for 5 min at RT and 

then mounted using ProLong Diamond Antifade Mountant 

(ThermoFischer Scientific, P-36961).  

Samples were imaged on confocal microscopes 

(Spinning disk Olympus IX73 and laser scanning 

FluoViewFV10i Olympus) equipped with 60X NA1.35 oil 

(UPLANSApo) and water (UPLSAP) objectives respectively. 

The Z-stacks (200 and 300 nm Z-spacing) were collected with 

MetaMorph or Fluoview software and merged with maximum 
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intensity projection (MIP) method. All images were processed 

only in intensity threshold, contrast and brightness. Post-

acquisition processing was applied using MetaMorph 

(Molecular Devices) and FIJI software to the entire image. 

 

Microtubule de-/re-polymerisation assay and analysis of 

mitotic phenotypes 

 These experiments were performed in collaboration 

with Dr P. Lavia’s lab. The protocols used for microtubule de-

/re-polymerization assays and immunostainings were 

previously described in [144,145]. 

 

Western Blot 

Cells were harvested with a suitable volume of Protein 

Extraction Buffer (100 mM Tris pH 7.5, EDTA 1 mM, SDS 

2%, PIC 1X (Complete-EDTA free, Roche–Merck), incubated 

5 min on ice, then incubated on a wheel for 30 min at 4°C, and 

centrifuged at 13000 rpm for 10 min at 4°C. Proteins (25-30 

μg) were loaded on 4%–12% bis-tris-acrylamide gel (Thermo 

Fisher Scientific-Life Technologies) and transferred to a 

nitrocellulose membrane. The membrane was blocked in 5% 

milk and hybridized with the following antibodies: anti-

GAPDH (6C5, sc-32233, Santa Cruz Biotechnology), anti-RB 

(G3-245, 554136, BD Biosciences), anti-phospho-RB Ser780 

(D59B7, 8180, Cell Signaling Technology), anti-AKT (9272, 
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Cell Signaling Technology), anti-phospho-AKT Ser473 

(9271, Cell Signaling Technology), anti-p27Kip1 (C-19, sc-528, 

Santa Cruz Biotechnology), anti-b ACTIN (A3854, Sigma-

Aldrich), anti-HUR (sc-5261, Santa Cruz Biotechnology), 

anti-phospho-H2AX Ser139 (sc-517348, Santa Cruz 

Biotechnology), anti-CKAP5 (A301-971A, Bethyl), anti-

DDX27 (17087-1-AP, Proteintech), anti-PES1 (A300-903A, 

Bethyl), anti-YAP/TAZ (63.7, sc-101199, Santa Cruz 

Biotechnology, kindly provided by Prof S. Piccolo’s lab). 

Images were acquired using a ChemiDoc MP Imager (Bio-

Rad) and analysed using Image Lab 5.2.1 software (Bio-Rad). 

Whole images were adjusted in contrast and brightness when 

necessary. In some cases, protein samples were run twice, to 

allow multiple hybridizations for proteins with the same 

molecular weight. Anti-GAPDH hybridization was performed 

for each running, but only one anti-GAPDH hybridization is 

shown. However, for protein quantification each specific 

signal was compared with the corresponding anti-GAPDH 

hybridization. Each experiment was performed on three 

independent biological replicates, unless differently specified.  

 

RNA isolation and treatments 

Total RNA was extracted with Qiazol reagent (Qiagen) 

and Direct-zol RNA Miniprep kit (Zymo Research), according 

to the manufacturer’s protocol. 15-minute DNase-I treatment 
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was performed during routine RNA extractions according to 

the manufacturer’s protocol.  

Reverse transcription reaction for routine experiments 

was performed using PrimeScript RT Reagent Kit (Takara 

Bio) on an appropriate amount of RNA (usually between 100 

ng and 500 ng). cDNA was diluted to 1 ng/µl with ddH2O and 

used for the qRT-PCR reaction or RT-PCR reaction.      

Reverse transcription of RNA derived from RNase R 

treatment, pulldown experiments and RIP assays was 

performed using the SuperScript VILO Master Mix (Thermo-

Fisher), according to the manufacturer’s protocol. 

RT-PCR was performed using MyTaq-HS DNA 

Polymerase (Bioline) and usually 20 ng of cDNA, according 

to the manufacturer’s protocol. DNA amplification was 

performed with 2720 Thermal Cycler (Applied Biosystem) 

following the manufacturer’s protocol. PCR products were 

analysed by a 2%-agarose-gel electrophoresis. Images were 

acquired on a Gel Doc EZ Imager (Biorad). 

qRT-PCR was performed as follows: 6 µl cDNA 

(usually 1 ng/µl) were added to 7,5 µl PowerUp SYBR Green 

Master Mix (Thermo Fisher Scientific) and 1.5 µl of a 5 µM 

primers mix. DNA amplification was achieved following the 

manufacturer’s protocol. An ABI 7500 Fast qPCR (Thermo 

Fisher Scientific) instrument was used for amplification and 

data analysis. RNA levels are relative to Gapdh mRNA in 
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routine experiments. Each experiment was performed on three 

biological replicates, unless differently indicated. Relative 

RNA quantity was calculated as the Fold Change (2-DDCt) with 

respect to the control sample set as 1, unless differently 

specified. 

 

RNase R treatment 

RNase R treatment was performed as described in [28]. 

Briefly, 1 μg of total RNA was diluted in 20 μl of ddH2O with 

4U RNase R and 2 μl of 10X enzyme buffer (Epicentre). The 

reaction was incubated 15 min at 37°C, and then 20 min at 

65°C with the addition of 1mM EDTA. As a negative control 

(RNase R (-)) total RNA was incubated with the same reaction 

mixture devoid of the enzyme. 1 pg of a DNA spike-in, 

produced from the multiple cloning site of pcDNA3.1(-) (Life 

Technologies), was added to each reaction for qRT-PCR 

normalization. Treated RNA was purified with RNA Clean & 

Concentrator-5 kit (Zymo Research), following 

manufacturer’s instructions. 500 ng of RNase R (-) and an 

equal volume of RNase-treated (RNase R (+)) RNA were 

reverse-transcribed and then analysed by qRT-PCR. 

 

Nucleus-cytoplasm subcellular fractionation 

 For RNA analysis, nucleus-cytoplasm subcellular 

fractionation was performed using the Paris Kit (Thermo-
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Fisher), according to the manufacturer’s instruction. RNA was 

extracted as previously described. For the reverse transcription 

reaction, 500 ng of RNA from the cytoplasmic fraction and an 

equal volume from the nuclear fraction were used. For qRT-

PCR data representation, DCts were calculated (average 

nuclear Ct – average cytoplasmic Ct); nuclear RNA quantity 

was calculated as 2-DCt and then converted into percentage. 

 For protein analysis, the subcellular fractionation 

protocol was adapted from [146]. Briefly, cells were lysed with 

Cytoplasmic Lysis Buffer (10 mM Hepes buffer pH=7.9, 

0.34 M sucrose, 3 mM CaCl2, 2 mM MgAc, 0.1 mM EDTA, 

1 mM DTT, 0.5% NP-40, Protease Inhibitor Cocktail). 

Nuclear pellet was isolated by centrifugation at 2600 xg for 

15 min. Supernatant containing cytoplasmic fraction was kept, 

and nuclei were then washed with Cytoplasmic Lysis Buffer 

without NP-40. Nuclear lysis was performed in Nuclear Lysis 

Buffer (20 mM Hepes buffer pH =7.9, 3 mM EDTA, 10% 

glycerol, 150 mM KAc, 1.5 mM MgCl2, 1 mM DTT, 0.1% 

NP-40, Protease Inhibitor Cocktail). To digest DNA in the 

nuclear fraction, DNase I digestion (New England Biolabs) 

was performed according to the manufacturer’s protocol. 

 

Polysome fractionation 

To analyse circRNA association to polysomes, 

cytoplasm fractionations on sucrose gradients were performed 
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as described in [28]. Briefly, 5x106 cells were scraped in 450 

mL of TNM lysis buffer (10mM Tris-HCl pH=7.5, 10mM 

NaCl, 10mM MgCl2) supplemented with 0.1 mg/ml 

cycloheximide, 1X PIC (Complete EDTA-free, Roche) and 

60U of RiboLock RNase Inhibitor (Thermo Scientific). 

Lysates were incubated 10 min on ice, and then centrifuged at 

13000 rpm for 5 min at 4°C to pellet nuclei. Supernatants 

(cytoplasmic fraction) were recovered and centrifuged on 9.8 

mL 15%–50% sucrose gradient at 37,000 rpm in a polyallomer 

centrifuge tube with a SW41 rotor (Beckman) for 1.5 h, at 4°C. 

12 sucrose gradient fractions were collected with a Bio-logic 

LP instrument (Biorad). To each fraction, 1 pg of a spike-in 

DNA, 10 µg of glycogen and 100 µg of Proteinase K (Roche) 

were added. Samples were incubated 1 hr at 37°C. RNA was 

isolated from each fraction following a Trizol phenol-

chloroform extraction protocol. 

 

Luciferase assay 

 Cells in a 24-well plate were transfected with either si-

SCR (Dharmacon) si-circHIPK3 (Dharmacon), si-YAP or si-

TAZ (Invitrogen, kindly provided by Prof. S. Piccolo’s lab) as 

previously described. 24 h after transfection, cells were 

transfected with 25 ng of 8xGTIIC-luciferase vector 

(expressing Renilla luciferase; kindly provided by Prof. S. 

Piccolo’s lab) and 25 ng of pRL-TK luciferase vector 



Francesca Rossi 
 
 

 138 

(expressing Firefly luciferase used to normalise Renilla 

luciferase signal; from Promega). 24 h after the second 

transfection, cells were harvested. For the luciferase assay, 

Dual-Luciferase Reporter Assay Kit (Promega) was used 

according to the manufacturer’s instructions. Cells were 

washed twice in PBS and lysed using an appropriate amount 

of 1X PLB. Lysed cells were harvested and centrifuged for few 

seconds to allow debris precipitation. 10 μl of lysate were used 

for each reaction, and each sample was measured in technical 

triplicate. Firefly luciferase signal was measured by adding 

Luciferase Assay Reagent II (LAR II). Then the reaction was 

quenched, and Renilla luciferase signal was measured by 

adding Stop&Glo reagent. For the measurements, a Glomax-

Multi+ Detection System (Promega) machine was used. The 

experiment was performed on two independent biological 

replicates. 

 

RNA-pulldown 

 The psoralen-crosslinked RNA-pulldown protocol was 

adapted from [104]. Briefly, 1x107 RD cells for each biological 

replicate were pelleted, resuspended in 1 ml of ice-cold 

complete PBS supplemented with 0.5 mg/ml of 4’-

aminomethyl-4,5’,8-trimethylpsoralen (AMT, Cayman 

Chemical), and crosslinked at 365 nm for five 2-minute cycles. 

1 volume of Guanidinium Hydrochloride 6M and 1 volume of 
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AMT were added. The lysate was subdivided into eight 250-

µl aliquots. To each aliquot, 25 ul of a 20 mg/mL solution of 

Proteinase K (Ambion) and 6.5 μL of 20% SDS were added. 

Then the samples were incubated at 65°C for 1 h. RNA was 

precipitated through phenol/chloroform extraction. 10% of the 

total RNA was kept as Input, then 50 µg of RNA for each 

pulldown (odd, even, LacZ) were incubated at 95°C for 3 min 

and 500 pmol of probe mix were added. 500 ul of 2x Binding 

Buffer (20 mM Tris-HCl pH=7.5, 1 M NaCl, 2 mM EDTA, 

0.1% SDS) were added to each pulldown sample, then they 

were all incubated at 65°C for 5 min. Samples were put on a 

rotor and incubated for 4 h, at RT. Magnetic beads (Promega) 

were washed 3 times with 1x Binding Buffer, then 100 µl of 

beads were added to each sample and incubated on a rotor at 

4°C, over-night. Beads were washed twice with 400 µl of 1x 

Binding Buffer and twice with 400 µl of 1x Wash Buffer (10 

mM Tris-HCl pH=7.5, 200 mM NaCl, 1 mM EDTA, 0.05% 

SDS). Then RNA was purified through phenol/chloroform 

extraction. Reverse crosslinking was performed by UV-

irradiating RNA samples at 254 nm for 10 min. 

 For the native pulldown, cells were lysed with an 

appropriate volume of Lysis Buffer (10 mM Hepes, 20 mM 

KCl, 1.5 mM MgCl2, 0.5 mM EDTA, 1% NP40, 1 mM DTT, 

supplemented with Protein Inhibitor Cocktail and RNase 

inhibitor). Lysates were kept in ice for 10 min and then 
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centrifuged at 4000 rcf at 4°C for 5 min. Supernatants were 

collected. 1 mg of lysate was used for each pulldown sample, 

while 100 µg (10%) was kept as Input. The rest of the protocol 

is very similar to the one described above. The Hybridisation 

Buffer used for probe hybridisation contained 300 mM NaCl, 

100 mM Tris-HCl pH=7.5, 0.2% SDS, 10 mM EDTA, 15% 

Formamide, 1% NP40, 1 mM DTT, and was supplemented 

with Protein Inhibitor Cocktail and RNase inhibitor. 

 

RIP assay 

The RNA-immunoprecipitation (RIP) assay for HUR 

protein was performed in RD cells according to the protocol 

described in [147]. Anti-HUR primary antibody was 

purchased by Santa Cruz Biotechnology (sc-5261). 

 

RNA-sequencing experiments and bioinformatic analyses 

For total RNA-sequencing (mRNA differential 

expression analysis) in myoblasts, RD and RH4 cells, total 

RNA was extracted and treated with DNase I (New England 

Biolabs) as described before. Two biological replicates for 

each condition (human primary myoblasts, RD cells and RH4 

cells) were performed. Total RNA was sequenced on an 

Illumina Hiseq 2500 Sequencing system using TruSeq 

Stranded Total RNA Library Prep Kit with Ribo-Zero 

treatment at the Institute of Applied Genomics (IGA; Udine, 
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Italy). An average of about 13 million and 30 million 125-

nucleotide long paired-end reads were produced for myoblast 

and RMS samples, respectively. Adapter sequences and poor-

quality ends were removed using the Trimmomatic software 

[148]; reads with length < 20 nt after trimming were filtered 

out. Reads were mapped to human GRCh38 genome and 

Ensembl 90 transcriptome [149] using STAR software [150], 

with parameters --outSAMstrandField intronMotif --

outFilterType BySJout --outFilterMultimapNmax 20 --

alignSJoverhangMin 8 --alignSJDBoverhangMin 1 --

outFilterMismatchNmax 999 -- 

outFilterMismatchNoverLmax 0.04 --outFilterIntronMotifs 

RemoveNoncanonical. Number of reads and mapping 

statistics are reported in [84]. Htseq-count software [151] was 

used to count reads mapping to Ensembl 90 human genes; the 

overlap resolution mode was set to intersection-strict. 

Differential gene expression was performed using edgeR R 

package [152] after filtering out genes with a CPM (Count Per 

Million) value less than 1 in at least two samples. edgeR 

software is particularly suited for experiments with few 

replicates [153]. TMM normalization was applied 

independently for myoblast and RMS samples. Pearson 

correlation-based sample hierarchical clustering, as well as 

gene expression heatmaps were drawn based on log2-

transformed RPKM values, calculated using the edgeR rpkm 
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function. Model fitting and testing were performed using 

glmFIT and glmLRT functions. FDR cutoff for selecting 

significant differentially expressed genes was set to 0.05 and 

absolute log2 Fold Change was set to > 0.5. Gene Ontology 

(GO) terms [154] and Reactome pathways [155] enrichment 

analyses were performed using WebGestalt web server [156] 

and all genes tested for differential expression as a 

background; an adjusted p-value cutoff of 0.05 was used to 

select enriched categories. EnrichmentBrowser R package 

[157] was employed to perform KEGG pathways [90] based 

Gene Graph Enrichment analysis [89], using an absolute log2 

Fold Change significance level equal to 0.5 and a statistical 

significance level equal to 0.05. Transcriptional regulator 

activity analysis was performed through msviper function 

included in the Viper R package [91] using RPKMs as 

expression values; the ARACNe-AP-inferred [158] human 

sarcoma [92] regulon used in the analysis was taken from the 

aracne.networks R package, available at 

https://bioconductor.org/packages/release/data/experiment/ht

ml/aracne.networks.html. A p-value cutoff of 0.05 was used to 

filter results, which were then ranked based on p-value; the top 

30 transcriptional regulators were used to draw the msVIPER 

analysis plot. 

 CircRNA identification in myoblasts, RD and RH4 cells, 

and their differential expression have been performed as 
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described in [18]. Briefly, Trimmomatic [148] and Cutadapt 

[159] were used to remove adaptor sequences; minimum read 

length after trimming was set to 20. Reads were then aligned 

to the human reference genome (GRCh38) using BWA-MEM 

[160] with -T 19 option. circRNA detection in each sample 

was then carried out using CIRI2 software [161], which is able 

to identify circRNAs by searching for reads which map to 

back-splicing junctions. To identify circRNA host genes, the 

programme was provided with Ensembl 90 gene annotation 

[149]. For each back-splicing event found, CIRI2 reports the 

number of reads mapping to the back-splicing junction and on 

the corresponding linear splicing junctions, calculated 

summing all the reads mapping linearly on both the splice 

junctions involved in back-splicing; the latter are not reported 

if no read is assigned to the back-splicing junction, even if the 

circular RNA is detected in other samples. In order to count 

the reads mapping to linear splicing sites in samples in which 

no reads where mapped to corresponding back-splicing 

junctions detected in other samples, alignment files from each 

sample were modified by adding reads mapping to circRNAs 

found only in other samples and CIRI2 was rerun on these 

files. Putative back-splicing events that were spanning two 

non-overlapping genes, which were likely to be due to 

mapping errors, were excluded from further analysis. Reads 

mapping to back-splicing junctions and to their cognate linear 
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splicing junctions were converted to Count Per Million (CPM) 

values using edgeR R package [152] and used for circRNA and 

linear RNA quantification. To evaluate the differential 

expression of circRNAs between cell lines, we provided the 

edgeR software with the read counts of both the back-splicing 

events and their cognate linear splicing events. Events not 

having 2 or more counts in at least two samples were not tested 

for differential expression. Model fitting and testing was 

performed using the glmFIT and glmLRT functions. We set a 

threshold on the FDR for circRNA and linear counterparts’ 

differential expression (FDR <0.001 and FDR <0.05, 

respectively). 

For the RNA-sequencing of the circZNF609-pulldown, 

Ovation RNA v2 followed by Ovation Ultralow v2 kit was 

used to prepare cDNA libraries. The sequencing reactions, 

performed on an Illumina NovaSeq6000 Sequencing system at 

the Institute of Applied Genomics (IGA; Udine, Italy), 

produced an average of 43.5 million 150 nucleotide long 

paired-end reads per sample. Reads were pre-processed using 

Trimmomatic software [148]. Alignment to human GRCh38 

genome and Ensembl 90 transcriptome [149] was performed 

using STAR aligner [150]. Alignment file was further pre-

processed by filtering out reads mapping to rRNAs and 

tRNAs, removing PCR duplicates using Picard Mark 
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Duplicates (available at http://broadinstitute.github.io/picard) 

and discarding the multi-mapped reads using bamtools  [162]. 

Properly paired reads were extracted using SAMtools [163]. 

GRCh38 genome was binned into 170 bp long non-

overlapping reads using BEDtools window tool [164]. 

Properly paired fragments falling in each bin were counted 

using BEDtools intersect tool; this way, sample-specific count 

files were created. Such files were given as input to Piranha 

tool [165] to call peaks for odd and even circRNA pulldown 

samples and LacZ pulldown sample, using Input sample 

counts as a covariate. Odd peaks overlapping even peaks were 

identified using BEDtools intersect tool. Normalized coverage 

was calculated for such overlapping peaks in each sample, by 

dividing fragment counts by the total number of mapping 

fragments. Peaks where both odd and even coverages were at 

least four-fold higher than both Input and LacZ coverages were 

selected as circZNF609 pulldown enriched regions. BEDtools 

intersect tool was used to annotate such regions based on their 

overlap with Ensembl 90 exons and to filter out transcripts 

hosting LacZ peaks. 

 

Data availability 

RNA-sequencing raw data generated in human primary 

myoblasts, RD and RH4 cells described in [84] have been 

deposited at Gene Expression Omnibus (GSE117609). 
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Oligonucleotides, siRNAs and probes used in this study 

Oligonucleotides 

 
circZNF609 FW AAACCGGAGCCAGAGGAAGG  

RV CAGCTATGTTCTCAGACCTGC 
Znf609 FW GCACGGCTATTCCTACAGTC  

RV TTCACCACCTGAGACCTTGC 
Rb FW GACCTAGATGAGATGTCGTTC  

RV GCATTATCAACTTTGGTACTGG 
Tcf19 FW CAGGAAGAAACTCCGTGTAGAC  

RV CAGCAACAAGGAGCTGCACAG 
Cenpu FW TCCTCCTTTACATAGCACAGC  

RV CGATTTCACTTGCTTCATTTCC 
Zwint FW ATGGAGGCAGCGGAGACAGA  

RV TCCGCTACCTGAAGCTGGCTG 
Mcm7 FW CTGTCATACATTGATCGACTGG  

RV CTCTAAGGTCAGTTCTCCACTC 
Gapdh FW CCAAAATCAAGTGGGGCGATG  

RV GGCAGAGATGATGACCCTTT 
b-Actin FW CGTACCACTGGCATCGTGAT  

RV GTAGTCAGTCAGGTCCCGGC 
Ddx27 FW GCAGCCACTACATTAGATGAGA  

RV GTCTTCCTGCTCCTTTGGTTC 
Pes1 FW ATGGGAAGAGCGAGTGGAAC  

RV GGGAAGGTGGAAAACAGGAAG 
Ckap5 FW GGACACAAAGGACATTTCTGCAC  

RV TTGGTTCCAGTATTCCCTGCG 
E2f1 FW GCTGGACCACCTGATGAATATC  

RV CAATGCTACGAAGGTCCTGAC 
Cdk1 FW CAGGTCAAGTGGTAGCCATG  

RV GGAATCCTGCATAAGCACATC 
Cyclin A2 FW CTGAGAATGGAGCATCTAGTTTTG  

RV GAGGTATGGGTCAGCATCTATC 



Dottorato di Ricerca in Genetica e Biologia Molecolare 
 

 

 
 

147 

Cyclin B1 FW CTGTGTCAGGCTTTCTCTGATG  
RV CGACCCAGTAGGTATTTTGG 

Cyclin B2 FW CTCTGCAGTGACTACGTTAAG  
RV GTCTCCTGCAGAAGCCTAAAC 

cicrPMS1 FW GATCTCCTCATGAGCTTTGGTATCC  
RV CTTGAAAGGAGTCGAACTGTTGCC  

Yap FW CCTGATGATGTACCTCTGCCA  
RV CCTGCCATGTTGTTGTCTGAT 

Taz FW TATCATTCGAGGGAGCAGAGCA  
RV TGTTGGGGATTGATGTTCATGG 

Ankrd1 FW AGTAGAGGAACTGGTCACTGG  
RV TGGGCTAGAAGTGTCTTCAGAT 

Ccn1 FW CCTTGTGGACAGCCAGTGTA  
RV ACTTGGGCCGGTATTTCTTC 

Ccn2 FW AGGAGTGGGTGTGTGACGAG  
RV CCAGGCAGTTGGCTCTAATC 

Fmn1 FW CTCCAAAGACACAACTCAACAGA  
RV TTCCCACAGTTTGAGATCGTT 

Gsn FW GGGAGAGCTTCAACAATGGC  
RV GGCCTTCAGTCTTTCATACCG 

Stk3 FW AAGACATGAGGAACAGCAACG  
RV CCCACACTCTCCACACTAGTC 

ItgA3 FW ATGTGGCTTGGAGTGACTGTG  
RV AGTCCAGCTCTAGGTCATTGC 

ItgA6 FW ATTCCTACCCTGATGTTGCTGT  
RV GTTTTCTGGCGGAGGTCAATTC 

ItgAv FW AGGTCCTCAAATGTGACTGGT  
RV CTCACAGATGCTCCAAACCAC 

ItgB5 FW AGAATGTCTGCTAATCCACCCA  
RV TATCTCACCTCCACAGCCATTT 

ItgB6 FW CGCAAAACTTATTCCTGGAGCT  
RV TACTTCCAGTTCCACCTCAGAC 

Aff1 FW GACTATCGACAGCAGACCTTTG  
RV1 GGTTGCGTCTTTCCTTCTCTC 
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RV2 CTAGGCGTATGTATTGCTGTC 

Camsap1 FW TCAGTGCCTCGAAAGAACTTCC  
RV1 GGACAGGAGAAGCTTGATAAC  
FW_lin CAACGTTCAGTGCCTCGAAA  
RV_lin CGGACCTTTTGATGAGCTGG 

Carhsp1 FW AGGAGTCTGCAAATGCTTCTGC  
RV1 AGCCCGACTGAAGCTTGATG  
RV2 ATTCTTGGGTGGGATGGAGCA 

Ccdc91 FW GAGGCCATTTCTTTTCAAGATAG  
RV1 GACTCACAATGCTATTTGCTGC  
RV2 GTTGCTTAACTGAAGACTGCAG 

Cdyl FW ATACACCCACTAGTGCCTCAG  
RV1 TCCTCGCTGTCATAGCCTTTC  
RV2 TCCTTTTGCTGGCAGTCACTC 

Cep70 FW CGAGCAGCCAATCAAGAACA  
RV1 CCCATTCTGCTTCTTCCTGC  
RV2 GACAATGCGATCTTCTTCCTCC 

Coro1c FW CCTCAACACATTCAGCAGCA  
RV1 CATCTTGGAAAAGGTCAGACTTC  
FW_lin TGCCCACATAACGATCAGGTC  
RV_lin GCCTTCCAAAATCACCACAGG 

Cpsf6 FW AAGCAGAGAACGAGAGAGGC  
RV1 TAATCTCGGTCTTCTGGGGC  
FW_lin CAGAGAGAGAAGCAGAGAACG  
RV_lin GAAGCAAACTGCTGGACAAGC 

Fat3 FW GAGAGATCCAGTACTCCATCAG  
RV1 GCTTGAAAAGCAGGAGGATGAG  
RV2 ACCTCAATGGTGGAGTAGAGTG 

Hipk3 FW CGGCCAGTCATGTATCAAAG  
RV1 CCTGGAATACACAACTGCTTGG   
RV2 CTGATCATACTCCAAGGCTC  

Irizio FW AGCATGCCGCTCCTGAAGAT  
RV1 TTCTTCCCAGCCTTTGCGTTC  
RV2 AGCTGCTATCCTCTTCCTCAC 
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Kmt2e FW TCGAATTTACCAGAGGCGAACG  
RV1 GTCTGGTAAATCTGAGGTCCAAG  
RV2 AACTGGTGGGGATAACTGTTGG 

Med13l FW TGATACCATTTTGCAGCAGC  
RV1 GAATTGGATCATCTTGGGCTGG  
FW_lin CCAGCCCAAGATGATCCAATTC  
RV_lin CAGATTGTGGATCGCTTTGAAG 

N4bp2L2 FW CAGACAGGTTTGTGAACCAGC  
RV1 CGTGGCTCACTCGTTACTTCTT  
RV2 CATCAGTGCTGAACACAATGCC 

Nrg1 FW CTAGGTTCTGGTTCCTCTTGTG  
RV1 CTATTCAAGCATAGTGGCTGTCC  
FW_lin CAGCAGCATGGGGAAAGGA  
RV_lin CCGATTCCTGGCTTTTCATCTC 

Prdm5 FW CCCTATCAATGTCCTTACTGTG  
RV1 CCTGTAGGCTTGATGCTGAAG  
FW_lin AGCGTCCCTATCAATGTCCT  
RV_lin TCCTCTTGTGCTCATCCAGG 

Psd3 FW AGTCCATTGCCTTACCTGTGC  
RV1 TTCCACATTGCTGCTGGTACC  
RV2 CAGCAGATCCTTGGAGAAATC 

Rell1 FW TGTCTGTTAGTGGGGCTGAAAC  
RV1 GGATCATACAGGCTGTTATCTGC  
FW_lin ACCTGTGAAGAGAGAACGCA  
RV_lin TTTTATCCACGTGCCTGCTG 

Rhobtb3 FW GATTCTGGGGATGTTTCAAATG  
RV1 TTGGGGTTGTAAAATACCACG  
RV2 TTCGAAGACAACATCGGCAAG 

Satb2 FW TGCCAATGTGTCAGCAACCAAG  
RV1 TTTCCGCACCAGGACAAACTC  
RV2 TGGTAAATGCATTGGACGCTGG 

Sdhaf2 FW GCTAAAGAACATCTGCAGCAC  
RV1 TGTCACACTGAGCAAAGGAGAC  
RV2 TTAGCAAAGTCTCTCAGCAGG 
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Slc4a7 FW ATTCCCCATGATCTCTTCACGG  
RV1 TTCTCCGGTGGTGATGTTTGTG  
RV2 AGACTGTGCAAAGAGAGAGTTG 

Spag16 FW ATGCACCAGAAGGTCCTACTC  
RV1 CAAGAGTTCTGGTCATTCCCA  
RV2 TCAGGTTTGGATTTGGTTGC 

Stk39 FW GCCCACCCAATGCTAATGAA  
RV1 CTTGGCTTTCTGGAAGAATTTGC  
RV2 AGAGAAGAGCTCCTGAGATAC 

Tmem135 FW GCTCACAATTTATATGGCCAAC  
RV1 CATATACAAGGCCCCATTAGC  
RV2 TTGCATATGCTGCCTCTGGT 

Ubap2 FW GACAAACCTTCAGATCGTGG  
RV1 CACTTGTTTCTGTGGTTGCG  
RV2 AGCAGCTTCCCAAACTACTAG 

Ugp2 FW GACCTGGATGGATTTCGGAAG  
RV1 TTCTAGCTCTTGCCGAATGAC  
RV2 CACCATTGAGTTTCACCACCAC 

Uri1 FW GTCACTGTTTTACTGGGGGAC  
RV1 CTGAGTCTTTCTCGAAGGGCA  
RV2 CTTCTGTGAATTCAACTCTGGA 

Vamp3 FW ATGTGGGCAATCGGGATTAC  
RV1 GCACGGTCGTCTAACTCAGA  
RV2 GCAGGTTCTAAGTCAAAAGTC 

Vapa FW GGAAAGAGGCAAAACCTGATG  
RV1 GGTGCTGTAGTCTTCACTTTG  
RV2 TTGGCATAGGTCCATCTTGC 

Xpo1 FW TGTCAACAAGTTAGGGGGAC  
RV1 ACCAATCATGTACCCCACAG  
RV2 GTGTAGGTGGAATAGCAAGG 

Znf124 FW CAGTCGTTCCAGTCACCTTCG  
RV1 CTGCATCACGTCTCTATAGAG  
FW_lin GACCAGAGCATTGAAGATCAG  
RV_lin CCACATTGCTTACATTCATAGCG 
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Zranb1 FW CTGTGGGAAGCAAGGAGGAA  
RV1 CGTACTTCATCTGCGGTGAG  
FW_lin CTGTGGGAAGCAAGGAGGAA  
RV_lin CGTACTTCATCTGCGGTGAG  

 

Regarding circRNA-mRNA couples, the oligonucleotides FW+RV1 were 

used for circRNA amplification. The oligonucleotides FW+RV2 or 

FW_lin+RV_lin were used for mRNA amplification. 

 
Custom siRNAs 
 
si-Circ AGUCAAGUCUGAAAAGCAAUU Dharmacon 
si-Circ+Lin CACACTACCAGACAACATCAAGUUU Dharmacon 
si-CircHIPK3 GGUACUACAGGUAUGGCCUUU Dharmacon 
si-YAP CUGGUCAGAGAUACUUCUU Invitrogen 
 GACAUCUUCUGGUCAGAGA Invitrogen 
si-TAZ AGGUACUUCCUCAAUCACA Invitrogen 
 ACGUUGACUUAGGAACUUU Invitrogen 
 
Commercial siRNAs  
 
si-SCR Cat.# D-001810-10-05 Dharmacon 
si-Lin Cat.# J-022257-20 Dharmacon 
si-HUR Cat.# J-003773-08 Dharmacon 
si-CKAP5 Cat.# J-006847-05-0002 Dharmacon 
si-HIPK3 Cat.# J-004810-09-0002 Dharmacon 
 
Custom biotinylated probes for circZNF609 pulldown (Sigma) 
 
Odd set:  

Probe 1 CCAGTGGACAACATCATTGC 
Probe 3 AAGATTCAAGGCTCTTCCTT 
Probe 5 TCACTTGGAGTGAACAGGGA 
Probe 7 AGCAGGCGACACTCATTCTC 
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Even set:  

Probe 2 TGCCACATTGGTCAGTACAT 
Probe 4 CATCTTAGAGTCAACGTCCC 
Probe 6 ATCCTTTTCTGAACAAGTCC 
 
Biotinylated probes for LacZ control pulldown (Sigma) 
 
Probe 1 AATGTGAGCGAGTAACAACC  
Probe 2 ATTAAGTTGGGTAACGCCAG  
Probe 3 AATAATTCGCGTCTGGCCTT  
Probe 4 AATTCAGACGGCAAACGCT  
Probe 5 ATCTTCCAGATAACTGCCGT 
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Table 1 

GGEA ranking in RD and RH4 cells depleted of circZNF609 

RD cells 

Gene set 
Nr 

rels 

Raw 

score 

Norm 

score 
P-val 

Hsa03030_dna_replication 5 4,52 0,904 0,000999 

Hsa03410_base_excision_repair 5 4,52 0,904 0,000999 

Hsa03420_nucleotide_excision_repair 5 4,52 0,904 0,000999 

Hsa04610_complement_and_coagulation_ca

scades 
5 4,31 0,862 0,000999 

Hsa05410_hypertrophic_cardiomyopathy_(h

cm) 
17 14,4 0,845 0,000999 

Hsa05412_arrhythmogenic_right_ventricular

_cardiomyopathy_(arvc) 
20 15,7 0,783 0,000999 

Hsa04612_antigen_processing_and_presenta

tion 
18 12,2 0,679 0,000999 

Hsa04512_ecm-receptor_interaction 327 221 0,676 0,000999 

Hsa04145_phagosome 26 17,4 0,668 0,000999 

Hsa05414_dilated_cardiomyopathy_(dcm) 35 23,1 0,659 0,000999 

Hsa04330_notch_signaling_pathway 68 43,2 0,635 0,000999 

Hsa04510_focal_adhesion 654 394 0,602 0,000999 

Hsa04110_cell_cycle 243 143 0,589 0,000999 

Hsa05206_micrornas_in_cancer 162 95,2 0,587 0,000999 

Hsa05165_human_papillomavirus_infection 767 446 0,582 0,000999 

Hsa04151_pi3k-akt_signaling_pathway 1040 584 0,563 0,000999 

Hsa03320_ppar_signaling_pathway 78 47,4 0,607 0,002 

Hsa05222_small_cell_lung_cancer 174 99,6 0,573 0,003 

Hsa05144_malaria 6 4,49 0,748 0,00699 

Hsa04710_circadian_rhythm 39 23,8 0,611 0,00699 

Hsa05217_basal_cell_carcinoma 82 47,6 0,58 0,00699 

Hsa05150_staphylococcus_aureus_infection 3 2,31 0,77 0,018 

Hsa04215_apoptosis 35 20,8 0,594 0,021 
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Hsa04114_oocyte_meiosis 227 126 0,555 0,025 

Hsa04115_p53_signaling_pathway 40 23,2 0,581 0,044 

Hsa04015_rap1_signaling_pathway 572 311 0,544 0,046 

Hsa05120_epithelial_cell_signaling_in_helic

obacter_pylori_infection 
48 27,7 0,578 0,049 

 

RH4 cells 

Gene set 
Nr 

rels 

Raw 

score 

Norm 

score 
P-val 

Hsa04512_ecm-receptor_interaction 268 154 0,574 0,000999 

Hsa04350_tgf-beta_signaling_pathway 73 41,1 0,563 0,002 

Hsa04390_hippo_signaling_pathway 191 103 0,54 0,003 

Hsa04510_focal_adhesion 569 298 0,523 0,00599 

Hsa04151_pi3k-akt_signaling_pathway 921 475 0,516 0,00599 

Hsa05010_alzheimer's_disease 27 15,8 0,587 0,011 

Hsa04924_renin_secretion 45 25,6 0,569 0,011 

Hsa04010_mapk_signaling_pathway 710 368 0,518 0,012 

Hsa04727_gabaergic_synapse 167 89,4 0,535 0,013 

Hsa05410_hypertrophic_cardiomyopathy_(h

cm) 
10 6,34 0,634 0,018 

Hsa04022_cgmp-pkg_signaling_pathway 180 95,3 0,529 0,028 

Hsa05412_arrhythmogenic_right_ventricular

_cardiomyopathy_(arvc) 
12 7,15 0,596 0,038 

Hsa04270_vascular_smooth_muscle_contrac

tion 
160 84,4 0,527 0,043 

Hsa04971_gastric_acid_secretion 109 58,2 0,534 0,045 
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Table 2 

List of all the mRNAs enriched in circZNF609 pulldown 
identified by the RNA-sequencing analysis

Gene name P-value Read Odd Read Even Read Input Read LacZ 

Des 0,0000 1720,36 1478,89 33,05 0,00 

  0,0001 364,03 289,16 14,69 0,00 

Os9 0,0001 873,66 301,30 58,76 4,03 

Srek1 0,0002 649,85 2858,45 38,56 96,65 

Anp32b 0,0019 818,39 10470,33 99,15 199,33 

  0,0022 635,02 10847,78 82,63 64,43 

Slc4a1ap 0,0019 327,62 218,52 7,34 0,00 

Ddx27 0,0020 613,45 3244,73 51,41 66,44 

  0,0030 199,54 396,21 22,03 2,01 

Anp32a 0,0036 382,90 362,00 64,26 50,34 

Mdn1 0,0040 155,05 179,90 11,02 0,00 

Znf609 0,0040 1042,19 1229,47 1,84 0,00 

Ppig 0,0044 422,00 795,73 62,43 74,50 

Pes1 0,0048 315,49 208,59 29,38 0,00 

Tnnt1 0,0054 146,96 128,02 12,85 30,20 

Knop1 0,0059 187,41 273,71 29,38 30,20 

Ckap5 0,0066 138,87 239,49 12,85 0,00 

  0,0038 161,79 250,53 12,85 0,00 

Pnisr 0,0073 126,74 134,65 9,18 10,07 

Nucks1 0,0079 246,73 391,80 51,41 6,04 

Huwe1 0,0084 107,86 128,02 1,84 16,11 

Hmgn5 0,0099 105,16 433,73 3,67 10,07 
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