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SUMMARY AND AIM 
 
Circular RNAs are covalently-closed RNA molecules involved 
in gene-expression regulation at different levels.   
These peculiar molecules have recently attracted the 
attention of the scientific community especially due to their 
deregulation in different pathological conditions and 
recent technologies advances have allowed to better define 
their role in the cell.  
 
The work I carried out during my PhD aimed at elucidating the 
molecular mechanism through which the circular RNA 
circHIPK3, which results deregulated in different tumoral 
contexts, can influence cancer progression. While many 
studies describe circHIPK3 as a sponge of miRNAs, we 
looked for possible direct interactions with ubiquitously 
expressed mRNAs which could represent functional 
mechanisms conserved in different cancer types, regardless 
to specific miRNA signatures.   
 
We showed that circHIPK3 regulates the levels of BRCA1 
protein, an essential DNA-repair factor, through a direct 
interaction between the circRNA back-splicing-junction (BSJ) 
and the last coding exon of BRCA1 mRNA. This interaction 
prevents the binding on the BRCA1 transcript of FMRP 
protein, which we identified as a BRCA1 translational 
repressor. We discovered this competitive model at first in 
embryonal rhabdomyosarcoma cell line (RD), we validated it 
in other tumoral contexts and we modulated it in different 
conditions to study phenotypic effects and possible 
therapeutic applications. We demonstrated that the disruption 
of circHIPK3/BRCA1 interaction causes BRCA1 protein 
down-regulation and consequent DNA-damage accumulation, 
strengthening the effects of DNA damage-inducing drugs and 
sensitizing BRCA1 wild-type tumour cells to PARP inhibitors 
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by synthetic lethality. On the other hand, the inhibition of 
FMRP/BRCA1 interaction with locked-nucleic acids restores 
physiological BRCA1 levels and prevents DNA-damage 
accumulation in BRCA1 hemizygous breast cancer cells. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chiara Grelloni 

Pag 6  

INTRODUCTION 
 
Circular RNAs 
 
CircRNAs characteristics 
 
According to the ENCODE (ENCyclopedia Of DNA Elements) 
Project Consortium1, despite only 1,5% of human DNA 
encodes proteins, more than 80% of our genome results 
actively transcribed and functional in the cell. 
 
What for many years was considered as ‘junk’ transcriptional 
products, turned out to be essential functional regulatory 
molecules2, classified as non-coding RNAs. Non-coding 
RNAs include ribosomal RNAs (rRNAs), structural and 
functional components of ribosomal subunits, transfer RNAs 
(tRNAs), essential for protein synthesis, small nuclear RNAs 
(snRNAs), with an important role in splicing, snoRNAs (small 
nucleolar RNAs), involved in rRNA processing and RNA 
modification, microRNAs (miRNAs), which generally regulate 
gene expression by targeting mRNAs and long-non-coding 
RNAs (lncRNAs), transcripts longer than 200 nt which can 
regulate gene expression at different levels. Long-non-coding 
RNAs include a peculiar class of transcripts called circular 
RNAs.  
 
Circular RNAs (CircRNAs) are single-strand covalently closed 
transcripts without free 5’ and 3’ ends which originates 
through a non-canonical splicing event called back-splicing in 
which a 5’ splice site is joined to an upstream 3’ splice site in 
the pre-mRNA. The formation of this  phosphodiester bond 
induces the circularization of one or more exons and 
sometimes even of introns and the formation of a peculiar 
sequence not present in the linear transcript, called back-
splicing junction, which allows to specifically distinguish a 
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circRNA from the linear transcript produced by the canonical 
splicing from the same locus. (Figure 1). 
 
Fig. 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 
Schematic representation of canonical splicing and back-splicing 
(Adapted from Liang et al., 20143) 
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CircRNAs discovery 
 
The first observation of circular RNA molecules dates back to 
the 1970s. In 1976, Sanger et al. described viroids containing 
“single-stranded and covalently closed circular RNA 
molecules”. In 1979, thanks to electron microscopy, circular 
transcripts, with an unknown role, were observed in eukaryotic 
cells for the first time4. 
 
In 1991 and 1992, two studies described RNAs produced 
through non-canonical splicing, characterized by an inverted 
exon order compared to the reference genome, that originated 
respectively from the human DCC and EST-1 gene5,6.In the 
following years, these non-polyadenylated RNAs with 
“scrambled exons” were firstly classified as covalently closed 
circular RNAs7,8. 
 
In the early 2000s, circular RNA intermediates were identified 
during intron self-splicing from mitochondrial RNAs, ribosomal 
RNAs, and transfer RNAs9–11. 
 
Even though between 1970s and 2000s many studies 
documented the existence of circular RNA molecules, their 
relevance remained underappreciated and their functional 
role was not fully deepened for a long time. The lack of 
evidence of their translation into proteins made scientists 
believe, for a long time, that such RNAs were not functional 
molecules, but mis-splicing artifacts or by-products of pre-
mRNA processing7.  
 
In the last 15 years, advancement of Next Generation 
Sequencing techniques and the invention of specific 
bioinformatics scripts have allowed the recognition of many 
circRNAs, that were previously missed in transcriptomic 
profiling studies of polyadenylated mRNAs12–16. 
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These technological advances have allowed to discover 
important and peculiar features that characterize circRNAs 
and that make them interesting molecules to be studied. 
CircRNAs commonly have tissue- and developmental stage-
specific expression, result conserved between organisms and 
their expression is deregulated in many pathological 
conditions14. 
 
CircRNAs biogenesis  
 
In eukaryotic cells, circular RNAs are produced through a non-
canonical splicing process known as back-splicing, in which a 
downstream splice donor (5′ splice site) is joined to an 
upstream splice acceptor (3′ splice site), forming a head-to-
tail junction and leading to the circularization of one or more 
exons. In some cases, introns may also be retained within the 
circular molecule17. The exons that compose circRNAs 
appear in reverse order compared to the reference 
transcriptome, and this reorganization of genomic information 
provides an additional mechanism for diversifying gene 
expression in eukaryotes. The back-splicing junction is the 
unique region that distinguishes circularized exons in 
circRNAs from their linear counterparts in mRNA transcribed 
from the same genomic region12,14. 
 
The production of circRNAs is a strongly regulated process 
typically involving the same spliceosome machinery engaged 
in canonical splicing, but recruited in a different order18. The 
fact that canonical splicing and back-splicing can be differently 
affected could depend on differences in exon definition 
mechanisms and on the requirement of a different set of 
splicing regulators19,20. Ashwal-Fluss et al.21 show that when 
the linear splicing is enhanced, the back-splicing is 
disadvantaged and vice versa, suggesting a competition 
between the two mechanisms. Back-splicing is generally a 
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less common and efficient event compared to canonical 
splicing22, hence circRNAs are commonly expressed at lower 
levels than linear counterparts23. However, in certain tissues 
and in some conditions, such as pathological ones, circRNAs 
production may increase and their levels could overcome the 
ones of the linear RNAs, also thanks to their higher 
stability24,25. Due to the lack of free ends, in fact, circRNAs, 
unlike linear transcripts, cannot be degraded by 
exonucleases.  
 
Two models have been proposed to explain how back-splicing 
is coupled with splicing at the same locus: the “direct back-
splicing” and the “lariat intermediate” models. 
In the “lariat intermediate” model, canonical splicing happens 
first, producing a linear mRNA with skipped exons and a long 
intron lariat containing the skipped exons, which is 
subsequently processed to generate a mature circRNA. 
In the “direct back-splicing” model, instead, back-splicing 
happens first and generates a circRNA together with a linear 
lariat containing both exons and introns, which can be further 
spliced to produce a linear mRNA with one or more skipped 
exon(s) or be degraded26. (Figure 2) 
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Fig. 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2                                                                                     
“Lariate intermediate” (A) and “Direct” (B) models for circularRNAs 
biogenesis (Chen and Yang, 2015) 
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Many factors can modulate circRNA production and this 
regulation can happen both in cis and in trans. (Figure 3)  
Cis factors that strongly promote the back-splicing reaction 
are the existence of very long exons and the presence of 
inverted repeated sequences in the introns flanking the exons 
that circularize. The pairing between repeated sequences, 
such ALU elements, for sequence complementary, in fact, 
brings the two splice sites into close proximity and the 
resulting secondary structure facilitates back-splicing13,27,28.  
In some cases, even very short intronic inverted repeats (30 
or 40 nucleotide-long) are sufficient to promote back-
splicing29. 
Among the back-splicing regulators in trans, RNA-binding 
proteins play a crucial role in promoting or preventing the 
circularizazion. Several RBPs, including QKI30, 
NF90/NF11031, MBL/ MBNL132, FUS33 and hnRNPs34 bind 
intronic sequences flanking the circularising exons and, by 
dimerization, bring the splice sites closer, promoting circRNA 
production. 
The double-strand RNA binding protein ADAR1, an 
adenosine-deaminase involved in RNA editing, also plays a 
crucial role in time-dependent and tissue-dependent 
regulation of circRNAs production. The ADAR1-mediated 
adenosine-to-inosine modification, in fact, can prevent base 
pairing and, consequently, circRNA biogenesis15. 
More recently, other RNA modifications have been discovered 
to regulate circRNAs biogenesis. In particular, for a specific 
subset of circRNAs, N6-methyladenosine (m6A) modification 
at specific sites on primary transcripts can direct the splicing 
machinery towards the back-splicing reaction35,36. 
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Fig. 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 
CircularRNA biogenesis, regulated by cis- and trans-acting factors 
(Adapted from Kristensen et al., 2019) 
 
 
CircRNAs molecular functions 
 
The tissue- and developmental-stage specific regulation of 
circRNAs, together with their conservation among different 
species, are characteristics associated to molecules with a 
functional relevance in the cell37,38. In the last years it has 
been discovered that circRNAs can localize both in the 
nucleus and in the cytoplasm, where they can regulate gene 
expression at different levels. (Figure 4) 
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In the nucleus, the interaction of circRNAs with DNA, pre-
mRNAs or protein factors can influence the regulation of 
crucial processes such as transcription and splicing both 
in cis and in trans. Some circular RNAs can form R-loops with 
their producing locus to impact transcription, as in the case of 
Ci-ankrd52 which forms an R-loop with the second intron of 
the ANKRD52 locus, blocking its transcription39. On the other 
hand, some nuclear circRNAs can regulate transcription by 
interacting with RNA Pol II40 or transcriptional factors as in the 
case of circPOK and circIPO11, which respectively recruit 
IL2/3 on Il6 promoter41 and TOP1 on GLI1 promoter42. 
In the nucleus, circRNAs can also promote exon skipping of 
circle-forming exons at the parental gene locus. As an 
example, in Arabidopsis thaliana, the circRNA circSEP3, 
which originates from the back-splicing of SEP3 exon 6, can 
form an R-loop with its parental DNA locus, inducing the 
skipping of exon 6 in SEP3 mRNA43. 
 
Both nuclear and cytoplasmatic circRNAs can act as 
scaffolds or decoys of proteins. Two known examples are 
circANRIL, which sequesters PES1 protein and affects rRNA 
processing44 and circFOXO3 which can bind both p21 and 
CDK2 proteins favouring the inhibition of CDK2 by p21 and 
impacting cell cycle progression45. CircRNAs can also interact 
with acid nucleic-binding protein with a role in immune 
surveillance and, hence, influence the innate immune 
response of cells. Cia-cGAS binds to the DNA sensor cGAS 
through an interaction stronger than the ones with self-DNA, 
thus preventing cGAS activation in presence of self-DNA46. 
CircRNAs with intermolecular RNA-RNA interactions can bind 
to RNA sensors such as PKR and NF90/NF110, keeping them 
in an inactive status, and reduced expression of those circular 
transcripts is generally associated to autoimmune diseases47. 
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For many cytoplasmatic circRNAs a competing endogenous 
role has been proposed. The competing endogenous RNAs 
(ceRNAs) are transcripts which can indirectly regulate post-
transcriptional gene expression by binding microRNAs and 
preventing their interaction with mRNAs48. Examples of 
circRNAs with a competing endogenous role are circSRY that 
contains different miR-7 binding sites in mouse testis49, 
circHIPK2 that contains one miR124-2HG binding site and 
modulates astrocyte activation 50 and circBIRC6 that contains 
miR-34a and miR-145 binding sites to modulate human cell 
pluripotency and differentiation51. 
Not all miRNA-binding circRNAs act as miRNA sponges, as in 
the case of CDR1as, the first functional circRNA ever 
described49. CDR1as was initially considered to act as a 
ceRNA for miR-7, preventing it from targeting mRNAs 14, but,  
in a more recent work52, it has been discovered that CDR1as 
may, instead, stabilize miR-7 and translocate it towards 
neuronal synapses, where the miRNA is released from the 
circRNA and can target mRNAs related to synaptic 
transmission.  
 
Though circRNAs are commonly classified as non-coding 
RNAs, it has been discovered that some circular transcripts 
containing an Open Reading Frame (ORF) and an Internal 
Ribosomal Entry Site (IRES) can be recognized by the 
polysome machinery and be translated in a cap-independent 
way53,54. The typical circRNA-specific ORF passes through 
the back-splicing junction, finally encountering a downstream 
stop-codon. Typically, the circRNA-encoded protein coincides 
to a truncated version of the corresponding full-length protein 
encoded by the linear mRNA, with the addition of a new 
aminoacidic sequence due to the codons downstream the 
back-splicing junction. 
The first two circular RNAs observed to be translated into 
peptides are circZNF609, which controls cell proliferation in 
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human primary myoblasts53 and circMBL, the most abundant 
circRNA in Drosophila, highly conserved through evolution 54. 
Different studies have demonstrated that circular RNA 
translation can be enhanced by the m6A RNA modification 
36,55. 
For some circRNAs-encoded peptides, an antagonistic role in 
respect to the full full-length protein has been discovered. 
CircFGFR1 encodes for a peptide that corresponds to a 
truncated form of FGFR1 and interacts with FGFR1 through a 
dominant-negative effect resulting in suppressed cell 
proliferation56. CircARHGAP35 encodes for a peptide that, 
contrary to the corresponding full-length protein which acts as 
a tumour suppressor in HCC, promotes cancer progression57. 
 
More recently, it has been showed that cytoplasmatic 
circRNAs can regulate gene expression at post-transcriptional 
level by directly interacting with messenger RNAs. A work 
carried out in our laboratory suggested this mechanism for the 
first time, showing that circZNF609 can impact cancer cells 
cycle progression by directly interacting with the CKAP5 
mRNA, promoting the binding of the RBP HuR on the 
transcript and, hence, enhancing the production of CKAP5 
protein, essential for cell mitotic division58. Another example 
is the circRNA circHOMER1 which reduces synaptic 
translation of the Homer1b mRNA by binding its 3’ 
untranslated region (UTR)59. 
A direct interaction with a ubiquitously expressed mRNA could 
represent a more general mechanism though which a circRNA 
regulates gene expression, since it does not depend on 
specific microRNA signatures that vary among different 
contexts, and it is less affected by stoichiometry issues 
respect to a competing endogenous role.  
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Fig. 4 

 
Fig. 4 
CircularRNA molecular functions in the cell.  
(Adapted from Zhang et al., 2020)60 
 
 
 
CircRNAs in cancer 
 
The main characteristic of circRNAs that has attracted the 
interest of many researchers in the last years is their common 
de-regulation in many pathological conditions, such as 
Alzheimer, diabetes, and cancer61–63. To date, thousands of 
circRNAs have been discovered to be differentially expressed 
among normal and cancer tissues, and to be involved in 
cancer onset and progression.  
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Overall, differentiated cells that have left the cell cycle tend to 
accumulate more circRNAs, than cells that continuously 
divide and dilute these molecules64. For this reason, some 
circular RNAs appear downregulated in cancer cells, 
compared to normal cells, as in the case of 
hsa_circ_0014717, deregulated in colon cancer cells, which 
can suppress tumorigenesis65. However, there are also 
several examples of circular RNAs that promote tumour 
progression and that result up-regulated in tumoral contexts, 
such as circ-PRKCI, which originates from genomic 
aberrations in many tumors, and stimulate proliferation and 
tumorigenesis66. 
 
CircRNAs with a role in cancer progression could represent 
optimal biomarkers for cancer diagnosis and therapeutic 
responses67 . Thanks to their structure, in fact, circRNAs result 
highly stable, they commonly are expressed in a cell-type 
specific manner, they can be detected in all bodily fluids and 
generally result more expressed in the exosomes derived 
from cancer cells versus those from non-cancer cells 68,69. 
 
Studying the specific role and mechanism trough which 
circRNAs can influence cancer expression could also allow to 
develop new anti-tumoral therapeutic strategies. 
 
Most circRNAs influence cancer progression by regulating the 
expression of genes with a key role in tumour promotion or 
suppression. For example, circCTIC1, circRHOT1 and 
circACTN4 can promote MYC transcription through different 
mechanisms70–72, circFOXO3 can promote MDM2-induced 
p53 degradation45 and circSMARCA5, by sponging the 
splicing factor SRSF1, can induce the conversion of pro-
angiogenic to anti-angiogenic VEGFA splicing isoforms to 
inhibit angiogenesis73. 
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In other less common cases, circRNAs can also directly be 
involved in cells transformation and tumour onset. For 
example, in the context of haematological malignancies, 
circRNAs can drive oncogenic mutations and chromosome 
rearrangements. In particular, circRNAs which originate from 
MLL gene or their recombinase partner genes have been 
shown to form R-loops with their cognate genomic DNA locus, 
boosting genomic instability and driving oncogenic mutations 
and chromosomal rearrangements74. CircRNAs may also 
originate from transcription of fusion genes generated by 
tumor-specific chromosomal translocation, such as MLL/AF9 
in acute myeloid leukemia and PML/RARα in promyelocytic 
leukemia. These molecules, called fusion-circRNAs (f-
circRNAs), commonly drive cancer onset61. 
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BRCA1 and DNA-damage repair  
 
Introduction to DNA damage: causes, types and main 
repair pathways  
 
The human genome is continuously subjected to genotoxic 
stress. DNA damage can accumulate during physiological 
and essential cellular processes such as DNA replication, can 
be caused by endogenous sources such as the formation of 
free radicals, or can be induced by exogenous agents such as 
ultraviolet light and ionising radiations75. 
The most common DNA lesions in the human genome consist 
in the generation of apurinic/apyrimidinic sites (AP), base 
substitutions, single-strand breaks (SSBs) and double strand 
breaks (DSBs)76. 
 
To maintain genome stability, cells have evolved a complex 
machinery able to sense DNA damage, activate the cell cycle 
checkpoint and execute DNA repair.  
The activation of the DNA damage response is a mechanism 
that prevents tumorigenesis. Inactivating mutations of genes 
involved in DNA-repair pathway correlates with genomic 
instability and tumour progression and can cause cancer- 
predisposing clinical syndromes77,78. 
 
Double Strand Breaks (DSBs) are considered the most 
alarming form of DNA damage, since the integrity of both 
strands of the genome is compromised simultaneously. 
In mammalian cells, DSBs can be repaired by the error-prone 
Non-Homologous End-Joining (NHEJ) machinery 
or by the mostly error-free Homologous Recombination (HR) 
pathway. 
During the G1 phase of cell cycle, before DNA replication, 
cells can only repair DSBs through NHEJ, which modifies the 
broken DNA ends and ligates them together generating 
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deletions or insertions79. On the other hand, HR repairs DSBs 
during the S and G2 phases of the cell cycle, after DNA 
replication, and utilizes the intact sister chromatid as a 
template for repair, leading to the reconstitution of the original 
sequence80. The Homologous Recombination response to 
DBSs involves sensors that detect broken ends, effectors that 
execute repair and mediators that allow the interactions 
between sensors and effectors81. 
 
BRCA1 role in Homologous Recombination repair  
 
Among the key mediators of HR response to DNA damage, 
there is BRCA1 (BReast Cancer type 1 suscettibility protein), 
a protein of 1,863 amino acids encoded by a gene located in 
chromosome 17q2182. BRCA1 protein contains the zinc-
binding finger domain RING at the N-terminal, two tandem 
BRCT domains at the C-terminal, a coiled coil domain and two 
Nuclear Localization Sequences (NLS) in the central 
portion83. After its recruitment to the DNA-damage site, 
BRCA1 regulates DSBs resection and repair through the 
interaction with different protein partners through its functional 
domains. (Figure 5) 
 
Fig. 5 

 
 
 
 
 
 
 
 
 

Fig. 5 
BRCA1 functional domains and interactors (Roy et al., 2012) 
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The phosphorylation by the PIKK kinases ATM, ATR, and 
DNA-PK of the histone H2A variant, H2AX, in proximity to the 
DSB site, is the event that activates both HR and the NHEJ 
repair pathways84–86. 
During S and G2 phases, after DSBs, ATM-phosphorylated 
MDC1 recruits on the site of damage RNF8, that catalyses a 
specific ubiquitination of histones H2A and H2AX87,88. This 
modification is then recognized by the protein RAP80 which 
forms a macro-complex with ABRAXAS and BRCA1. BRCA1 
directly interacts with ABRAXAS through the BRCT domain 
and indirectly with RAP8089–91. Once recruited to the DSB site, 
BRCA1 binds, with its BRCT domain, the CDK- 
phosphorylated CtIP protein92 which, in turn, interacts with the 
MRE11-RAD50-NBS1 complex (MRN), responsible of 
catalysing DSB resection93–95. BRCA1 protein is then 
phosphorylated at Ser988 by CHK296 and this modification 
promotes the indirect interaction of BRCA1 to BRCA2 through 
the binding of BRCA1 coiled coil domain with PALB297,98. 
BRCA2 is so recruited to the DNA-damage site, where it 
recruits the final effector of the HR repair pathway: RAD5199. 
The DNA strand-exchange protein RAD51 binds to the ssDNA 
to form a nucleoprotein filament, which promotes strand 
invasion into the unbroken homologous DNA duplex of the 
sister chromatid, to initiate repair synthesis100. (Figure 6) 
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Fig. 6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 
Molecular mechanisms of Homologous Recombination (HR) Repair 
of Double Strand Breaks (DSBs) involving BRCA1. (Roy et al., 
2012) 
 
Simultaneously to its active role in repairing DNA-damage, 
BRCA1 is also involved in regulating cell cycle checkpoints 
during the process of HR101.  
The BRCA1-BARD1 heterodimer, formed through RING 
domains interaction, has E3 ligase activity and catalyzes the 
formation of noncanonical lysine6-linked ubiquitin chains (K6-
polyUb), which seem to serve as a signal for assembly and 
protein stabilization (also of BRCA1 itself) rather than 
degradation102–104. The BRCA1–BARD1 complex is involved 
in the activation of G1/S checkpoint after DNA-damage by 
promoting the phosphorylation of p53 on Ser15, essential for 
p21 induction105.  
The interaction of BRCT BRCA1 domain to BRIP1 allows the 
formation of the BRCA1–BRIP1–TOPBP1 macrocomplex, 
able to unwind secondary DNA structures and necessary for 
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the S-phase checkpoint in response to stalled or collapsed 
replication forks106,107. 
Eventually, also the BRCA1–ABRAXAS–RAP80 macro-
complex appears to be involved in the G2/M checkpoint in 
response to ionizing radiation-induced DNA damage89. 
 
The role of BRCA1 in NHEJ is controversial, since BRCA1 has 
been observed to facilitate108,109, suppress110,111 or have no 
effect on NHEJ112. These discordant observations may be 
attributed to the different assays used to measure NHEJ, to 
the possibility that BRCA1 could have different roles in the 
various subtypes of NHEJ and to the possibility that BRCA1 
could act differently in different cellular contexts113. 
 
BRCA1 mutations in cancer progression and treatment 
 
Considering it essential role in DNA-damage repair through 
HR, inactivating mutations of BRCA1 are associated to cancer 
onset114. 
One mutated copy, transmitted by one parent, of BRCA1 gene 
in the germ line causes Hereditary Breast and Ovarian Cancer 
(HBOC) syndrome, which is inherited in an autosomal 
dominant manner. This syndrome is associated with early 
breast and ovarian cancer onset but also with an increased 
risk of develop other forms of cancer such as pancreatic, 
stomach, laryngeal, fallopian tube and prostate cancer. HBOC 
syndrome accounts for 5–7% of all cases of breast cancer and 
individuals with HBOC syndrome have a 50–80% and 30-50% 
risk of developing breast and ovarian cancer respectively115–

117 . 
The majority of BRCA1 gene mutations are frameshift 
insertions/deletions, non-sense mutations, or alteration of 
splice sites, resulting in the production of a truncated non-
functional form, generally destined for degradation118,119. The 
condition of BRCA1 haploinsufficiency, caused by the 
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presence of a non-functional BRCA1 gene, promotes genome 
instability and can favour the mutation of the second BRCA1 
allele, condition necessary, in most of the cases, for the onset 
of the tumour120.  
 
Loss-of function mutations in HR pathway components can be 
exploited to induce non repairable DNA damage, leading to 
cancer cell death. In particular, BRCA1 inactivating mutations 
confer sensitivity to certain DNA-damaging agents, such as 
platinum compounds, hence these chemotherapeutics result 
more efficient against BRCA1-mutated tumours121.  
Moreover, the presence of mutations in BRCA1 or other 
genes involved in DSBs repair through HR opens the 
intriguing possibility to induce cancer cells death through 
synthetic lethality. Synthetic lethality occurs when the 
misfunction of two different genes alone is not able to induce 
cell death but results lethal only if combined together122.  
PARP1 and PARP2 are enzymes with a crucial role in DNA-
repair of single-strand DNA breaks (SSBs)123. In case of 
PARP1/PARP2 misfunction, SSBs are not properly repaired 
and this could lead to the collapse of the replication fork and 
to probable formation of DSBs121. In case of the presence of 
a functional and intact HR DNA-repair pathway, the DSBs can 
be properly repaired, hence PARPs misfunction could have 
lethal consequences only in cells with at least one of the HR 
key factors altered121,124.  
PARP inhibitors (PARPi) are small molecules able to inhibit 
the activity of PARP1, PARP2 or both125. It has been shown 
that PARPi activity increases a lot in BRCA1-mutated cancer 
cells through a synthetic lethality mechanism121. 
So far, the clinically approved PARP inhibitors (olaparib, 
niraparib, rucaparib, talazoparib) are only utilized for the 
treatment of BRCA1/BRCA2 mutated cancers in which the HR 
repair pathway result altered126.  
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Rhabdomyosarcoma 
 
General characteristics of Rhabdomyosarcoma 
 
Rhabdomyosarcoma (RMS) is a paediatric malignant tumour 
of muscular origin which derive from mesenchymal cells 
committed to a myogenic lineage which fail to properly 
differentiate127. It represents about 5% of all paediatric 
tumours and is the most common soft tissue sarcoma in 
children and adolescents, while it’s very rare in adults128,129. 
The majority of RMS cases occurs sporadically; however, this 
tumour can also be associated with familial diseases such as 
neurofibromatosis and Li-Fraumeni syndrome130,131. 
 
Rhabdomyosarcoma subtypes  
 
The World Health Organization (WHO) classifies RMS into 
four subtypes on the bases of histological characteristics 
(Figure 7): the alveolar rhabdomyosarcoma (ARMS), the 
embryonal rhabdomyosarcoma (ERMS), the pleomorphic 
rhabdomyosarcoma (PRMS), and the sclerosing/spindle cell 
rhabdomyosarcoma (SRMS). ERMS and ARMS are the most 
common subtypes and occur mainly in children and 
adolescents, while PRMS and SRMS are rarer and generally 
occur in adults. Every subtype is characterized by different 
molecular mechanisms, different clinical prognoses and pose 
distinct therapeutic challenges127. 
 
ARMS accounts the 20% of RMS cases. It is the most 
aggressive subtype, it often shows metastasis at diagnosis 
and is characterized by unfavourable prognosis132. It mainly 
concerns tissues of extremities, chest, abdomen and genital 
area in adolescents and young adults. Its cells resemble 
muscle cells of a 10-week-old foetus133.80% of ARMS cases 
associate with aberrant chromosomal translocations which 
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fuse the 5’ exons of a Paired Box gene (Pax3 on chromosome 
2 or Pax7 on chromosome 1), encoding for a DNA-binding-
domain, to the 3′ exons of the Forkhead Box O1 gene (Foxo1) 
on chromosome 13, encoding for a transactivation domain134. 
PAX3 and PAX7 participate in skeletal muscle 
development135, while FOXO1 is a transcription factor 
involved in the regulation of insulin signalling136. The 
translocations lead to the formation of chimeric PAX3– 
FOXO1 or PAX7–FOXO1 proteins, which act as 
oncoproteins129,137. 20% of ARMS cases, classified as fusion-
negative ARMS, does not present those translocations and 
results less aggressive than fusion-positive ARMS133. 
 
ERMS is the most common subtype, accounting for almost 
60% of RMS cases, and the most precocious one. It mainly 
affects children within their first 10 years of life and often has 
a better prognosis than ARMS. It generally arises in sites such 
as eye, head, neck, urinary tract, uterus and testes. ERMS 
cells are small, round or elongated, very similar to those of a 
6/8-week-old fetal muscle133 (American Cancer Society). 
ERMS is genetically more heterogeneous than ARMS, it is not 
characterized by chromosomal translocations and is often 
associated with mutation which activate tumour-promoting 
pathways, especially the RAS one133,138. 
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Fig. 7 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 
Rhabdomyosarcoma subtypes and their histological classification 
(Kashi et al., 2015) 
 
 
Rhabdomyosarcoma survival rate and treatments 
 
RMS patients can be categorized into specific risk groups 
based on factors such as tumours location and size, the 
presence of metastasis in lymph nodes and other areas, 
tumour subtype, and the presence of the PAX-FOXO 
translocations in ARMS cases. The 5-year survival rate for 
RMS is strongly related to the individual patient’s risk group. 
In the low-risk group, overall survival rate is approximately 
70% to 90%, for the intermediate-risk group, the survival rate 
range is 50%-70%, while for the high-risk group, the overall 
survival decreases 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 and is often 
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associated to radiotherapy, especially in case of lymph nodes 
involvement. The standard recommended 
chemotherapeutical treatment for RMS patients includes 
three drugs: Vincristine, Actinomycin D and 
Cyclophosphamide (VAC)139. Though the chemotherapeutic 
strategy for RMS treatment has remained unchanged over the 
last few decades, current research is still evaluating the 
efficacy of other drugs for the treatment of this paediatric 
sarcoma and other chemotherapeutic agents such as 
doxorubicin and etoposide have been tested for RMS 
treatment140. 
 
Advancements in diagnostic and therapeutic strategies have 
increased the 5-year overall survival, however the RMS 
survival rate is still low, especially for patients with high-risk 
rhabdomyosarcoma. Moreover, the strong treatments-related 
toxicities can have important side-effects in children and 
severely decrease their quality of life141,142. 
 
A strategy to increment the survival of RMS patients and 
reduce side-effects could be represented by targeted 
approaches, intended to specifically attack molecular 
pathways altered in the tumoral context. However, the main 
limitation of targeted therapies is the high frequency of 
intrinsic and acquired resistance mechanisms which result 
very common in rhabdomyosarcoma. Currently, the 
combination of target therapies and chemotherapy seems to 
represent the best compromise to avoid tumour resistance 
and increase patients’ survival rates143. 
 
In order to improve the efficiency of targeted therapies there 
is the need to expand the knowledge about the molecular 
pathways involved in the progression of this cancer, that in 
many cases have not been fully characterized yet133.  
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RESULTS 
 
CircHIPK3 is upregulated in rhabdomyosarcoma cells 
and interacts with several mRNAs in vivo 
 
CircHIPK3 is a covalently closed RNA molecule, composed 
by 1099-nucleotides, originated from the back-splicing of the 
second exon of the HIPK3 locus (Figure 8A). According to 
literature144–146, circHIPK3 results de-regulated in different 
tumoral contexts, thus we decided to prioritize its selection for 
functional studied of its role in cancer progression. 
 
As results from RNA-sequencing147 and qRT-PCR (Figure 
8B), circHIPK3 is up-regulated in both embryonal (RD) and 
alveolar (RH4) Rhabdomyosarcoma cell lines compared to 
myoblasts, which represent the healthy condition. 
Interestingly, in RD cells we observed a specific increase of 
circHIPK3 and not of the linear HIPK3 mRNA in respect to the 
healthy control, suggesting a possible specific regulatory role 
of the circRNA in this context. Analysis of the expression 
levels by qRT-PCR of circHIPK3 in tumour biopsies and 
healthy donor samples also indicated increased levels of 
circHIPK3 in both embryonal and alveolar tumours compared 
to healthy muscle tissue (Figure 8C) 
 
Fig. 8 
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Fig. 8  
(A) Schematic representation of circHIPK3 formation through 
HIPK3 exon-2 back-splicing. Green and blue arrows represent the 
oligonucleotides used to amplify circHIPK3 and HIPK3, 
respectively. (B) RNA levels (rel.to GAPDH) measured by qRT-
PCR of circHIPK3 and HIPK3 mRNA in wild-type human primary 
myoblasts, RH4 cell line (ARMS) (circHIPK3 p=0,033) and RD cell 
line (ERMS) (circHIPK3 p=0,0014). n>3. Data are represented as 
mean ±SD. (C) RNA levels (rel.to GAPDH) measured by qRT-PCR 
of circHIPK3 in healthy skeletal muscle (WT, n=3), alveolar RMS 
(ARMS, n=3) and embryonal RMS (ERMS, n=5) samples from 
paediatric age-matched patients. 
 
 
In Rhabdomyosarcoma cells, circHIPK3 has cytoplasmatic 
localization (Figure 9A). Its resistance to RNAse R (Figure 
9B), and the presence of the back-splicing junction in its 
amplicon (Figure 9C) strongly suggest that circHIPK3 is 
indeed a circular RNA in this system. 
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Fig. 9 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Fig. 9  
(A) qRT-PCR data representing the subcellular localisation of 
circHIPK3 in RD cells; GAPDH mRNA and pre-GAPDH were used 
as positive controls for cytoplasmic and nuclear RNAs, respectively. 
n=2. (B) qRT-PCR experiment showing circHIPK3 and HIPK3 
mRNA levels in RD cells in control conditions (RNase R (-)) and 
upon RNase R treatment (RNase R (+)). n=3. Data are represented 
as mean of Fold Changes ± standard deviation. (C) Sanger 
sequencing which confirms the presence of the back-splicing 
junction in the sequence amplified with the oligonucleotides for 
circHIPK3 designed in this work. 
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To look for possible direct mRNA interactors of circHIPK3, we 
performed a pull-down of the endogenous circRNA in RH4 
cells after RNA-RNA crosslinking through 4’aminomethyl 4,5’-
8 trimethylpsoralen (AMT). AMT intercalates into RNA 
duplexes and upon 365 nm UV irradiation generates inter-
strand adducts between juxtaposed pyrimidine bases, 
crosslinking RNAs which are in very close proximity148. The 
pull-down was performed by utilizing streptavidin beads and 
two sets of 20-nt-long biotinylated probes, randomly named 
ODD and EVEN, both targeting HIPK3 exon2, including one 
specific for the Back-Splicing Junction (BSJ). (Figure 10A). A 
set of probes, targeting E. coli LacZ sequence, was used as a 
negative control. 
 
Two replicates of AMT-crosslinked circHIPK3 pulldown, in 
which qRT-PCR indicated a much higher enrichment of the 
circRNA in respect to the linear counterpart and to a non-
specific mRNA (GAPDH) (Figure 10B), were subjected to 
high-throughput RNA sequencing for target identification. 
Reads were aligned to reference genome, and genes were 
considered enriched when both ODD and EVEN coverages 
were at least 4-fold greater than input and LacZ coverages. 
The specific enrichment of the circular isoform was confirmed 
by the observation of almost all HIPK3 reads aligned to the 
exon2, the only one present in circHIPK3 (Figure 10C). The 
RNA-sequencing detected several mRNAs enriched in AMT-
crosslinked circHIPK3 pulldown. Native RNA pulldown and 
qRT-PCR allowed to validate 10-15 mRNAs as circHIPK3 
interactors in both RH4 and RD cells. (Figures 11A-B). 
Considering the specific upregulation of circHIPK3, and not of 
HIPK3 mRNA, in RD cells, which suggests a cancer-related 
regulatory role of the circRNA, we decided to continue our 
investigation in these cells.  
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Fig. 10 
 

 
 

 

 
 
 
 

Fig.10 
(A) Cartoon representing circHIPK3 pulldown approach with AMT 
(4’aminomethyl 4,5’-8 trimethylpsoralen). ODD and EVEN 
biotinylated probes are represented in violet and yellow, 
respectively, while streptavidin beads are represented in pink. (B) 
qRT-PCR showing the enrichment of circHIPK3, HIPK3 mRNA, and 
GAPDH mRNA in one replicate of AMT-crosslinked circHIPK3 
pulldown and control LacZ pulldown performed in RH4 cells. Data 
are shown as mean of enrichment versus input ±SE of technical 
triplicates. (C) Normalized Integrative Genomics Viewer (IGV) RNA-
sequencing reads densities in HIPK3 locus for WCE, ODD, EVEN, 
and LacZ pulldown. 
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Fig. 11  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.11 
(A-B) qRT-PCR showing the enrichment of circHIPK3, GAPDH 
mRNA (negative control) and some circHIPK3 candidate interactors 
in circHIPK3 native pulldown and control LacZ pulldown performed 
in RH4 and RD cells. n=3. Data are shown as mean of enrichment 
versus input ±SD. 
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CircHIPK3 regulates BRCA1 expression through a direct 
circRNA-mRNA interaction 
 
To investigate whether circHIPK3 could be involved in the 
post-transcriptional regulation of its mRNA interactors, we 
transfected RD cells with a siRNA against circHIPK3 BSJ to 
specifically knock-down the circular RNA (si-circHIPK3). To 
exclude the involvement of HIPK3 mRNA we also transfected 
cells with a siRNA which only targets the linear isoform (si-
linHIPK3) (Figure 12A). Among the mRNA interactors which 
resulted specifically downregulated after circHIPK3 depletion, 
we found BRCA1 mRNA (Figure 12B) and we decided to 
focus on the possible regulation of this interactor due to its 
crucial role in cancer onset and progression. We then tested 
BRCA1 protein levels in circHIPK3 knockdown condition and 
in this case, we observed an even stronger reduction induced 
by the circRNA depletion (Figure 12C). 
To avoid possible off-targets of the RNA interference 
approach, we transfected cells with another siRNA which 
targets another region of circHIPK3 BSJ (si-circHIPK3-II). The 
second siRNA induces the same reduction of BRCA1 both at 
RNA and protein levels, excluding possible off-targets effect 
(Figure 12D).  
 
Fig. 12 
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Fig. 12 
(A) Schematic representation of siRNAs targeting circHIPK3 (si-
circHIPK3) and HIPK3 mRNA (si-linHIPK3). (B) RNA levels (rel.to 
GAPDH) measured by qRT-PCR of circHIPK3 and HIPK3 in RD 
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cells in si-scr, si-circHIPK3 (circHIPK3 p<0,0001) and si-linHIPK3 
(HIPK3 p=<0,0001) conditions. n>3. (C) RNA levels (relative to 
GAPDH mRNA) measured by qRT-PCR of some of circHIPK3 
candidate interactors in RD cells in si-scr, circHIPK3 and si-
linHIPK3 conditions. n=3. (D) Left, RNA levels (rel.to GAPDH) 
measured by qRT-PCR of BRCA1 mRNA in RD cells in si-scr, si-
circHIPK3 (p<0,0001). n>3. Right, protein quantification (rel. to 
actinin) and representative western blot of BRCA1 in RD cells in si-
scr, si-circHIPK3 (p=0,0005) and si-linHIPK3 conditions. n>3. 
Data are represented as mean of fold changes or of protein levels 
± SD.  
 
Upon circHIPK3 knockdown we did not observe changes in 
the levels of the nascent BRCA1 pre-mRNA (Figure 13A), 
while transcription blockage with alpha-amanitin reduced 
BRCA1 mRNA stability (Figure 13B), indicating that circHIPK3 
regulates BRCA1 expression at a post-transcriptional level. 
 
Fig. 13 
 
 

 
 
Fig. 13  
(A) RNA levels (relative to pre-ATP5O) measured by qRT-PCR of 
pre-BRCA1 mRNA si-scr and si-circHIPK3 conditions. n=3. Data 
are represented as mean of fold changes ± standard deviation.  
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(D) qRT-PCRs showing BRCA1 and GAPDH (negative control) 
RNA levels upon α-Amanitin treatment in RD cells in si-scr (black) 
or si-circHIPK3 (red) conditions. n = 3. Referred to BRCA1 mRNA 
stability, p = 0,0457 (5 h). n>3. Graphs represented fold changes 
calculated as 2-DCt, normalized to the reference sample (0h) which 
was set as 1.  
 
 
Since the probes used for circHIPK3 pulldown also target the 
exon 2 of HIPK3 mRNA, we performed a series of 
experiments in order to definitively exclude the possible 
regulatory interaction between HIPK3 and BRCA1 mRNA. 
First of all, we performed a native pulldown of circHIPK3 in 
control condition (si-scr) and after circHIPK3 knock-down (si-
circHIPK3). The abrogation of BRCA1 mRNA enrichment in 
absence of circHIPK3 indicated that the presence of BRCA1 
in circHIPK3 pulldown indeed depends on the presence of the 
circRNA (Figure 14A). Along this line, we also performed a 
specific pull-down of the linear HIPK3 mRNA, and we did not 
detect any BRCA1 enrichment (Figure 14B). These data 
confirm that only circHIPK3 and not its linear counterpart, 
HIPK3 mRNA, interacts with the BRCA1 mRNA. 
 
Fig. 14 
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Fig. 14  
(A) qRT-PCR showing the enrichment of circHIPK3, HIPK3, GAPDH 
(negative control) and BRCA1 in circHIPK3 native pull-down and 
control LacZ pull-down performed in RD cells in si-scr or si-circHIPK3 
conditions. n=3. (B) qRT-PCR showing the enrichment of HIPK3, 
BRCA1 and GAPDH (negative control) in HIPK3 mRNA native pull-
down and control LacZ pull-down performed in RD cells. n=3.  
Data are represented as mean of enrichment versus input ±SD.  
 
Since it has been largely reported that circHIPK3 could have 
a competing endogenous role, we then tested whether 
circHIPK3 could regulate BRCA1 levels in RD cells by acting 
as a sponge of miRNAs. 
Transfected luciferase constructs containing circHIPK3 
sequence or the 3’UTR of BRCA1 downstream of the reporter 
did not induce any alteration in the luciferase signal upon 
circHIPK3 depletion, indicating that in our system miRNAs 
seem not to bind circHIPK3 or to regulate BRCA1 expression 
in a circHIPK3-dependent way (Figure 15A).  
To definitely rule out the possible involvement of miRNAs in 
circHIPK3-mediated regulation of BRCA1, we performed a 
native pulldown of circHIPK3 followed by high-throughput 
small RNA sequencing. Using the same stringent enrichment 
analysis previously applied to the AMT-crosslinked pulldown, 
only three micro RNAs resulted enriched: hsa-let7b-5p, hsa-
miR21-5p and hsa-miR877-5p (Figure 15B). However, 
validation of those targets was far from optimal; after 
circHIPK3 native pulldown we were only able to observe a 
small and variable enrichment of let7b-5p and miR21-5p 
(Figure 15C). In any case, we tried to block those microRNAs 
using Locked Nucleic Acid (LNA) technology. Transfection of 
LNA blockers induced an upregulation of known specific 
miRNAs targets (CDC25A, TIMP3 and BCL217–19 for miR21-
5p, CDC34, COIL and CCND120 for Let7b-5p), but not of 
BRCA1 mRNA (Figure 15D). Moreover, circHIPK3 depletion 
did not change the levels of known Let7-5p nor miR21-5p 
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targets (Figure 15E). These data exclude the possibility that 
circHIPK3-mediated BRCA1 regulation depends on a 
competing endogenous role of the circRNA.  
 
Fig.15 
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Fig. 15 
(A) Left, relative luciferase signal (R-luc/F-luc) produced by 
psicheck2 empty vector (p-luc) or psicheck2 + HIPK3 exon 2 (p-
luc + HIPK3 ex2) in si-scr, si-circHIPK3 (p-luc + HIPK3 ex2 p=n.s.) 
and si-linHIPK3 (p-luc + HIPK3 ex2 p=n.s.) RD cells; right, relative 
luciferase signal (R-luc/F-luc) produced by psicheck2 empty vector 
(p-luc) or psicheck2 + BRCA1 3’utr (p-luc + BRCA1 3’utr) in si-scr, 
si-circHIPK3 (p-luc + BRCA1 3’utr p=n.s.) and si-linHIPK3 (p-luc + 
BRCA1 3’utr p=n.s.) RD cells. n=3. Data are represented as mean 
of fold changes ± standard deviation. (B) High-throughput small 
RNA sequencing Counts Per Million of hsa-let-7b-5p, hsa-miR-21-
5p and hsa-miR-877-5p in RD cells from input, circHIPK3 native 
pulldown performed with EVEN and ODD probes and LacZ 
pulldown. (C) qRT-PCR showing the enrichment of hsa-miR-21-
5p, hsa-let-7b-5p and hsa-miR-877-5p in circHIPK3 native pull-
down and control LacZ pull-down performed in RD cells. n=3. 
Data are shown as mean of enrichment versus input ± SD.(D) 
RNA levels (relative to GAPDH mRNA) measured by qRT-PCR of 
circHIPK3, BRCA1, PTEN, CDC25A, TIMP3 and BCL2 mRNAs 
(transcripts demonstrated or predicted to be regulated by hsa-
miR-21-5p) in RD cells after the transfection of a control LNA (scr) 
or of a LNA which binds and blocks hsa-miR-21-5p. n=3. Data are 
represented as mean of fold changes ± SD. (E) RNA levels 
(relative to GAPDH mRNA) measured by qRT-PCR of circHIPK3, 
BRCA1, CD343, COIL and CCND1 mRNAs (transcripts 
demonstrated or predicted to be regulated by hsa-let-7b-5p ) in 
RD cells after the transfection of a control LNA (scr) or of a LNA 
which binds and blocks hsa-let-7b-5p. n=3. Data are represented 
as mean of fold changes ± SD. (F) RNA levels (relative to GAPDH 
mRNA) measured by qRT-PCR of PTEN, CDC25A, TIMP3 and 
BCL2 mRNAs (transcripts demonstrated or predicted to be 
regulated by hsa-miR-21-5p), ANAPC, CCND1 and CD343 
mRNAs (transcripts demonstrated or predicted to be regulated by 
hsa-let-7b-5p ) in RD cells in si-scr and si-circHIPK3 conditions. 
n=2. Data are represented as mean of fold changes ± SD. 
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An RNA-RNA interaction occurs between the back-
splicing junction of circHIPK3 and the last coding exon of 
BRCA1 mRNA 
 
To deepen the molecular interaction occurring between 
circHIPK3 and BRCA1 mRNA, we consulted the IntaRNA 
program149, which calculates the optimal free energy between 
interacting regions of two RNAs. The software indicated an 
interaction between nucleotides 5595 and 5634 of BRCA1 
mRNA, in the last coding exon of the transcript 
(ENST00000357654.9), and nucleotides 1068-13 of 
circHIPK3, across the BSJ, as the putative pairing with the 
highest energy (Figure 16A).  
We decided to validate the predicted interaction, first of all in 
vitro. We performed Electrophoretic Mobility gel Shift Assay 
(EMSA) incubating an in vitro transcribed biotinylated RNA 
covering nucleotides 5581-5880 of BRCA1 (BRCA1 
Ex23+3’UTR) together with an unlabelled in vitro transcribed 
RNA spanning nucleotides 1000-99 of circHIPK3-BSJ 
(circHIPK3 BSJ) or together with an unlabelled in vitro 
transcribed RNA containing a random region (nucleotides 
357-562) of circHIPK3 (circHIPK3 CTL) in increasing 
concentrations. The shift of the biotinylated construct signal 
was observed only in presence of circHIPK3 BSJ construct 
and not of circHIPK3 CTL, indicating that the BSJ region of 
circHIPK3 is able to interact with the BRCA1 Ex23+3’UTR 
construct (Figure 16B). 
We then compared the migration of biotinylated BRCA1 
Ex23+3’UTR RNA or of a mutated version lacking the 
predicted interaction site (BRCA1 Ex23+3’UTR-∆, nucleotides 
5581-5595/5634-5880), in the presence of unlabelled 
circHIPK3-BSJ RNA. The deletion of the predicted interaction 
site on the BRCA1 construct produced an almost complete 
abrogation of the gel shift, confirming the importance of 
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BRCA1 mRNA region 5595-5634 in the interaction with 
circHIPK3 (Figure 16C).      
As a control, we also substituted the interaction region on 
BRCA1 construct with a random sequence (biotinylated 
BRCA1 Ex23+3’UTR-mut) and, also in this case, we observed 
an abrogation of the gel shift that could only be recovered in 
presence of circHIPK3-BSJ RNA mutated with the 
complementary sequence (Figure 16D). Altogether, these 
data confirm the involvement of the BSJ region of circHIPK3 
and of the last coding exon region of BRCA1 mRNA in the 
binding. 
 
Fig.16 
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Fig. 16 
(A) circHIPK3/BRCA1 mRNA interaction with the highest binding 
energy predicted by IntaRNA. (B-C-D) Left, cartoon depicting IVT 
constructs. (B) Right, EMSA of biotinylated IVT BRCA1 exon-23 + 
3’UTR construct alone (lane 3), in increasing concentration of IVT 
circHIPK3-BSJ (lanes 4-6) or in increasing concentration of another 
IVT region of circHIPK3, circHIPK3-CTL (lanes 7-9). (C) Right, 
EMSA of biotinylated IVT BRCA1 exon-23 + 3’UTR construct alone 
(lane 2) or in presence of IVT circHIPK3-BSJ (lane 3) and of 
biotinylated IVT BRCA1 exon-23+3’UTR, with the predicted 
circHIPK3 interaction site deleted, construct alone (lane 4), or in 
presence of IVT circHIPK3-BSJ (lane 5). (D) Right, EMSA of 
biotinylated IVT BRCA1 exon-23+3’UTR construct alone (lane 1), 
in presence of IVT circHIPK3-BSJ (lane 2) or in presence of IVT 
circHIPK3-BSJ with the predicted BRCA1 interaction site mutated 
(lane 3); EMSA of biotinylated IVT BRCA1 exon-23+3’UTR with the 
predicted circHIPK3 interaction site mutated (complementary with 
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the circHIPK3-BSJ-mut construct) alone (lane 4), in presence of IVT 
circHIPK3-BSJ (lane 5) or in presence of IVT circHIPK3-BSJ-mut 
(lane 6). 
 
We then decided to test whether circHIPK3 BSJ region is 
involved in BRCA1 regulation in the cell. We transfected RD 
cells with LNA antisense oligonucleotides, able to prevent 
interactions between RNAs without altering their expression, 
one targeting 30 nucleotides across circHIPK3 BSJ (LNA 
BSJ) and another one targeting another control region on the 
circRNA (LNA ex2 circ) (Figure 17A). In respect to a random 
control LNA (LNA scr), we observed a significant 
downregulation of BRCA1 both at RNA and protein levels only 
in presence of LNA BSJ and not of LNA ex2 circ, indicating 
that circHIPK3 BSJ region regulates BRCA1 levels in vivo 
(Figure 17B). 
 
Fig.17 
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Fig. 17 
(A) Representation of LNAs targeting circHIPK3 on BRCA1 binding site 
(LNA BSJ) or on another random sequence (LNA ex2 circ). (B) Left, 
RNA levels (rel.to GAPDH) measured by qRT-PCR of circHIPK3 and 
BRCA1 mRNA in RD cells transfected with LNA scr, LNA-BSJ 
(circHIPK3 p=0,0001; BRCA1 p=0,0110) or LNA ex2 circ. n>3. Data 
are represented as mean of fold change ±SD. Right, protein 
quantification (rel.to ACTININ) and representative western blot of 
BRCA1 in RD cells transfected with LNA scr, LNA BSJ (p=0,0053), or 
LNA ex2 circ. n=3. Data are represented as mean of relative protein 
levels ±SD.  
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CircHIPK3 prevents FMRP binding to BRCA1 on exon 23 
 
Considering the central role of RNA-binding proteins in 
regulating mRNAs fate in the cytoplasm, we asked whether 
an RBP could be involved in circHIPK3-mediated regulation 
of BRCA1 expression. To find proteins that could bind BRCA1 
mRNA, we consulted catRAPID v2.122150, an algorithm which 
computes RNA-protein interaction propensities.  The program 
predicted FMRP and its paralog FXR2 as BRCA1-binding 
RBPs with the highest interaction ranking (Figure 18A). FMRP 
(Fragile-X Mental Retardation 1 protein) is a protein involved 
in different aspects of RNA metabolism, including splicing, 
stability, editing, transport and translation and in many cases 
a translational inhibitor role has been attributed to this RBP151–

153. By consulting CrossLinked ImmunoPrecipitation 
sequencing (CLIP-seq) data152,154, we found several FMRP 
CLIP-signals on BRCA1 mRNA and, interestingly, different 
CLIP experiments show that FMRP binds a sequence on exon 
23 of BRCA1 overlapping the circHIPK3 interacting site 
(Figure 18B). Considering that, we hypothesized that 
circHIPK3 and FMRP could compete to bind BRCA1 mRNA 
on the exon 23 region. 
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Fig. 18 
(A) Table showing RBPs with the highest interaction energy with 
BRCA1 mRNA according to CatRapid predictions. (B) Integrative 
Genomics Viewer (IGV) reads from FMRP-CLIP (grey) from Ascano 
et al. and Gene Yeo Lab Encode on BRCA1 mRNA exon-23 and 
3’UTR. In orange, circHIPK3 binding site on BRCA1 mRNA. 
 
To test this competition hypothesis, we performed an EMSA 
and observed the migration of biotinylated BRCA1 
Ex23+3’UTR RNA in presence of the circHIPK3 BSJ RNA 
alone, of the recombinant FMRP alone or in presence of both 
the molecules. The incubation of biotinylated BRCA1 
Ex23+3’UTR RNA with circHIPK3 BSJ RNA generated a 
faster migrating band, while the combination with FMRP 
produced a slower migrating band. In presence of both 
circHIPK3 BSJ RNA and FMRP, only the circHIPK3 BSJ-
mediated migration was observed, indicating that the pairing 
with circHIPK3 BSJ is able to inhibit BRCA1 mRNA interaction 
with FMRP in vitro (Figure 19A).      
 
To assess whether the competition between circHIPK3 and 
FMRP for the binding of BRCA1 mRNA could be possible at 
a stoichiometry level, we performed absolute quantification of 
circHIPK3 and BRCA1 mRNA copies per cell. We established 
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a correlation between RNA copy number and qRT-PCR 
efficiency using a known amount of both RNAs transcribed in 
vitro. Quantifications indicated that the RD cells contain 334 
copies of circHIPK3 and 14 copies of BRCA1 mRNA per cell 
(Figure 19B) An extrapolation from RNAseq data indicates 
that the total number of copies per cell of all other circHIPK3 
mRNA interactors, is 407 (Figure 19C). These quantifications 
are compatible with a direct competition model. 
 
Fig.19 
 

 
 
 
 
 
 
 
 
 
 

 
 

 
 
Fig. 19 
(A) EMSA of biotinylated IVT BRCA1 exon-23+3’UTR construct 
alone (lane 1), in the presence of IVT circHIPK3-BSJ (lane 2), in the 
presence of human recombinant FMRP protein (lane 3) or in the 
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presence of both circHIPK3-BSJ and FMRP (lane 4). (B) Copy 
number per cell, detected by qRT-PCR, of BRCA1 mRNA (cyan) 
and circHIPK3 (red) in RD cells. (C) Relative quantification, based 
on RNA-seq, of the number of molecules per cell of circHIPK3 
interactors. 
 
To test if circHIPK3 could indeed prevent the binding of FMRP 
to BRCA1 mRNA, we performed an RNA-immunoprecipitation 
(RIP) of FMRP in RD cells in control conditions (si-scr) or after 
circHIPK3 KD (si-circHIPK3). In control condition we observed 
an enrichment of BRCA1 mRNA after FMRP 
immunoprecipitation, and not of circHIPK3 or of negative 
control GAPDH, indicating that in our system FMRP binds 
BRCA1 but not circHIPK3. Notably, in circHIPK3 KD 
condition, we observed an increase of BRCA1 mRNA 
associated to FMRP but not of the known FMRP interactor 
HUWE1, compared to si-scr, indicating that the circRNA 
specifically regulates BRCA1 association with FMRP (Figure 
20A). 
 
To discern the sites of BRCA1 transcript to which FMRP can 
bind in RD cells, and to understand which binding site is 
specifically affected by the presence of circHIPK3, we 
performed UV-CrossLinked ImmunoPrecipitation (CLIP) of 
FMRP in control condition (si-scr) and after circHIPK3 
depletion (si-circHIPK3). After UV-crosslinking, cells were 
lysed, RNA was fragmented and FMRP was 
immunoprecipitated. We then tested, through qRT-PCR, the 
association of FMRP to different BRCA1 mRNA regions, in 
which CLIP signals were observed in published CLIP 
experiments performed in other models. We confirmed the 
association of FMRP to three sites inside BRCA1 CDS, across 
exons 1-2, 10-11 and 22-23 respectively, but not to the 3’UTR 
region (discrimination of FMRP binding in the 5’UTR was 
impossible due to the resolution of the fragmentation). 
Notably, in circHIPK3-depleted cells, we observed an 
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increase of BRCA1 mRNA associated with FMRP only in the 
region around the circHIPK3 interaction site (Exon 22-23), but 
not in other binding sites along the CDS, indicating that 
circHIPK3 specifically inhibits the binding of FMRP on exon 
23. Even in this case, we did not observe an association of 
circHIPK3 to FMRP (Figure 20B).  
 
Fig. 20 
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Fig. 20 
(A) RNA enrichment measured by qRT-PCR of circHIPK3, BRCA1 
mRNA, GAPDH mRNA and HUWE1 mRNA in FMRP and IgG RIP 
assay performed in RD cells in si-scr or si-circHIPK3 (BRCA1 
p=0,0236) conditions. n=4. (C) RNA enrichment measured by qRT-
PCR of circHIPK3 and four different regions of BRCA1 mRNA 
(Ex.1-2, Ex.10-11, Ex. 22-23, 3’UTR), in FMRP and IgG 
immunoprecipitation assay performed, after RNA fragmentation, in 
si-scr or si-circHIPK3 (p=0,044 for ex.22-23) RD cells, in NO UV 
and UV (CLIP) conditions. n=3. The cartoon shows the 
oligonucleotides used to amplify circHIPK3 and BRCA1 regions. 
For C-D, data are shown as mean of enrichment versus input ±SD.  
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CircHIPK3 and FMRP have opposite role in regulating 
BRCA1 translation 
 
To study the role of FMRP binding on BRCA1 regulation, we 
set up a loss-of function approach. Since after the transfection 
of a single siRNA against FMRP mRNA, we only observed a 
moderate FMRP protein down-regulation (around 50%), we 
tested the combination of si-FMRP together with a siRNA 
against FXR2 (FMRP paralogue). The transfection of the two 
siRNAs together induced a robust downregulation of the 
FMRP protein (around 73%), condition in which we decided to 
analyse BRCA1 expression (Figure 21A).  
In FMRP-downregulated (si-FXR2+si-FMRP) cells, we 
detected a significant increase of BRCA1 both at RNA and 
protein levels (Figure 21B-C), indicating that FMRP represses 
BRCA1 expression at the post-transcriptional level. We also 
reinforced the competition model by observing a rescue of 
BRCA1 RNA and protein levels, downregulated in si-
circHIPK3 condition, with the simultaneous downregulation of 
FMRP (si-circHIPK3+si-FXR2+si-FMRP) (Figure 21D). 
 
 
Fig. 21 
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Fig. 21 
(A) Protein quantification (relative to β-actin) and representative 
western blot of FMRP protein in RD cells in si-scr, si-FXR2 
(p=0,0180), si-FMRP (p=0,0002) and si-FXR2+FMRP (p<0,0001) 
conditions. n=3. (B) RNA levels (rel.to GAPDH) measured by qRT-
PCR of BRCA1 mRNA in RD cells in si-scr, si-FXR2, si-FMRP 
(p=0,0027) and si-FXR2+FMRP (p=0,0011) conditions. n=3. (C) 
Protein quantification (rel.to ACTB) and representative western blot 
of BRCA1 in RD cells in si-scr and si-FXR2+FMRP (p=0,0027) 
conditions. n=4. (D) Left, RNA levels (rel.to GAPDH) measured by 
qRT-PCR of BRCA1 mRNA in RD cells in si-scr, si-circHIPK3 
(p=0,0114) and si-circHIPK3+si-FXR2+FMRP conditions. Right, 
protein quantification (rel.to ACTININ) and representative western 
blot of BRCA1 protein in RD cells in si-scr, si-circHIPK3 (p=0,0162) 
and si-circHIPK3+si-FXR2+FMRP conditions. n=3. Data are 
represented as mean of fold changes or of protein levels ±SD.  
 
Considering the known role of FMRP in inhibiting transcripts 
translation, together with the observed alteration of BRCA1 
protein after circHIPK3 and FMRP knockdown, we asked 
whether the circRNA and the RBP could regulate BRCA1 
translation with opposite effects. 
To investigate the role of circHIPK3 and FMRP in regulating 
BRCA1 translation, at first, we took advantage of a Ribo-TAG 
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for a flagged-ribosomal protein (60S ribosomal protein L22; 
RPL22) that we then immunoprecipitated with the aim to test 
BRCA1 mRNA association to ribosomes. In RD cells 
transfected with si-circHIPK3, we observed a decrease of 
BRCA1 mRNA association to RPL22, while after FMRP 
knockdown we detected more BRCA1 transcript bound to 
ribosomes. The association of GAPDH (positive control for 
ribosome association) to flagged-RPL22 did not significantly 
change in the two conditions. Data are represented as 
percentage of input RNA so that differences in the total 
BRCA1 RNA among the different conditions does not affect 
the results (Figure 22A-B).  
To confirm the role of circHIPK3 and FMRP in the regulation 
of BRCA1 translation, we also performed polysomes 
fractionations trough sucrose gradients. As controls of proper 
fractionation, we observed that the majority of a house-
keeping mRNA (ACTININ) is associated to polysomes, while 
circHIPK3, which lacks coding potential, is not found in the 
polysomes fraction (Figure 22C). Interestingly, most of 
circHIPK3 results associated to single 40S and 60S subunits 
of ribosomes, indicating that the circRNA, even if not actively 
translated, is associated to ribosomes, probably playing a 
regulatory role. The polysome fractionation confirmed what 
observed through the Ribo-TAG approach. In circHIPK3 KD 
RD cells we observed a decreased association of BRCA1 
mRNA to polysomes and a higher bond to single subunits 
(40S, 60S) and monosomes (80S); on the contrary, FMRP 
depletion induced a higher association of BRCA1 mRNA to 
polysomes and a decreased association to 40S, 60S and 80S 
fractions. The association of ACTININ mRNA (positive 
control) to the different fractions did not significantly change in 
the different conditions (Figure 22D-E).     
Altogether, these data suggest that circHIPK3 and FMRP 
respectively promotes and inhibits BRCA1 translation. 
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Fig.22 
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Fig. 22 
(A-B) RNA enrichment measured by qRT-PCR of circHIPK3, 
BRCA1 mRNA and GAPDH mRNA in RPL22-FLAG and IgG RIP 
assay performed in RD cells in si-scr/si-circHIPK3 (BRCA1 
p=0,020) condition (A)  or si-scr/si-FXR2+FMRP (BRCA1 
p=0,0449) condition (B). n=3. (C) qRT-PCR experiment showing 
the distribution of circHIPK3 and ACTININ mRNA free, associated 
to 40S and 60S subunits, 80S monosomes or polysomes in sucrose 
gradient. n>3. (D-E) Left, RNA enrichment measured by qRT-PCR 
of BRCA1 mRNA and ACTININ mRNA free, associated to ribosome 
subunits and monosomes or to polysomes in si-scr/si-circHIPK3 
(BRCA1 polysomes p=0,028, monosomes=0,034) conditions (D) or 
si-scr/si-FXR2+FMRP (BRCA1 polysomes p=0,016, 
monosomes=0,016) conditions (E). Right,  polysome profile of RNA 
in si-scr/si-circHIPK3 (D) or si-scr/si-FXR2+FMRP (E) RD cells 
obtained by sucrose gradient.  
Data are represented as mean of enrichment versus input (A-B) 
±SD or as percentage of RNA related to total RNA (C-D-E).  
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The inhibition of circHIPK3/BRCA1 mRNA interaction 
promotes DNA damage and sensitizes RD cells to DNA 
damage-inducing agents. 
 
Once identified the mechanism through which circHIPK3 
regulates BRCA1 expression, we decided to investigate the 
phenotypic effects determined by the inhibition of 
circHIPK3/BRCA1 interaction.  
BRCA1 is involved in different crucial cellular pathways that 
preserve genome stability, such as DNA damage repair, DNA 
damage-induced cell cycle checkpoint activation, chromatin 
remodelling, transcriptional regulation and apoptosis. In 
particular, BRCA1 is an essential mediator for DNA-repair of 
Double Strand Breaks (DBSs) through the error-free 
Homologous Recombination (HR) pathway and its down-
regulation is associated to different kind of cancer, especially 
the breast and ovarian ones. However, according to the AACR 
Project GENIE, only 1.59% of rhabdomyosarcoma tumours 
present mutations in the BRCA1 gene. Moreover, contrary of 
what could be expected, St. Jude Children’s Research 
Hospital database shows a higher expression of BRCA1 
protein levels in RMS samples in comparison with myoblasts 
or myotubes (Figure 23A). In line with that, we also observed 
an increase of both BRCA1 RNA and protein levels in RH4 
and RD cell lines compared to myoblasts (Figure 23B). All 
these data together indicate that, as well as circHIPK3, also 
BRCA1 is upregulated in Rhabdomyosarcoma.    
 
Considering the essential role of BRCA1 in regulating DNA-
damage repair, we decided to test whether circHIPK3 
knockdown can alter the DNA-damage repair in RD cells. 
Upon circHIPK3 knockdown, we detected an accumulation of 
DNA damage in RD cells by Comet assay which was partially 
rescued by the ectopic overexpression of BRCA1 protein 
(Figure 23C). Moreover, the increased levels of the DNA-
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damage associated phosphorylated histone variant γ-H2AX, 
detected by immunofluorescence, also indicate an increase of 
DNA-damage in absence of circHIPK3 (Figure 23D). Notably, 
no alterations in DNA damage were observed upon depletion 
of the linear HIPK3 mRNA (Figure 23E). 
 
BRCA1 is mainly involved in DSBs repair through HR, but 
some works also reported its role in other DNA-damage repair 
pathways108,109, in particular the Non-Homologous End 
Joining (NHEJ), an error-prone pathway which can repair 
DSBs before DNA replication. 
To dissect the specific DNA damage repair pathway affected 
upon circHIPK3 knockdown, we took advantage of two 
reporter cellular systems: U2OS DR-GFP and U2OS EJ5-
GFP. In U2OS DR-GFP cells, the restoration of a functional 
GFP gene depends on the repair of a SceI nuclease-mediated 
DSBs by the HR repair pathway, while in U2OS EJ5-GFP cells 
it depends on the activation on NHEJ repair pathway. At first, 
we confirmed that, as in RD, also in U2OS cells 
(osteosarcoma), circHIPK3 knockdown induces a 
downregulation of BRCA1 protein (Figure 23F). We then 
measured by FACS the percentage of GFP positive cells in 
U2OS DR-GFP and U2OS EJ5-GFP cells after SceI 
expression. FACS analysis indicated that HR pathway 
activation, which resulted, as expected, almost totally 
abrogated after BRCA1 knockdown, is also impaired after 
circHIPK3 depletion (GFP reduction of 40%) (Figure 23G) 
consistently to the observed BRCA1 protein reduction. 
Testing the NHEJ we also found a significant, though lower 
(28%), reduction of GFP production after circHIPK3 
knockdown, while the depletion of BRCA1 did not show any 
effect on NHEJ activation (Figure 23H). These data indicate 
that circHIPK3 also affects at a minor extent the NHEJ 
pathway through a mechanism independent from BRCA1, 
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consistently with the fact that BRCA1 ectopic expression does 
not totally restore circHIPK3 KD-induced DNA damage.  
 
Fig. 23 
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Fig. 23 
(A) BRCA1 protein levels in orthotopic RMS patient-derived 
xenografts, compared to healthy myoblasts and myotubes. Data 
from https://pecan. stjude.cloud/proteinpaint/study/RHB2018. 
(B) Left, data derived from RNA-sequencing (GSE207453; Dattilo 
et al., 2023) showing BRCA1 RNA levels (relative to GAPDH 
mRNA), expressed in TPM, in myoblasts, RD (p=0,0036) and RH4 
(p=0,0180) cells. n=3. Right, protein quantification (relative to 
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GAPDH) and representative western blot of BRCA1 in 10862 
human myoblasts, RH4 and RD cells. n=3. (C) Left, representative 
COMET images of the different experiments and quantification of 
the tail moment in the Comet assay in si-scr and si-circHIPK3 
(p<0,0001) and si-circHIPK3+pc-BRCA1 (p<0,0001) conditions. 
n=3. Right, protein quantification (relative to ACTININ) and 
representative western blot of BRCA1 protein in RD cells treated 
with si-scr, si-circHIPK3 (p <0,0001) and si-circHIPK3+pc-BRCA1 
(ectopic expression of BRCA1). n=3. (D) Representative 
immunofluorescence images of γH2AX (green) merged with DAPI 
DNA-staining (blue) in si-scr and si-circHIPK3 (p<0,0001) 
conditions and quantification of γH2AX foci per cell. n=3. (E) Right, 
quantification of the tail moment in the Comet assay in si-scr and 
si-linHIPK3 conditions. n=3 (F) Protein quantification (relative to 
ACTININ) and representative western blot of BRCA1 protein in 
U2OS cells treated with si-scr, si-circHIPK3 (p =0,0008) and si-
BRCA1(p<0,0001). n=3. Data are represented as mean of BRCA1 
protein levels ± standard deviation. (G-H) Left, cartoon depicting the 
reporter construct to detect HR in U2OS-DR GFP (G) and NHEJ in 
U2OS- EJ5 GFP (H). Right, percentage of GFP positive cells in si-
scr, si-circHIPK3 (p=0.005 and p=0.007) and si-BRCA1 conditions 
in non-transfected and SceI transfected cells. n=3.  
 
Induction of DNA damage, with chemotherapeutics agents 
such as cisplatin (CDDP) and Doxorubicin (Dox), represents 
one of most common strategies used in therapy to promote 
DNA damage and cancer cells death. 
We, then, wondered whether the accumulation of DNA-
damage due to circHIPK3-mediated BRCA1 downregulation 
could strengthen the effects of DNA-damage inducing agents 
against RD cells. In circHIPK3-depleted RD cells, we 
observed a reduced viability and an increase apoptosis rate 
(observed as an increase of PARP1 levels) after treatment for 
24h with 25 μg/ml CDDP or 5 μM DOX compared to si-scr 
treated cells (Figure 24A-B). These data indicate that 
circHIPK3 knockdown makes RD cells more sensitive to those 
DNA-damage inducing agents. 
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A more recent approach to target cancer cells is the induction 
of synthetic lethality in BRCA1/2 deficient cells with PARP 
inhibitors. Synthetic lethality occurs when two conditions 
separately are not able to induce cell death, but they result 
lethal if they exist together. PARP1 is mainly involved in the 
repair pathway of Single Strand Breaks (SSB). In case of 
PARP1 inhibition, the replication fork tends to collapse with 
consequent formation of DSBs, that can be repaired by HR. 
In BRCA1/BRCA2 deficient cells, the misfunction of the HR 
pathway does not allow the repair of the DSBs induced by 
PARP1 inhibition, leading to DNA damage accumulation and 
cell death by synthetic lethality. Therefore, the inhibition of 
PARP1 results only lethal in cancer cells with mutated non-
functional BRCA1/2, which cannot repair DSBs through HR, 
and not in healthy cells. 
We asked whether circHIPK3 knockdown, by inducing a 
down-regulation of BRCA1, could induce synthetic lethality 
also in BRCA1 wild-type cells such as RD. We treated RD si-
scr and si-circHIPK3 cells 24h with Talazoparib 25µM, a 
PARP inhibitor in clinical use, and we calculated the 
percentage of surviving cells in respect to the corresponding 
cells not treated with the inhibitor. The depletion of circHIPK3 
reduces the mean survival rate, after Talazoparib treatment, 
from 74,9% (si-scr) to 41,5% (si-circHIPK3), compared to non-
treated cells (Figure 24C). Moreover, we demonstrated that 
also the specific inhibition of circHIPK3/BRCA1 interaction 
through LNA BSJ, can sensitize RD cells to Talazoparib 
(decrease of mean survival rate from 73% to 47,7%) (Figure 
24C). These data indicate that the blockage of circHIPK3-
mediated BRCA1 regulation can sensitize BRCA1 wild-type 
cancer cells to PARP inhibitors, expanding the types of 
tumours that could be treated with these chemotherapeutic 
agents.  
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Fig. 24 
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Fig. 24 
(A) Left, boxplots representing the percentage of survival of si-scr 
(black) or si-circHIPK3 (red) (p=0,0231) RD cells treated for 24h 
with Doxorubicin (DOX) 5 µM. n>3. Right, representative western 
blot and protein quantification (rel.to ACTB) of cleaved-PARP in si-
scr and si-circHIPK3 (p=0,0325) RD cells treated for 24h with 
Doxorubicin (DOX) 5 µM. n=3. (B) Left, boxplots representing the 
percentage of survival of si-scr (black) or si-circHIPK3 (red) 
(p=0,0211) RD cells treated for 24h with Talazoparib 25 µM. n=4. 
Right, boxplots representing the percentage of survival of LNA-scr 
(black), LNA-BSJ (yellow) (p=0,0256), LNA-ex2-circ (cyan) 
transfected RD cells treated for 24h with Talazoparib 25 µM. n>3. 
Data are represented as mean of relative protein levels in figures 
6B, F right, G right, ±SD.  
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CircHIPK3-mediated BRCA1 regulation is conserved in 
several cancer cell lines  
 
Considering that circHIPK3 results upregulated in different 
cancer types, we asked whether circHIPK3-mediated BRCA1 
regulation could exist also in other tumoral contexts.  
As in the case of Rhabdomyosarcoma, BRCA1 is only 
spuriously mutated in other cancer cell types (only 3% of 
cases according to AACR Project GENIE). 
We consulted GENT database, which contain data from 
patients, and we observed an upregulation of BRCA1 mRNA 
in various cancer types compared to healthy tissues (Figure 
25A). Notably, circHIPK3 is also upregulated in most of these 
tumours. Our hypothesis is that, during tumour progression, 
occurs a selection of cancer cells with high circHIPK3, and 
consequently BRCA1, levels, which can prevent lethal DNA 
damage accumulation and can continue to proliferate. FMRP 
is ubiquitously expressed, so our regulation model would be 
easily exportable to other cancer types.  
 
We then decided to test whether the circHIPK3/BRCA1 model 
is conserved in other cell lines which represent tumoral 
contexts in which both circHIPK3 and BRCA1 result 
upregulated. In A172 cells, model of glioblastoma, SKOV-3, 
model of ovarian adenocarcinoma and MCF7, model of breast 
ductal carcinoma, we observed BRCA1 enrichment in 
circHIPK3 pulldown, a decrease of BRCA1 protein upon 
circHIPK3 depletion, increased sensitivity to cisplatin or 
doxorubicin and induction to synthetic lethality with 
Talazoparib (Figures 25B-C-D). In A172 and MCF7 we also 
observed an increase of BRCA1 protein after the knockdown 
of FMRP (Figure 25E). These data indicate that circHIPK3-
mediated BRCA1 regulation could represent a widespread 
mechanism conserved and targetable in different tumoral 
contexts. 
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Fig. 25 
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Fig. 25 
(A) RNA levels (relative to β-actin mRNA) of BRCA1 mRNA 
measured by RNA-seq in various cancer types and relative healthy 
counterparts, from GENT2 database. (B) Left, RT-qPCR showing 
the enrichment of circHIPK3, BRCA1, and GAPDH mRNA in 
circHIPK3 native pull-down and control LacZ pull-down in A172 
cells. n = 3. Middle, protein quantification (rel. to ACTININ) and 
representative western blot of BRCA1 in si-scr and si-circHIPK3 (p 
< 0.0001) A172 cells. n = 3. Right, boxplots representing the 
survival percentage of si-scr (black) or si-circHIPK3 (red) (CDDP p 
= 0.0146; Tal p = 0.0144) A172 cells treated for 48 h with cisplatin 
(CDDP) or Talazoparib. n=3. (C) Left, RT-qPCR showing the 
enrichment of circHIPK3, BRCA1, and GAPDH mRNA in circHIPK3 
native pull-down and control LacZ pull-down in SKOV3 cells. n = 3.  
Middle, protein quantification (rel. to ACTININ) and representative 
western blot of BRCA1 in si-scr and si-circHIPK3 (p = 0.0022) 
SKOV-3 cells. n = 3. Right, boxplots representing the survival 
percentage of si-scr (black) or si-circHIPK3 (red) (CDDP p = 0.0053; 
Tal p = 0.0008) SKOV-3 cells treated for 24 h with cisplatin (CDDP) 
or 30 h with talazoparib. n=3. (D) Left, RT-qPCR showing the 
enrichment of circHIPK3, BRCA1, and GAPDH mRNA in circHIPK3 
native pull-down and control LacZ pull-down in MCF7 cells. n = 3. 
Middle, RNA levels (rel. to GAPDH) of circHIPK3, HIPK3, and 
BRCA1 mRNA in si-scr, si-circHIPK3 (circHIPK3 p < 0001), and si-
linHIPK3 MCF7 cells (HIPK3 p < 0001); protein quantification (rel. 
to ACTB) and representative western blot of BRCA1 in si-scr, si-

E 
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circHIPK3 (p = 0.035), and si-linHIPK3 MCF7 cells. n > 3. Right, 
boxplots representing the survival percentage of si-scr (black) or si-
circHIPK3 (red) (DOX p = 0.0382; Tal p = 0.0015) MCF7 cells 
treated for 24 h with doxorubicin (DOX) or 48 h with talazoparib. n 
> 3. (E) Protein quantification (relative to ACTININ) and 
representative western blot of BRCA1 protein in A172 and MCF7 
cells in si-scr and and si-FXR2+FMRP (A172 p=0,0007; MCF7 
p<0,0001) conditions. n=3.  
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The inhibition of FMRP/BRCA1 mRNA interaction reverts 
BRCA1 haploinsufficiency in breast HBOC cell models 
 
Due to its crucial role in HR repair after DNA damage, BRCA1 
partial or total abrogation is associated with the onset of 
different kind of tumours. In the Hereditary Breast and Ovarian 
Cancer (HBOC) syndrome, the heritage of one mutated allele, 
which usually produces a truncated protein destined to 
degradation, causes BRCA1 haploinsufficiency, consequent 
accumulation of DNA damage and genome instability in 
healthy cells, making them more prone to become tumoral. 
Individuals with this condition have high possibility to develop 
tumours, particularly breast (45-87%) and ovarian cancer (35-
63%)115–117. 
 
We, then, decided to test whether the inhibition of BRCA1 
mRNA interaction with FMRP, which we identified to act as a 
translational repressor of BRCA1, could restore physiological 
protein levels in mutated cells characterized by reduced 
BRCA1 expression. To mimic the BRCA1 haploinsufficiency 
condition which occurs in HBOC syndrome, we used an MCF7 
BRCA1 hemizygous cell line (wt/del), obtained by 
CRISPR/Cas9-induced deletion of the entire coding region of 
the BRCA1 gene, leaving only one intact allele (Figure 26A). 
In both wt/wt and wt/del MCF7 cells, characterized by halved 
BRCA1 levels, the transfection of an LNA which blocks 
FMRP/BRCA1 interaction (LNA ex23) (Figure 26B), 
corresponding to circHIPK3 BSJ sequence, induces an 
increase of BRCA1 protein levels. Notably, in wt/del MCF7 
cells, the LNA ex23 restores the BRCA1 levels observed in 
non-transfected wt/wt cells (Figure 26C).  
Coherently with the observed changes in BRCA1 levels 
induced by LNA ex23 transfection, we also noticed variations 
in DNA damage accumulation by COMET. In both wt/wt and 
wt/del cells the transfection of LNA ex23 induces a reduction 
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of DNA damage levels. In particular, in wt/del cells, 
characterised by higher DNA damage due to BRCA1 
haploinsufficiency, the LNA restores the low DNA damage 
levels observed in the wt/wt cells (Figure 26D). 
  
These data indicate that the blockage of FMRP/BRCA1 
interaction could rescue BRCA1 haploinsufficiency and opens 
the intriguing therapeutic possibility to prevent cancer onset in 
the HBOC syndrome. 
 
 
Fig. 26 
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Fig. 26  
(A) Cartoon representing MCF7 wt/wt and wt/del cells used to 
compare a physiological condition to a BRCA1 haploinsufficiency. 
(B) Representation of the LNA targeting FMRP binding site (LNA 
ex23) on BRCA1 mRNA (C) Protein quantification (rel.to ACTININ) 
and representative WB of BRCA1 in wt/wt and wt/del MCF7 cells 
transfected with LNA ctr or LNA ex23. Data are represented as 
mean of protein levels ±SD (D) Quantification of the tail moment in 
the Comet assay in wt/wt and wt/del MCF7 cells transfected with 
LNA ctr or LNA ex23. 
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CONCLUSIONS AND DISCUSSION 
 
Circular RNAs are molecules with peculiar and interesting 
features such as high stability, tissue- and developmental 
stage-specific expression. Due to these characteristics and 
because of their deregulated expression in many 
pathological contexts, the interest in understanding their role 
in the cells have recently increased. In particular, in 
pathological contexts, circRNAs could be proposed both as 
therapeutic vectors155, especially due to their high stability, 
and as therapeutic targets. 
 
For most of the circRNAs studied, a miRNAs sponging role 
has been proposed, but this competing endogenous activity 
strictly depends on the specific miRNA signature of the cell 
and on stoichiometry issues such as the expression levels of 
all the RNAs involved in the regulation. We believe that 
direct circRNAs/mRNAs interactions could represent more 
general and widespread mechanisms and that their finding 
could allow to develop therapeutic strategies more direct and 
applicable to different tumoral contexts.    
In particular, different works suggest that circHIPK3, a 
circRNA expressed at high levels in many tissues and 
deregulated in different kind of cancers, act by interacting 
with miRNAs, preventing their binding to target mRNAs144–

146.To investigate whether circHIPK3 could, instead, 
influence cancer progression with a more general and 
widespread mechanism, we looked for possible widely 
expressed mRNA interactors. 
 
We carried out our investigation in Rhabdomyosarcoma cells 
for three main reasons: a) circHIPK3 is highly expressed in 
the skeletal muscle (circATLAS); b) standard treatments for 
Rhabdomyosarcoma are, in many cases, still not sufficient 
and can cause important side-effects in children, hence there 
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is the need to find new molecular mechanisms to be targeted 
c) we found that circHIPK3 results up-regulated in both 
Rhabdomyosarcoma cell lines and biopsies (Figure 8B-C) 
 
AMT (4'-aminomethyl-4,5',8-trimethylpsoralen)-crosslinking 
pulldown represents the gold-standard for the identification 
of direct RNA-RNA interactions in vivo148,156,157, since the 
psoralen derived compound intercalates into RNA duplexes 
and, upon 365 nm UV irradiation, generates inter-strand 
adducts between juxtaposed pyrimidine bases, crosslinking 
RNA molecules that are in very close proximity148. Through 
this approach, we found different putative mRNAs interactors 
of circHIPK3 that we validated in both the Alveolar (RH4) 
and Embryonal (RD) RMS cell models (Figure 11A-B).  
 
We then decided to carry on our investigation in RD cells 
since in this cell model only circHIPK3, and not the linear 
HIPK3 mRNA, results upregulated compared to myoblasts 
(Figure 8B), suggesting a specific regulatory role of the 
circular molecule in the tumoral context. In RD cells, after 
circHIPK3 knock-down, we observed a deregulation of 
several of its interactors suggesting a role of the circRNA in 
their regulation (Figure 12B). Among them, we decided to 
focus on BRCA1 since it is essential for DNA-damage repair 
and its deregulation is associated with cancer. 
We observed that circHIPK3 regulates both BRCA1 RNA 
and protein levels (reduced after circHIPK3 knock-down) 
(Figure 12C) and we showed that the RNA-RNA interaction 
occurs between a region across the BSJ of circHIPK3 and a 
sequence on the last coding exon (exon 23) of BRCA1 
mRNA (Figures 16A-B-C). The involvement of the BSJ of 
circHIPK3 in the regulatory interaction with BRCA1 mRNA 
suggests that the regulation is specifically mediated by the 
circRNA. Notably, the transfection in cells of an LNA 
antisense oligonucleotide which specifically targets 
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circHIPK3 BSJ, blocking its interaction with BRCA1 mRNA, 
induces a strong downregulation of BRCA1 protein (Figure 
17A-B). 
 
An issue to be considered is the possible involvement of 
HIPK3 mRNA in the observed BRCA1 regulation. 
Considering that part of BRCA1-interacting site on circHIPK3 
is also present in HIPK3 mRNA and that the pulldown probes 
for circHIPK3 also targets the second exon of the mRNA, we 
performed a series of experiments in order to exclude the 
involvement of the linear counterpart in BRCA1 regulation. 
First of all, for all the crucial experiments in which we 
knocked-down circHIPK3, we also used, as a control, a 
siRNA against the HIPK3 mRNA and we did not observe 
neither a reduction of BRCA1 protein (Figure 12C), nor an 
accumulation of DNA-damage (Figure 23E), indicating that 
BRCA1 regulation is specifically mediated by the circRNA. 
Moreover, to exclude any possible interaction between 
HIPK3 mRNA and BRCA1 mRNA, we performed a pulldown 
of circHIPK3 after the knock-down of the circRNA 
(Figure14A) and a pulldown of HIPK3 mRNA (Figure 14B) in 
RD cells and, in both cases, we didn’t observe an 
enrichment of BRCA1, indicating that its presence in 
circHIPK3 pulldown was caused by the specific interaction 
with circHIPK3. 
 
Once demonstrated the role of circHIPK3 in regulating 
BRCA1 expression, we looked for possible RNA-Binding 
Proteins (RBP) involved in this regulation. The catRAPID 
v2.122148 algorithm, which computes RNA-protein 
interaction propensities, predicted FMRP and its paralog 
FXR2 as BRCA1-binding RBPs with the highest interaction 
ranking (Figure 18A). By consulting CLIP-seq published 
data152,154 (Figure 18B) and by performing different in vitro 
and in vivo experiments in our system (Figures 19A, 20A, 
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20B), we showed that the RBP FMRP interacts with different 
regions of BRCA1 mRNA and that circHIPK3, through the 
interaction with the BRCA1 exon 23, can prevent the binding 
of FMRP to this specific site of the mRNA. 
We discovered that FMRP acts as an inhibitor of BRCA1 
translation (Figures 21C, 22B and 22E) and that circHIPK3, 
by preventing the binding of the RBP to the transcript, can 
promote BRCA1 protein production (Figure 22C). Notably, 
after sucrose-gradient polysome fractionation, we found that 
most of circHIPK3 is associated to the 40S and 60S 
ribosome subunits (Figure 22D). This observation suggests 
that, though it is not associated to polysomes and, so, it is 
not actively translated, the circRNA is present on the 
ribosomes, probably with the aim of regulating the translation 
of other transcripts, such as BRCA1 mRNA.  
How the circRNA can significantly influence BRCA1 
translation by occupying only one FMRP binding site on 
BRCA1 mRNA has still to be elucidated.  
We hypothesize that maybe the proximity to the stop codon 
could represent an important factor for the FMRP-mediated 
translational inhibition of BRCA1. 
 
Once identified the molecular mechanism through which 
circHIPK3 promotes BRCA1 expression, we confirmed that 
the depletion of the circRNA leads to DNA-damage 
accumulation (Figure 23C-D) mainly through the impaired 
BRCA1 activity in the Homologous Recombination repair 
pathway (Figure 23G). 
We validated the circHIPK3-mediated mechanism of BRCA1 
regulation also in other cell lines (Figure 25B-C-D-E), 
suggesting that the circRNA has a role in preventing DNA 
damage accumulation in different tumoral contexts. 
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A question that we asked is why cancer cells should up-
regulate a circRNA which increases the levels of a protein 
commonly considered as an oncosuppressor.  
By consulting GENT2 (Figure 25A) and TCGA (Figure not 
shown) databases, we discovered that, in contrast to what is 
believed, also BRCA1 results up-regulated in many tumours 
compared to the healthy condition. In RMS cell lines we also 
experimentally validated BRCA1 protein upregulation in 
respect to myoblast (Figure 23B). 
We hypothesized that, in the tumoral context, cancer cells 
which up-regulate circHIPK3 and, consequently, BRCA1, 
could be selected fort their ability to prevent possible lethal 
DNA damage accumulation.  
The observed up-regulation of BRCA1 expression in several 
tumoral contexts leads to an important consideration. 
Proteins that are commonly named “oncosuppressors” 
normally protect cells from tumoral transformation by sensing 
pro-tumoral alterations and promoting their resolution. 
Hence, the deregulation of these proteins is linked to higher 
cancer development probability. However, once that the 
malignant transformation has occurred, we cannot exclude 
that, during tumour progression, cancer cells with high levels 
of “genome guardians”, such as BRCA1, could be selected 
for their capability to proliferate without accumulating death-
promoting alterations. The clonal expansion of these 
selected cells could explain the upregulation of both 
circHIPK3 and BRCA1 that occurs in different tumoral 
contexts.  
Accordingly, the balance between DNA damage and DNA 
repair is important to be maintained by the cell in different 
stages of its life cycle and the disruption of this balance, to 
one direction or to another one, could represent a 
therapeutic strategy. In particular, we hypothesized that both 
an inhibition of circHIPK3/BRCA1 interaction, with 
consequent BRCA1 down-regulation, and the inhibition of 
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FMRP/BRCA1 interaction, with consequent BRCA1 up-
regulation, could represent therapeutic approaches 
depending on the context. 
 
In cancer cells with high wild-type levels of BRCA1, RD, 
A172 (glioblastoma), SKOV3 (ovarian adenocarcinoma) and 
MCF7 (breast adenocarcinoma), we observed that the 
depletion of circHIPK3, with consequent BRCA1 
downregulation, strengthen the effects of DNA-damage 
inducing drugs such as cisplatin and doxorubicin (Figures 
24A-B, 25B-C-D). Moreover, the absence of the circRNA, or 
the specific blocking of its interaction with BRCA1 mRNA 
through the BSJ-targeting LNA (for RD), makes those 
BRCA1 wt cancer cells sensible to PARP-inhibitors, inducing 
synthetic lethality (Figures 24C, 25B-C-D).  
Hence, the inhibition of circHIPK3/BRCA1 interaction opens 
the possibility to treat BRCA1 wt cells with DNA-damage 
targeting chemotherapeutics that are generally used for the 
treatment of BRCA1 mutated tumours. 
 
On the other hand, in the context of breast cells with BRCA1 
haploinsufficiency, due to BRCA1 loss-of functions mutations 
in one gene, the increase of the wild-type BRCA1 levels 
could allow to prevent cancer-promoting DNA-damage 
accumulation.  
In a breast cell line with a CRISPR/Cas9-induced deletion of 
one BRCA1 allele, which mimics this BRCA1 
haploinsufficiency that occurs in HBOC syndrome (Figure 
26A), we observed that the inhibition of FMRP/BRCA1 
mRNA interaction through an LNA (Figure 26B) restores 
physiological BRCA1 protein levels and reduce DNA-
damage accumulation (Figure 26C-D). 
 
Eventually, it is important to underline that in this work we 
decided to focus only on the specific molecular mechanism 
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involving circHIPK3, BRCA1 and FMRP.  We have restricted 
the analysis to the effect of circHIPK3 on BRCA1 because of 
its essential role in the control of the DNA-damage repair, 
however, we cannot exclude that circHIPK3 could induce the 
observed phenotypic effects also through other interactors. 
Two of our experiments suggest that, in fact, circHIPK3 
could also regulate DNA-damage repair through other 
mechanisms. First of all, BRCA1 ectopic expression does 
not totally rescue the DNA damage accumulation induced by 
circHIPK3 knockdown (Figure 23C); secondly, circHIPK3 
knockdown also seems to affect NHEJ repair pathway 
independently from BRCA1 (Figure 23H). Other circHIPK3-
interactors, such as RNF40 (Figure 11A-B), known to 
participate to protein recruitment to the site of DSBs, could 
be involved in circHIPK3-mediated DNA damage regulation.   
Similarly, we cannot exclude that, besides FMRP, other 
RNA-binding protein could also be involved in the circHIPK3-
mediated regulation of BRCA1 expression.  
 
To conclude, this work shows the importance of identifying 
specific RNA-RNA interactions to understand tumour-related 
mechanisms and to develop new targeted therapeutic 
approaches. The discovery of more circRNA/mRNA 
interactions could allow to expand the knowledge about the 
post-transcriptional regulation of cancer-related genes. 
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MATERIALS AND METHODS 
 
Cell cultures 
All cell lines were grown at 37 C and 5% CO2 and tested for 
mycoplasma contamination. 
Wild-type human primary myoblasts (Telethon Biobank, 
obtained from a skeletal muscle biopsy of a 2-year old male 
child) were cultured in DMEM supplemented with 10% FBS, 2 
mM L-glutamine, insulin 50 mg/ml, FGFb 25 ng/ml, EGF 1 
ng/ml and penicillin-streptomycin 1X. 
Human RD (embryonal rhabdomyosarcoma cell line), RH4 
(alveolar rhabdomyosarcoma cell line), U2OS (osteosarcoma 
cell line), and modified U2OS DR-GFP and EJ5-GFP, A172 
(glioblastoma cell line) and A549 (lung adenocarcinoma cell 
line) cells were cultured in DMEM high-glucose supplemented 
with 10% fetal bovine serum (FBS), 2 mM L-glutamine and 1% 
penicillin-streptomycin. 
Human SKOV-3 cells (ovarian serous cystadenocarcinoma 
cell line) were cultured in RPMI 1640 medium supplemented 
with 10% fetal bovine serum (FBS), 2 mM L-glutamine and 1% 
penicillin-streptomycin. 
Human MCF7 cells (invasive breast carcinoma cell line) cells 
were grown and maintained in Minimum Essential Medium 
Eagle supplemented with 10% fetal bovine serum, 1mM 
sodium pyruvate, 1x MEM Non-Essential Amino acids, 
0.01mg/ml bovine insulin, 2mM L-Glutamine and 
penicillin/streptomycin. 
 
Patients biopsies 
Tumour samples from 8 primary RMS tumours, 3 ARMSs and 
5 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 
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for non-oncological condi- tions. 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). 
 
RNAse R treatment 
RNase R treatment was performed as follows: 1 µg of total 
RNA was diluted in 20 µL of water with 1u RNase R/µg and 2 
µL of enzyme buffer (LGC Biosearch Technologies), then 
incubated 10 min at 37°C and purified by phenol-chloroform 
extraction. 
 
Cell transfections 
30 nM of siRNA (ON-TARGETplus, Dharmacon), 200 nM of 
miRNA-blockers LNA, 5 nM (for RD cells) or 20 nM (for MCF7 
cells) of LNA (Integrated DNA Technologies) were transfected 
with Opti-MEM and Lipofectamine RNAiMAX Transfection 
Reagent (Invitrogen), according to the manufacturer’s 
instructions. Unless differentially specified, the medium was 
replaced 6 h after transfection and cells were harvested 48 h 
after transfection. siRNAs and LNAs used are listed in Table1. 
 
Western blot 
Cells were detached with Trypsin-EDTA 1X and centrifuged 
at 1500 rpm for 5 minutes. Pellets were resuspended in 
Protein Extraction Buffer (100 mM Tris pH 7.5, EDTA 1 mM, 
SDS 2%) supplemented with PIC 2X (Complete- EDTA free, 
Roche–Merck), incubated 30 min at 4 C on a rotating wheel 
and centrifuged at 15000g for 15 min at 4 C. Proteins (20-30 
mg for most of the experiments, quantified through Bradford 
reagent (Bio-Rad Protein Assay)) were heated 50 at 80 C for 
denaturation, incubated 50 in ice and were loaded  
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on 4%-12% bis-tris-acrylamide gel or, in case of BRCA1 
detection, 3-8% Tris-acetate gel (ThermoFisher Scientific) for 
a 1-1.5h running process at 150V.Proteins were transferred to 
a nitrocellulose membrane through a 1-2h blotting process at 
400 mA with BioRad blotting apparatus and a 20% methanol 
buffer. The membrane was blocked in 5% milk and hybridized 
with the specific primary antibody overnight at  
4 C or 1 h at room temperature for HRP antibodies. 
Membranes hybridized with non-HRP antibodies, were then 
hybridized the morning after with the appropriate secondary 
antibody (Invitrogen) for 1-2 h at room temperature. Protein 
detection was carried out with WesternBright ECL 
Chemiluminescent HRP Substrate (Advansta) or with 
WesternBright Sirius Chemiluminescent HRP Substrate  
(Advansta). Images were acquired with ChemiDoc MP Imager 
(Bio-Rad) and the analysis was performed using Image Lab 
5.2.1 software (Bio-Rad). Images were linearly adjusted in 
contrast and brightness when necessary.  
 
RNA isolation and analysis 
For most of the experiments, total RNA was extracted with 
Direct-zol RNA Miniprep kit (Zymo Research) with a 15-
minute DNase-I treatment according to the manufacturer’s 
protocol. For IP and RNA pull-down experiments, and 
polysome fractionation experiments, RNA was precipitated 
through phenol/chloroform extraction.RNA was subjected to 
reverse transcription with PrimeScript RT Reagent Kit (Takara 
Bio), or, in case of RNA pull-down and IP ex-  
periments, with SuperScript VILO cDNA Synthesis Kit 
(ThermoFisher Scientific), both used according to the 
manufacturer’s protocol. For qRT-PCR, PowerUp SYBR 
Green Master Mix reagent (ThermoFisher Scientific) was 
used according to the manufacturer’s instructions. RNA levels 
are relative to GAPDH mRNA unless differently specified. 
Relative RNA quantity was calculated as the fold  
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change (2^-DDCt) with respect to the control sample set as 1, 
unless differently specified.The efficiency of qRT-PCR 
primers was calculated based on a standard curve made from 
serial dilutions of RD cDNA, followed by qPCR with a specific 
pair of oligonucleotides. Then, the slope of the standard curve 
was used to calculate the amplification efficiency of each 
qPCR reaction. Oligonucleotides used are listed in Table1. 
 
RNA pulldown 
For native RNA-pull-down protocol, 10-15x106 cells for each 
biological replicate were pelleted and resuspended in 1 ml of 
cold Lysis Buffer (Tris-HCl pH 7.5 50mM, NaCl 150mM, 
MgCl2 3mM, NP40 0.5%, EDTA 2mM) supplemented with 
PIC 1X, RNAse Inhibitor 1:400, DTT 1mM. Cells were passed 
through a 27 gauge needle 4 times and incubated 30’ at 4°C 
on a rotating wheel to allow nuclear lysis. Lysate was 
centrifuged 15’ at 4 C at 1500g. The same volume of 
supernatant was taken for target and LacZ (negative control) 
pull downs and 10% of pull-down volume was saved as input 
condition. For every pull-down reaction, a double volume of 
cold Hybridization Buffer (Tris-HCl pH 7.5 1000mM, NaCl 
300mM, MgCl2 1mM, NP40 0.5%, EDTA 10mM, SDS 0.2%, 
Formamide 15%) supplemented with PIC 1X, RNAse Inhibitor 
1:400, DTT 1mM was added. 200 pmol of biotinylated probes 
mix dissolved in 50 µl of Lysis Buffer, heated at 80°C for 30’ 
and then transferred in ice, were added in each pull-down 
reaction and samples were incubated 4h at 4°C on a rotating 
wheel. Therefore, 100 µl of pre-washed streptavidin beads 
(Promega) were added and samples were incubated 2h at 
4°C on a rotating wheel. 
For RNA pulldown in si-scr or si-circHIPK3 condition, 2x106 
RD cells were plated in two 10-cm plates, transfected the 
morning after with 30 nM of si-SCR and si-circHIPK3 
respectively, moved to 15-cm plates 24h post-transfection 
and pelleted for the pulldown 48h after transfection. 
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For AMT-crosslinked RNA-pull-down protocol, 40x106 RD 
cells for each biological replicate were pelleted, resuspended 
in 1 ml of cold PBS supplemented with 0.5 mg/ml of 4’- 
aminomethyl-4,5’,8-trimethylpsoralen (AMT, Cayman 
Chemical) per 1x107 cells and crosslinked at 365 nm for five 
2-minute cycles. 1 volume of Guanidinium Hydrochloride 6M 
per each volume of AMT was added. The lysate was 
subdivided into 250µl aliquots. 12,5 µl of a 20mg/mL solution 
of Proteinase K (Ambion), 6.5 µL of 20% SDS and RNAse 
Inhibitor 1:250 were added to each aliquot and the samples 
were incubated at 65 C for 1 h. RNA was precipitated through 
phenol/ chloroform extraction, subjected to DNAse I treatment 
and re-extracted. RNA extracted post DNAse treatment was 
equally divided in three tubes, one per pull down (LacZ, ODD, 
EVEN) and 10% of every fraction of RNA was taken and 
considered as input, while the rest was brought to a volume of 
500 µL with RNAse free water, incubated 2’ at 98°C and put 
in ice. For every pull down, 500 pmoles of biotinylated probes 
(4 ODD probes, 4 EVEN probes, 4 LacZ probes, listed in 
Table 1), 500 µL of 2X binding buffer (Tris-HCl 20mM, NaCl 
1M, EDTA 2mM, SDS 0.1%) and 4µL of RNAse Inhibitor were 
added to RNA. The mixes were heated at 65°C for 30’ and 
then incubated 4h on a rotating wheel at room temperature. 
Then, 500 µL of Streptavidin beads (Promega), resuspended 
in 1X binding buffer, and 2µL of RNAse Inhibitor, were added 
and RNA-probes-beads mixes were incubated 2h on a 
rotating wheel at 4°C. Finally, beads were washed two times 
with 1X binding buffer and two times with 1X wash buffer (Tris-
HCl 10mM, NaCl 200mM, EDTA 1mM, SDS 0.05%) and 1 mL 
of TRIzol was added for each sample. 
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RNA immunoprecipitation (RIP and CLIP) 
The RNA-immunoprecipitation (RIP) assays for FMRP, FXR2 
and RPL22-FLAG protein were performed in RD cells 
following the protocol described in Keene et al158. 
For RPL22-FLAG immunoprecipitation in si-scr or si-
circHIPK3 condition, 2x106 RD cells were plated in two 10-cm 
plates and transfected the morning after with 10 µg of RPL22 
(Myc-DDK-tagged)-Human ribosomal protein L22 plasmid 
plasmid (Origene, Cat# RC208910). 6 h after transfection, 
RPL22-FLAG-transfected cells were split into two 10-cm 
plates and the following morning were transfected with either 
30 nM si-scr or 30 nM si-circHIPK3. 48 h after siRNA 
transfection, cells were harvested and the RIP assay  
with Dynabeads Protein G was performed. 20% of each lysate 
was saved as input. Half of the remaining lysate was used to 
precipitate RPL22-FLAG with 2 µg of FLAG antibody, while for 
the other half 2 µg of IgG antibody was used as a negative 
control. 15% of what was immunoprecipitated with each 
antibody was used to analyze the levels of the flagged protein 
precipitated, while the remaining 75% was used to examine 
the RNAs associated to the ribosomal flagged protein.  
Cross-linking immunoprecipitation (CLIP) was performed 
according to Beltran et al159 with the following modifications. 
A total of 2.5x107 RD cells per CLIP were irradiated with 0.4 
J/cm2 of 254 nm UV light. Cells were lysed and treated for 
fragmentation with Turbo DNase (4 µL) and RNAse T1 (10 µL 
of a dilution 1/500) for 3 minutes at 37°C. Lysate was cleared 
by centrifugation and 5 µg of antibody coupled to Dynabeads 
Protein G were added. After 4h incubation beads washed 3 
times with wash buffer containing 1000 mM NaCl, pelleted 
and then incubated in 200 µL PK buffer (100 mM Tris-HCl pH 
7.4, 50 mM NaCl and 40 mL Proteinase K) for 20 min at 1100 
rpm and 37°C. An equal volume of PK buffer containing 7 M 
urea was added, and a second incubation was performed. 
Supernatant was collected, and RNA was purified via phenol-
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chloroform extraction. 10% of each lysate was saved prior 
proteinase K treatment to check protein enrichment by 
western blot. Oligonucleotides used for qRT-PCR are listed in 
Table1. 
 
Drug treatments 
For Cisplatin, Doxorubicin (MedChemExpress) or Talazoparib 
(SelleckChem) treatment,1x105 -1,5x105 cells for well were 
seeded in 12 well plates. Cells were transfected with siRNAs 
or LNAs the day after, treated with the drug 24h from 
transfection and, finally, detached with Trypsin-EDTA 1X and 
counted 24, 30 or 48h after the treatment with Trypan blue to 
consider only the living ones. The percentage of survival was 
calculated by dividing the number of living treated cells with 
the number of living non- treated cells, transfected with the 
same siRNA, multiplied by 100. For Cisplatin and Doxorubicin 
experiments, cells were pelleted after the count and 
resuspended in Protein Extraction Buffer (100 mM Tris pH 7.5, 
EDTA 1 mM, SDS 2%) supplemented with PIC 2X (Complete- 
EDTA free, Roche–Merck) for protein extraction. 
For alpha-amanitin treatment (Sigma-Aldrich), 5x105 cells 
were seeded in each of two 6 cm-plate. Cells of each 6 cm-
plate were transfected with siRNAs the day after, split in 3 well 
(0h,5h,10h) of a 12-well plate 24h from transfection and 
treated with alpha- amanitin 25 µg/ml (in fresh medium) 48h 
after transfection. 0h cells were harvested with TRIzol before 
treatment, while 5h and 10h cells were harvested respectively 
5 and 10h after treatment.  
 
Polysome fractionation 
Sucrose gradients were prepared the day before cells 
harvesting by carefully adding in a tube decreasing 
concentrations of sucrose (50% to 10%) and kept at 4°C over-
night. 48h post si-RNAs transfection, 10-15x106 cells for each 
condition were treated for 15’ with 100 µg/ml Cycloheximide, 
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pelleted and resuspended in 430 µl of Polysome Extraction 
Buffer (Tris-HCl 20mM, KCl 100mM, MgCl2 5mM, NP40 
0.5%) supplemented with PIC 1X, RNAse Inhibitor 1:200, 100 
µg/ml Cycloheximide. Lysates were kept 10’ in ice, 
centrifuged 10’ at 4°C at 12000g and supernatants 
(cytoplasmatic fractions) were carefully added on the top of 
sucrose gradients. Tubes were ultra-centrifuged for 2h at 4°C 
at 37000 rpm. After ultra-centrifugation, each sample was 
divided in 100 µl fractions and the 260nm absorbance was 
measured. Absorbance vs density graph was plotted, and 
fractions were separated according the profile. A spike RNA 
was added in each fraction. The amount of RNA, detected for 
qRT-PCR, for each fraction was normalized to spike levels 
and considered as a percentage of the total amount of RNA, 
obtained by summing the quantity of RNA present in each 
fraction. 
 
Immunofluorescence 
8x104 RD cells cultured on pre-coated glass coverslips (0.4 
mg/ml Collagen Rat Tail, Corning) were transfected the 
morning after with 30 nM si-scr or 30 nM si-circHIPK3. 48h 
post transfection, cells were fixed in 4% paraformaldehyde in 
warm PBS for 15 min at room temperature, washed three 
times with warm PBS and then blocked and permeabilized for 
60 min at room temperature with a blocking buffer (PBS with 
5% BSA, 0.3% Triton X-100).Cells were hybridized overnight 
with anti-γH2AX Ser139 primary antibody (Santa Cruz 
Biotechnology) diluted 1:200 in a dilution buffer (PBS with 1% 
BSA, 0.3% Triton X-100). The morning after, behind five 
washes in PBS, cells were hybridized with fluorescent goat 
anti-mouse IgG (H+L) cross-adsorbed secondary antibody 
(Alexa Fluor 488; ThermoFisher Scientific) and DAPI solution 
(Sigma- Aldrich), diluted respectively 1:200 and 1:5000 in the 
same dilution buffer, for 2 h. Cells were, then, washed again 
three times with PBS and coverslips were mounted on 
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microscope slides using ProLong Diamond Antifade Mountant 
(ThermoFischer Scientific). Images were acquired with Zeiss 
Axio Observer A1 Inverted Microscope and processed only in 
intensity threshold, contrast, and brightness on ImageJ 
software. 
 
Flow cytometry 
For NHEJ and HR repair reporter assays, 2x105 U2OS EJ5-
GFP or U2OS DR-GFP cells were seeded in 6 well plates and 
transfected with siRNAs (si-scr, si-circHIPK3, si-BRCA1) the 
day after. 24h post RNA interference, for each siRNA, half of 
the cells was not transfected, while the other half was 
transfected with 1µg of plasmid expressing I-SceI nuclease. 
Cells were harvested 72h after siRNA transfection and 
resuspended into single cell suspension for flow cytometry 
experiments performed using Becton Dickinson (BD) 
instrument LSRFortessa (Becton Dickinson, BD Biosciences, 
USA) equipped among others with a 488nm Solid Sapphire 
488/50 laser (Becton Dickinson, BD Biosciences, USA). 
Samples were acquired using FACSDiva software (BD 
Biosciences, version 6.1.3) and analyzed using FlowJo 
software (BD Biosciences, version 10.10.0). A total of 50,000 
events/sample were collected. 
 
In vitro transcription and electrophoresis mobility shift 
assay 
For in vitro transcription, pCDNA 3.1 vectors containing the 
region of interest downstream of T7 promoter were digested 
1h with NotI for linearization and gel purified. 1µg of linearized 
transcript was used for in vitro transcription using MEGAscript 
T7 kit (ThermoFisher Cat#AM1334). For biotin-labeled 
transcripts biotin-16-UTP (ThermoFisher cat#AM8452) was 
added to the reaction. Reaction was performed 4h at 37°C, 
followed by DNase treatment and phenol-chloroform 
purification, correct size and possible degradation was  
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checked by running samples in a TBE 5% Acrylamide gel 7M 
Urea. LightShift Chemiluminescent RNA EMSA kit 
(ThermoScientific cat#20158) was used to perform mobility 
shift assay. Briefly 5nM of biotinylated oligos, or 0,5-2,5, 25 
nM of competing transcripts were mixed in Binding Buffer 
(10mM HEPES 7.3, 20mM KCl, 1mM MgCl2, 1mM DTT, 
1mg/mL tRNA and RNAseOUT). Samples were incubated 2’ 
at 80 and 2’ on ice ensure denaturation, and binding reaction 
was performed for 30 minutes at room temperature. For 
competition assays with FMRP1 protein, 5nM of biotinylated 
oligos and 25nM of competing transcripts were incubated as 
previously described. After denaturation 50nM of recombinant 
human FMRP protein (Abcam ab132093) was added to the 
reaction and incubation was carried out for 30 minutes at 4. 
Non-denaturing RNA loading buffer was added to the reaction 
and samples were loaded in a 5% TBE gel Acrylamide gel and 
run in 4 0.5X TBE for 2 hours at 100V. Electro transfer against 
a nylon membrane was carried out using cold 0.5X TBE at 
400mA for 30 minutes, and samples were crosslinked using 
480mJ/cm2 254nm UV light. Images were acquired with 
ChemiDoc MP Imager (Bio-Rad) as previously described.  
For control loading images, a part of the reaction was saved 
and denatured with formamide-containing loading buffer, 
heated at 80°C 2 minutes and loaded Ethidium bromide 
agarose gel for imaging. 
 
Absolute copy number quantification 
CircHIPK3 and BRCA1 mRNA copy number per cell was 
calculated based on a standard curve made from serial 
dilutions of retrotranscribed RNA fragments ‘‘circHIPK3 BSJ’’ 
and ‘‘BRCA1 ex23+3’UTR’’. 4x105 RD cells were harvested in 
Trizol reagent and RNA isolated according to manufacturer’s 
protocol. Amount of RNA per cell was calculated based on the 
extraction results. RNA was subjected to reverse transcription 
with PrimeScript RT Reagent Kit (TakaraBio). qRT-PCR was 
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performed with 50ng of cDNA, using PowerUp SYBR Green 
Master Mix reagent (ThermoFisher Scientific). 
 
COMET assay 
COMET assay was performed as described in Olive and 
Banath160 protocol. Cells were dissolved in low temperature 
melting agarose and loaded on a frosted-end microscope 
slide. Cell lysis was performed in alkaline conditions (1.2 M 
NaCl, 100 mM Na2EDTA, 0.1% sodium lauryl sarcosine, 0.26 
M NaOH) and electrophoresis was run in 0.03 M NaOH, 2 mM 
Na2EDTA solution. Nuclei were stained for 20 minutes at 
room temperature using Ethidium Bromide solution; 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’’. RD cells were transfected with 
si-scr or si-circHIPK3 siRNAs; after 6 h, they were transfected 
with either 4000 ng of empty pcDNA 3.1 (+) plasmid or p-
BRCA1. Four independent biological replicates of this 
experiment were performed at 48 h after siRNAs transfection. 
Otherwise, MCF7 wt/wt and wt/del cells were transfected with 
LNA scr or LNAex23. The experiment was performed at 48 h 
after transfection as well, in four independent biological 
replicates. 
 
Luciferase assay 
4x104 RD cells were seeded in 24-well plates and cultured 
until 70% confluency. Afterwards, cells were transfected with 
si-SCR, si-circHIPK3 or si-linHIPK3. 6 hours after siRNA 
transfection, cells were transfected with 20 ng of p-luc, p-
luc+HIPK3 Ex2 or p-luc+BRCA1 3’-UTR using Lipofectamine 
2000 Transfection Reagent (ThermoFisher Scientific, 
Cat#11668019). After 48 hours, cells were washed twice with 
250 µL of fresh PBS, 125 µL of Passive Lysis Buffer 
(Promega, Cat# E1910) was added and lysis was allowed to 
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occur in oscillation at 4 C for 15 minutes. Then cells were spun 
to precipitate biological membranes and 10 mL of sample 
were plated in a 96-multiwell. Finally, firefly luciferase activity 
was measured using a dual-luciferase reporter assay system 
(Promega, Cat# E1910) and normalized to the Renilla value. 
 
circHIPK3 pull-down RNA-seq analysis 
Duplicated replicates of circ-HIPK3 pull-down experiment    
were prepared together with duplicated Input samples (INP).   
For pull-down samples three distinct sets of probes were 
used:  Even (EVEN), Odd (ODD) and lacZ control (LACZ). 
RNA library was produced using Stranded Total RNA Prep 
with Ribo-Zero Plus (Illumina).  All samples were sequenced 
on an Illumina Novaseq 6000 Sequencing system. Cutadapt 
(v3.2)161 with parameters: -u 1 -U 1 –nextseq-trim=20 –trim-n 
and Trimmomatic (v0.39)59 with parameters: -PE 
ILLUMINACLIP:adapter_path:2:30:10:8:3:true LEADING:3 
TRAILING:3 SLIDINGWINDOW:4:20 were used to remove 
adapter sequences and poor quality bases; for both software 
the minimum read length after trimming was set to 35. Reads 
aligning to rRNAs were filtered out; this first alignment was 
performed using Bowtie2 software (v2.4.2)162,163. Then, STAR 
software (v2.7.7a) was used to align reads to GRCh38 
genome using the following parameters: –outSAMstrandField 
intronMotif –outSAMattrIHstart 0 –outFilterType BySJout  
–outFilterMultimapNmax 20 –alignSJoverhangMin 8 –
alignSJDBoverhangMin 1 –outFilterMismatchNmax 999 –
outFilterMismatch- NoverLmax 0.04 –alignIntronMin 20 –
alignIntronMax 1000000 –alignMatesGapMax 1000000 –
outFilterIntronMotifs RemoveNonca- nonical –
peOverlapNbasesMin 50. PCR duplicates were removed from 
all samples using MarkDuplicates command from Picard  
suite (v2.24.1) (https://broadinstitute.github.io/picard/) and 
multi-mapped and un-properly paired reads were filtered out 
using bamtools (v2.5.1)164 and samtools (v1.7)165 
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respectively. Gene quantification of RNA fragments was 
performed using htseq-count software (v0.13.5)166,167 with the 
following parameters -s reverse -m union and using Ensembl 
gene annotation (release 99)167. 
Differential abundance analysis was performed comparing 
circ-HIPK3 pull down (EVEN, ODD) or control lacZ pull down 
(LACZ) to Input (INP) through edgeR R package (v3.34.1)168. 
Genes with less than 10 reads in at least 2 samples for each 
comparison (EVEN vs INP; ODD vs INP and LACZ vs INP) 
were filtered out. TMM normalization was used to normalize 
samples between sets while model. 
RNA-seq data from RNA pull-down experiments have been 
deposited at Gene Expression Omnibus GEO: GSE246226. 
 
 
circHIPK3 pull-down microRNA-seq analysis 
QIAseq miRNA library kit (QIAGEN, Hilden, Germany) has 
been used for library preparation following the manufacturer’s 
instructions. RNA samples were quantified, and quality tested 
by Agilent 2100 Bioanalyzer RNA assay (Agilent 
technologies, Santa Clara, CA) or Caliper (PerkinElmer, 
Waltham, MA). Final libraries were checked with both Qubit 
2.0 Fluorometer (Invitrogen, Carlsbad, CA) and Agilent 
Bioanalyzer DNA assay or Caliper (PerkinElmer, Waltham, 
MA). Libraries were then prepared for sequencing and 
sequenced on single-end 150 bp mode on NovaSeq 6000 
(Illumina, San Diego, CA). RNA-seq fastq processing and 
microRNAs quantification from were performed according to 
Potla et al.169 using miRbase (v22) reference sequences170. 
Differential abundance analysis was performed comparing 
EVEN, ODD or LACZ pull-down samples to INP sample 
through edgeR R package (v3.34.1) using exact test  
(indicated pipeline without replicates) and NOISeq software 
(v2.36.0)171. CircHIPK3 bound miRNAs were identified as 
those significantly enriched in the pull-down (EVEN or ODD) 
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VS Input contrast, but not in the lacZ VS Input comparison. 
Enriched miRNAs were defined as those with log2 fold-
enrichment > 1.5 (pull down vs Input) and FDR < 0.05 in 
edgeR analysis and probability > 0.95 in NOISeq analysis. In 
order to obtain more stringent results, log2 fold-enrichment 
threshold in the lacZ VS Input comparison was set at > 0. 
RNA-seq data from RNA pull-down experiments have been 
deposited at Gene Expression Omnibus GEO: GSE246226. 
 
Quantification and statistical analysis 
The distribution and deviation of data are shown in the figures,  
the exact value of n (e.g., the number of biological replicates 
of the experiments) are denoted in figure legends. When 
possible, individual data points from biological replicates were 
depicted as dots in the graphs. In figure legends, SE stands 
for standard error and SD stands for standard deviation. 
Two-tailed unpaired or paired Student’s t test tested the ratio 
of each sample versus control. 
Significance values were depicted in the figures using the 
following key legend: *:  p <0.05, **:  p <0.01, ***:  p <0.001.  
The exact p values of statistical confrontations are indicated 
in the figure legends. 
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TABLE 1 
 
 Oligonucleotiodes (sequence 5’-3’) 
  
qRT-PCR Hipk3 FW CGGCCAGTCATGTATCAAAG 

 Hipk3 RV_circ CCTGGAATACACAACTGCTTGG 

 Hipk3 RV_lin CTGATCATACTCCAAGGCTC  

 Gapdh FW CCAAAATCAAGTGGGGCGATG 

 Gapdh RV GGCAGAGATGATGACCCTTT 

 Brca1 ex21  FW CAACTGGAATGGATGGTACAG 

 Brca1 ex22 RV GAAGCCATTGTCCTCTGTCC 

 Brca1 ex10  FW GAGTTGGTCTGAGTGACAAGG 

 Brca1 ex11 RV CAGAGACGCTTGTTTCACTC 

 Brca1 5’-UTR qRT-PCR Fw GCTGTGGGGTTTCTCAGATA 

 Brca1 5’-UTR qRT-PCR Rv CGCGAAGAGCAGATAAATCCA 

 Brca1 3’-UTR qRT-PCR Fw GCTGAAACCATACAGCTTCAT 

 Brca1 3’-UTR qRT-PCR Rv CCTAGTCCTTCCAACAGCTAT 

 pre-Brca1 FW CTGCTCTTCGCGTTGAAGAA 

 pre-Brca1 RV GCATAGGAGATAATCATAGGAATCCCA 

 Rnf40 Fw AGCTTCAACCTCAAGAGGGC 

 Rnf40 Rv GTCAACCGCGCCTTGTACT 

 Sart1 Fw TTTGAACGGGATGAGGAGCG 

 Sart1 Rv TGGAGGAAGCAGAGAAATCCT 

 Sart3 Fw GGCTCTCTCGTCTGTTGGTT 

 Sart3 Rv GGACTTTCTCAAGCCGAGCA 

 Elof1 Fw TTTCGCAGCTGGAGAAGGCTC 

 Elof1 Rv GGAGGCGGCTTTCGTTTTG 

 Rfx3 Fw CCTCCCCAGCGACAATTGAA 

 Rfx3 Rv TGGGAAGGCTCACTCCTTCT 

 Snrpa1 Fw AGTCTCGTGGAACTGGGTGA 

 Snrpa1 Rv ATCCAGTACTCTGACTTGCGG 
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 Hipk2 Fw GACACAGGCTCAAGATGGCA 

 Hipk2 Rv CATGTGAGGCCATACCTTCGT 

 Csrp2 Fw GCCTCCGACTCAAAATGCCT 

 Csrp2 Rv TCCTGCAAACCATGCAGAGAA 

 Ipo11 Fw GCTTTCGGCATCAGTAGGC 

 Ipo11 Rv GATCCATGGAAACCGTTTGG 

 Bptf Fw TTCAAAGCTAGCAGGTCTCAT 

 Bptf Rv GCCTGACTAAAAACATCTGGCTC 

 Akap13 Fw GCTCCATGCGCTCTCTTTCT 

 Akap13 Rv CCAAGAACTCGCATTGAACTCC 

 Nfya Fw CAGACCCTCCAGGTAGTCCAAG 

 Nfya Rv AGCCTGGACCATGATGGGTT 

 Ywhae Fw CTATCCGCTTCCATCCGTCG 

 Ywhae Rv TTGACTCCACCATTTCGTCG 

 Sumo3 Fw CTCCGTGGTGCAGTTCAAGA 

 Sumo3 Rv TCATTGACAAGCCCTGCCTC 

 Fxr2 Fw TGAGGGTTCGAGTGGAAGGTGA 

 Fxr2 Rv GGTGATACTCCAGCAAAGCCTG 

 Fmr1 Fw GCAGATTCCATTTCATGATGTCA 

 Fmr1 Rv AACCACCAACAGCAAGGCTCT 

 Pten Fw TCCAATGTTCAGTGGCGGAA 

 Pten Rv CGTGTGGGTCCTGAATTGGA 

 Cdc25a Fw GCTCCTCCGAGTCAACAGAT 

 Cdc25a Rv ACAGCTTCTGAGGTAGGGAATG 

 Bcl2 Fw CAACATCGCCCTGTGGATGA 

 Bcl2 Rv GGGCCGTACAGTTCCACAAA 

 Timp3 Fw GTGCAACTTCGTGGAGAGGT 

 Timp3 Rv AGCAAGGCAGGTAGTAGCAG 

 Cdc34 Fw TCCGTGATGTACAGGAAGTGG 

 Cdc34 Rv GTCCCCAGGACCTGCTTC 

 Coil Fw GAGAGACAACGACTGCCTCAG 



Chiara Grelloni 

Pag 98  

 Coil Rv AAATGCCCGCTTCTTTGCTTT 

 Anapc1 Fw CACATGGCCCTTGGACTTCT 

 Anapc1 Rv AAGTGCGGATAAAGGGCACA 

 Ccnd1 Fw CAGATCATCCGCAAACACGC 

 Ccnd1 Rv ATGGAGGGCGGATTGGAAAT 

 Actinin1 Fw ATCAACTTCAACACGCTGCA 

 Actinin1 RV AGCCTCCGGATCTCATTCAG 

 spike (IVT mouse Lhx1os) Fw TTCTCTCTGTAGCCCCGACT 

 spike (IVT mouse Lhx1os) Rv CTCTCCCCTTCTTCACTTTC 

 
 siRNAs (sequence 5’-3’) 
  
 si-circHIPK3 GGUACUACAGGUAUGGCCUUU 

 si-circHIPK3 II AAUCUCGGUACUACAGGUAUU 

 si-SCR Cat.# D-001810-10-05 

 si-HIPK3 Cat.# J-004810-09-0002 

 si-FXR2 Cat.# J-011955-05-0005 

 si-FMRP Cat.# J-019631-05-0005 

 si-BRCA1 Cat.# J-003461-09-0005 

  

 Pulldown probes (sequence 5’-3’) 
  
circHIPK3 ODD 5'Biotin-GCCATACCTGTAGTACCGAGATTGTAG 

 5'Biotin-TTGCAACATTGCAGGAAGTATGGAC 

 5'Biotin-TTGCTGTGCCTGAGCTGCTATGACCTT 

 5'Biotin-TTGACGGGCATAAGAAGGATGATTC 

circHIPK3 EVEN 5'Biotin-ACCCTTAGTGGGAGGATGAGAATTTCC 

 5'Biotin-GTTGAAGAATGGGCCGAATCACTTTAG 

 5'Biotin-GCTGTACTAACTGATAGTCACCTTCTC 

 5'Biotin-GCTGAAAGCATTCATAAGCTCGTACA 
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HIPK3 5’Biotin-ATCTTGTCCTGGCGGCTGAGAGGAAA 

 5’Biotin-CCAATGACCACATGTCTTGGCTTCAC 

 5’Biotin-GGTTCAGGGTCTCAGCTGGAGTAATTC 

 5’Biotin-GCAGTCAGTGTAGCAGTACTGCTTGAAG 

 5’Biotin-CGGCATCACTGAGTTATAATGATTGCTG 

 5’Biotin-GTGCTCTGGCAAGCTTCACAATCTAG 

 5’Biotin-GCCATATGCTCATCGGCATTTAAGCC 

 5’Biotin-TGTAGACGTGTCTTGCACTAGTTAG 

LacZ 5’Biotin-AATGTGAGCGAGTAACAACC 

 5’Biotin-ATTAAGTTGGGTAACGCCAG 

 5’Biotin-AATAATTCGCGTCTGGCCTT 

 5’Biotin-AATTCAGACGGCAAACGCT 

 5’Biotin-ATCTTCCAGATAACTGCCGT 

  
  

 LNA oligonucleotides (sequence 5’-3’) 
  

 

LNA block 21-5p TCAA+CATC+AGTC+TGAT+ 
AAGC+TA 

 LNA block Let7b-5p AACC+ACA+CAAC+CTAC+TACC+TCA 

 
LNA circHIPK3 BSJ +GACC+AAGA+CTTG+TGAG+GCCA 
+TACC+TGTAG+T 

 
LNA circHIPK3 ex2 circ +GTG+ACA+GTT+GTG+ACA+GCT 
+ACC+ACA+GGA+TCA 

 
LNA ex23 BRCA1 +AAC+ACC+CAC+TCT+CGG+GTC+ACC 
+ACA+GGT+GCC 

 
LNA scr  (miRCURY LNA miRNA Inhibitor Negative control A)  
QIAGEN  

 

LNA ctr (luc_ctr)  GCTC+AGAA+TAGA+AGTG+TCGG 
+GGAT+GA+T 
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