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Our group previously demonstrated that when a DNA double-strand break (DSB) occurs, 

RNA polymerase II (RNAPII) is recruited to the exposed DNA ends and allows the by-

directional synthesis of transcripts derived from exposed DNA ends that we called damage-

induced long non-coding RNAs (dilncRNAs). Recently we reported that a DSB also recruits 

the full transcriptional machinery, in particular the preinitiation complex (PIC), just as 

commonly recruited at canonical RNA polymerase II-driven transcriptional promoters. This, 

blurs the distinction between a DSB and a transcriptional promoter. 

dilncRNAs were defined as non-coding as most of our genome is not coding for polypeptides 

and thus, DSB will most often transcribe non coding regions of DNA. However, what would 

be the consequences of a DSB occurring upstream of a gene unit, lacking a promoter but 

carrying all other features of a coding sequence, such as an open reading frame (ORF) and 

a poly(A) signal? Would the ensuing dilncRNA actually be a coding transcript? In other 

words: can a DSB trigger the synthesis of a protein? 

Therefore, the aim of this project is to test if a DSB appropriately positioned at the 

transcriptional start site (TSS) of an otherwise silent gene may assemble a functional 

promoter, triggering RNA synthesis which leads to protein expression. I have carried out 

such studies in artificial cell systems in which I have engineered promoter-less reporter 

genes.  In addition, I have tested whether a DSB is sufficient to re-express a candidate tumour 

suppressor gene, HIC-1 (hyper-methylated in cancer 1), that is commonly silenced by 

promoter methylation.  

In more in detail, I tested my working hypothesis in three different systems. As a proof of 

concept, I first used two reporter gene-based systems: a stable clonal cell line of HeLa cells 

bearing an integrated lentiviral construct encoding for an enhanced green fluorescent protein 

(EGFP) ORF lacking its transcriptional promoter and enhancer region, and an immortalized 

mouse embryonic fibroblast (MEF) cell line carrying a promoter-less enhanced yellow 

fluorescent protein (EYFP) integrated by homologous recombination in the locus Rosa26 of 

the mouse genome. To induce sites-specific DSBs, I employed the CRISPR/Cas9 

technology. Single guide RNAs targeting the GFP or EYFP transcriptional start site (TSS) 

were cloned in a lentiviral vector and cells were transduced with such a vector expressing 

them together with Cas9 to test the impact of DSB induction on the expression of the reporter 

gene.  

The second system takes advantage of MDA MB 231, a human breast cancer cell line, in 

which HIC1 endogenous gene is actively silenced by promoter DNA methylation. The goal, 

here, is to infect these cells with a CRISPR/Cas9 lentiviral vector to induce a DSB at the 

TSS of HIC1 gene and monitor the synthesis of a mature messenger RNA.  

These experiments suggested that a DSB, appropriately positioned at a gene TSS, triggers 
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the transcription of RNAs that are polyadenylated, exported in the cytoplasm and translated 

into a functional protein.  

This study could be relevant to identify a novel mechanism of transcriptional regulation 

based on DSB at promoters. This approach could also be used to activate gene expression in 

genetic disease settings, or to activate the expression of tumor suppressor genes that are 

silenced in tumors. 
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2.1 The DNA damage and the DNA damage response (DDR) 

The genome of a cell constantly suffers many types of damage that alter its structure and the 

information encoded in it. Although in a wider framework these events are the main driver 

of evolution, the cell must respond to them to guarantee the integrity of their DNA, which 

become particularly relevant in germ and somatic stem cells. Genomic instability in somatic 

cells is a well-known driver of malignant transformation and fuels cancer progression 

(Ciccia and Elledge, 2010; Hoeijmakers, 2009; Jackson and Bartek, 2009). 

2.1.1 Different types of DNA damage 

It has been estimated that every day the stability of our genome is challenged by tens of 

thousands of lesions (Lindahl and Barnes, 2000). In the majority of the cases, these lesions 

are efficiently repaired, otherwise their inefficient repair has been associated with malignant 

transformation and cancer progression (Hanahan and Weinberg, 2011). 

Sources of genomic instability can be both exogenous and endogenous. Exogenous sources 

can be divided in two main groups: physical and chemical insults. Physical genotoxic agents 

are ionizing radiation (IR) such as X-rays used for medical diagnoses, and the ultraviolet 

(UV) component of sunlight. Genotoxic chemical compounds are various, including food 

components, cigarette smoke and cancer-therapy drugs (Ciccia and Elledge, 2010). 

Endogenous damage to DNA can be either a random event, caused by products of cellular 

metabolism, or a scheduled event, such as that induced by a class of enzymes known as 

topoisomerases, that induce transient DNA breaks to release localized topological stress, or 

during meiosis, where genomic recombination is critical for a correct chromosome 

segregation in daughter cells (Borde and de Massy, 2013). Endogenous DSBs formation may 

be also a key step of other specialized processes: scheduled DSBs are generated during class 

switch and V(D)J recombination, two mechanisms required for the antibody repertoire 

diversification in the immune system (Soulas-Sprauel et al., 2007), and meiotic 

recombination (Neale and Keeney, 2006).  

The DNA lesions, generated by this heterogeneous source of stimuli, can be divided two 

categories: those that determine the modification of bases, causing loss of information, and 

those which impairs the structure, and thus the integrity, of the sugar backbone, leading to 

the loss of large portion of genomic information and chromosomal rearrangement (Vitelli et 

al., 2017). Bases modifications occur more frequently, can be induced by oxidation reactions 

resulting in the loss of nitrogenous bases and mutation of the genetic information, as is the 

case for cytosine deamination that is converted to uracil. DNA structural damage can be 

generated by single-strand breaks (SSBs) which are nicks in the sugar-phosphate backbone 
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of one strand; by double-strand breaks (DSBs) which consist of breakages of both strands; 

and by DNA crosslinks, which are covalent links between the two strands. These types of 

damage are generated by UV, IR, programmed enzymatic cleavage and reactive oxygen 

species (ROS), or may arise during several other physiological processes, including DNA 

replication, transcription, or when these two processes collide (Aguilera and Gaillard, 2014). 

Given the number and variety of DNA lesions threatening the genome integrity every day, 

cells evolved complex mechanisms to detect, signal and repair damaged DNA. Indeed, a 

DSB is the most toxic DNA lesion for a cell, since its inaccurate repair not only results in 

insertions or deletions, but can also cause genetic rearrangements, such as translocations, 

that are common in many cancers (Jackson and Bartek, 2009). This is the case, for example, 

for Burkitt’s Lymphoma, where a translocation event juxtaposes the strong immunoglobulin 

heavy chain promoter adjacent to the oncogene c-myc, causing aberrant expression of the 

oncogene, thus leading to cancer initiation and progression (Taub et al., 1982). In addition 

to cancer, DSBs have been linked to developmental, neurological, and immunological 

disorders (Jackson and Bartek, 2009). The study of DNA repair mechanisms, that were first 

discovered in the 1960s, has generated an entire branch of research in the life sciences and 

has been highlighted in 2015 with a Nobel Prize to Thomas Lindahl, Paul Modrich and Aziz 

Sancar for their seminal work in this field.  

2.1.2 The excision repair pathways 

The lesions related to base modifications, are usually quickly repaired by four different 

pathways, well conserved from bacteria to human.  

DNA alkylation damage is repaired by direct reversal repair, through enzymatic removal of 

the adduct (Mishina et al., 2006). DNA mismatch repair pathway (MMR) is responsible for 

correcting base substitutions, insertions and deletions occurring during DNA replication  

(Kunkel and Erie, 2005): dedicated sensors recruit endonucleases, at the site of damage, to 

excise the mismatched region in the newly synthetized strand; then DNA polymerases fill- 

in the single strand DNA gap and finally DNA ligases seal the repaired DNA strand. A 

similar mechanism is employed by two other DNA repair mechanisms: nucleotide excision 

repair (NER) and base excision repair (BER). NER is involved in the repair of bulky DNA 

adducts such as thymidine dimers induced by UV light, through removal of a tract of single 

strand DNA surrounding the lesion, which is then resynthesized and sealed (Marteijn et al., 

2014). Alternatively, BER takes care of single base oxidative damage, such as 7,8- dihydro-

8-oxo-2’-deoxyguanosine (OG), which if not repaired, yields a transversion mutation (G:C 

to T:A) after DNA replication (David et al., 2007). BER acts through DNA glycosylases that 
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remove the damaged base generating an abasic site. This is later cleaved by endonucleases, 

that induce a SSB, in turn repaired with the contribution of DNA polymerases and DNA 

ligases.  

Another tool that cells have to deal with single-strand DNA lesions, is translesion synthesis 

(TLS). This is a DNA damage tolerance pathway that allows DNA replication past DNA 

lesions such as thymidine dimers or abasic sites, through the switch between the canonical 

DNA polymerases and specialized translesion polymerases that have low-fidelity on 

undamaged templates, but are particularly efficient at pairing nucleotides to the damaged 

bases (Waters et al., 2009).  

2.1.3 DNA double-strand breaks (DSBs) response and repair 

DSBs are the most dangerous lesions, because if unrepaired before cell division, they can 

result in the loss of large chromosomal regions and therefore also a critical amount of genetic 

information. This type of damage is repaired either with non-homologous end joining 

(NHEJ) or by homologous recombination (HR) (Chang et al., 2017). 

NHEJ is highly efficient and it is the predominant DSB repair pathway throughout the cell 

cycle where it repairs nearly all the DSB outside the S and G2 phases (Chang et al., 2017; 

Lieber, 2010). It relies on Ku to thread onto the DNA ends and thereby improve the affinity 

of the NHEJ enzymatic components, including Pol µ and Pol l polymerases, a nuclease, the 

Artemis/DNA-PKcs complex, and a ligase, XRF/XRCC4/Lig4 complex. DNA ends are 

recognized by Ku proteins that recruit DNA-PK catalytic subunit (DNA-PKcs) which 

phosphorylates itself and several targets. One of DNA-PKcs targets is Artemis, a 3’-5’ 

exonuclease that contributes to DNA ends blunting, to generate compatible DNA ends; to 

ensure proper DNA blunting, also specialized DNA polymerases (DNA Pol µ and l) are 

activated to fill-in protruding DNA ends. Pol µ primarily adds nucleotides in a template-

independent manner, whereas Pol l primarily has template-dependent polymerase activity 

(Pannunzio et al., 2018). Finally, DNA ligase IV, which is phosphorylated by DNA-PKcs, 

together with its binding partners X-ray repair cross-complementing protein 4 (XRCC4) and 

XRCC4-like factor (XLF), ligates DNA ends. There is also a redundant pathway, the 

alternative NHEJ (a-NHEJ), also known as backup NHEJ or microhomology-mediated end 

joining (MMEJ) (Bennardo et al., 2008), that is active in the absence of the proteins needed 

for the classical NHEJ and requires 2-20 nucleotides protruding DNA ends. This mechanism 

relies on a different subset of proteins, among which DNA ligase 3, XRCC1 and DNA 

polymerase θ seem to play a major role. 
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Differently from NHEJ, HR is an error-free mechanism that uses a homologous chromosome 

as template for repair, thus it can occur only during the S and G2 phases of the cell cycle 

(Heyer et al., 2010; San Filippo et al., 2008). The HR process begins with the endonuclease 

activity of the MRE11-RAD50-NBS1 (MRN) complex in cooperation with CtIP (Clerici et 

al., 2005; Sartori et al., 2007). This initial step generates short 3’ protruding ends that are 

further processed by the 5’-3’ exonuclease activity of exonucleases such as BLM and Exo1 

(Mimitou and Symington, 2008). Once DNA ends have been resected, ssDNA is 

immediately coated by the RPA complex. This is in turn displaced by RAD51 which, in 

cooperation with BRCA2, coats the DNA generating a nucleoprotein filament (White and 

Haber, 1990). RAD51 is able to catalyze the invasion of the intact homologous duplex DNA, 

which is used as a template to repair the DSB: the invading filament generates a structure 

known as D-loop. According to the canonical HR pathway, the free DNA end of the invading 

DNA is then extended by a DNA polymerase and, finally, the invading DNA end is ligated 

to the other end of the DSB generating a structure named Holliday Junction (HJ): this is 

resolved by endonucleases and helicases to obtain two intact and repaired DNA molecules. 

Alternatively, to the pathway just described, synthesis-dependent strand annealing (SDSA) 

and Break-induced replication (BIR), are other HR subtypes that lead to the resolution of the 

D-loop but do not require endonuclease activity. 

The choice between these various repair pathways is a fine-tuned mechanism, still not 

completely understood  (Gobbini et al., 2013; Symington and Gautier, 2011). However, it is 

clear that the Ku70/Ku80 heterodimer plays a major role by promoting c-NHEJ and 

inhibiting the recruitment of HR components to the DNA ends. The 5’-3’ resection is also 

very well regulated and is inhibited by RIF1 and 53BP1 in G1 phase (Clerici et al., 2014; 

Daley and Sung, 2013; Panier and Boulton, 2014), while it is promoted by CtIP and BRCA1 

in G2 to favour HR (Cruz-Garcia et al., 2014). Recently, a new protein named CYREN, has 

been described as negative regulator of NHEJ in S/G2 (Arnoult et al., 2017).  

2.2 The DNA damage response pathway 

The DNA Damage Response (DDR) pathway is a complex signaling cascade that 

coordinates the DNA repair process with a broad set of events  (Ciccia and Elledge, 2010; 

Polo and Jackson, 2011) (Figure1). In the presence of DNA breaks, the DDR is activated 

and transiently arrests cell-cycle progression to prevent the propagation of altered genomic  
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Figure 1. The DNA damage response pathway.  

DNA breaks are recognized by DNA damage sensors including the MRN and RPA complexes. These sensors 

recruit the apical kinases ATM and ATR, which is also bound by ATRIP and the RAD9-RAD1- HUS1 

complex. The apical kinases, in turn, phosphorylate (P) the histone variant H2AX on Ser139 (γH2AX) to 

recruit DNA damage mediators such as MDC1, 53BP1, BRCA1, which boost the signal, providing a positive 

feedback loop on the apical kinases. The diffusible downstream kinases CHK2 (mainly phosphorylated by 

ATM) and CHK1 (mainly phosphorylated by ATR) spread the signal to several effectors including p53 and 

CDC25, which coordinate multiple cellular events to ensure that the DNA damage isn’t propagated to daughter 

cells. The first response is a transient cell cycle arrest until DNA is repaired (DNA damage checkpoint); failing 

to repair DNA damage, and prolonged DDR activation leads, instead, to cell death by apoptosis or cellular 

senescence. 
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information to the daughter cells. These are dangerous events because they compromise the 

structural stability of chromosomes. The break of the DNA sugar-phosphate backbone, that 

can lead to the exposure of single-stranded DNA and/or the generation of DNA double-

strand breaks (DSBs), are powerful activators of the DDR (Figure 1). Single-stranded DNA 

and DSBs are sensed by specialized complexes, mainly the MRE11-NBS1-RAD50 (MRN), 

poly(ADP ribose) polymerase 1 (PARP-1), Ku and RPA (that coats ssDNA). Once the lesion 

has been recognized, sensor proteins are activated and recruited to the site of the damage. 

This involves three key protein kinases of the phosphatidylinositol 3-kinase-like protein 

kinase (PIKK) family: ataxia telangiectasia and Rad3-related (ATR), ataxia-telangiectasia 

mutated (ATM) and DNA-PK (d'Adda di Fagagna, 2008; Shiloh, 2006; Zou, 2007). In 

particular, ATR is activated in response to ssDNA, which might be generated by SSBs, by 

resection at DSBs in S/G2 phase, or under replication fork stalling. Its activation relies on 

the presence of ATR-interacting protein (ATRIP) and ssDNA bound to RPA, and its activity 

is additionally boosted by the heterotrimeric 9–1–1 complex (composed of RAD9, RAD1 

and HUS1) (Parrilla-Castellar et al., 2004). ATM is recruited to DSBs by MRN, where it is 

acetylated by lysine acetyl transferase 5 (KAT 5) (Sun et al., 2005), and then undergoes an 

autophosphorylation reaction on serine 1981, causing its activation and monomerization 

(Shiloh, 2006). DNA-PKcs is instead recruited to the break site by KU and undergoes an 

activating autophosphorylation on the five residues within the PQR cluster (also known as 

the S2056 cluster). One of the first targets of the three apical kinases is the histone variant 

H2AX, which is locally phosphorylated in cis at serine 139 (named γH2AX): this 

phosphorylation is a key step in the nucleation of DDR (Celeste et al., 2002) as it recruits 

additional ATM complexes in a positive feedback loop, thereby increasing local ATM 

activity and consequently fueling the spread of γH2AX along the chromatin up to 1Mb away 

from the DNA lesion site (Iacovoni et al., 2010). γH2AX acts as recognition mark for the 

DSBs and promotes the retention of other DDR proteins at the site of damage (Martin et al., 

2009; Rogakou et al., 1998). This also results in the formation of cytologically detectable 

nuclear foci that contain the DDR proteins recruited to the site of damage (Lukas et al., 

2011). A crucial player in the establishment of this positive feedback loop is the mediator of 

DNA-damage checkpoint1 (MDC1) (Lou et al., 2003; Stewart et al., 2003), which directly 

binds γH2AX through its C-terminal domain and further promotes MRN and ATM 

accumulation at the DSB (Spycher et al., 2008), leading to an increase in the concentration 

of several DDR proteins at the DSB site. MDC1 also recruits chromatin re-modelers which 

favor DDR signal amplification and DNA repair. Really Interesting New Genes (RING) 

domain-containing E3 ubiquitin ligases enzymes, RNF8/RNF168, target H2AK15 (Mailand 

et al., 2007) and favor the recruitment of methyltransferases, which in turn target the histone 
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H4K20 (Mallette et al., 2012). These chromatin modifications promote the recruitment of 

the DNA damage mediators p53 binding protein 1 (53BP1) and BRCA1 to the site of break 

(Bekker-Jensen et al., 2005; Meerang et al., 2011; Panier et al., 2012; Wang and Elledge, 

2007). Moreover, the SWI/SNF histone re-modelling complex has been found to be quickly 

recruited to the DSBs, where it relaxes chromatin and evicts nucleosomes in the immediate 

vicinity of the exposed DNA ends, promoting resection and repair (Dong et al., 2015; 

Morrison et al., 2004). Ultimately, the apical kinases, activated above a certain threshold to 

engage DDR factors that function far from the site of DNA damage, phosphorylate CHK2 

(the main target of ATM) and CHK1 (the main target of ATR), which are downstream 

protein kinases, that can diffuse in the nucleoplasm, where they target their substrates (Lukas 

et al., 2003), among which are the cyclin-dependent kinases (CDKs), responsible for the so-

called DNA damage checkpoints. In case of unrepairable DNA damage, prolonged 

activation of the DDR checkpoints can induce cell death (apoptosis) or a permanent cell 

cycle arrest known as cellular senescence.  

2.2.1 DNA damage checkpoints  

DNA damage checkpoints are transiently activated to arrest cell cycle proliferation until the 

DNA lesion has been repaired. ATM and ATR target the downstream CHK1 and CHK2 

kinases, and in turn the cyclin-dependent kinases (CDKs), responsible for progression at key 

stages of the cell cycle. There are three distinct checkpoints regulating cell cycle progression 

as described below. Between the G1 and S phases (G1/S checkpoint), within S phase (intra-

S phase checkpoint) and between G2 and M phase (G2/M checkpoint) (Branzei and Foiani, 

2008; Malumbres and Barbacid, 2009). 

2.2.1.1 The G1/S checkpoint 

The G1/S checkpoint prevents the transition to S phase in the presence of DNA damage, by 

inhibiting the initiation of DNA replication. In the presence of DNA damage in G1, CHK2 

and CHK1 phosphorylate and degrade the phosphatase CDC25A, leading to the inhibition 

of the cyclinE(A)CDK2 complexes. This causes a delay of the G1/S transition for several 

hours, unless a sustained p53-dependent mechanism prolongs the arrest. In addition, 

ATM/ATR and CHK1/CHK2 phosphorylate p53 and also the ubiquitin ligase MDM2, that 

normally ensures its rapid turnover, thus inhibiting p53 nuclear export and degradation. This 

allows p53 accumulation in the nucleus and the activation of its target genes, including the 

gene encoding the CDK inhibitor p21, which specifically binds and inhibits the S-phase-

promoting CDK2-CyclinE complex, thereby maintaining the G1/S arrest (Sancar et al., 
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2004). p21 also binds the CDK4-cyclinD complex, thus preventing pRB phosphorylation, 

which is necessary for the activation of E2F, a transcription factor which promotes cell cycle 

progression (Bartek et al., 1996).  

2.2.1.2 The Intra-S checkpoint 

The intra-S-phase checkpoint is activated by stalled replication forks during the S phase or 

by unrepaired damage that escaped the G1/S checkpoint and causes a reversible inhibition 

of the firing of those DNA replication origins that have not yet been initiated. It can be 

triggered either by the ATM/ATR-CHK2/CHK1- CDC25A-CDK2 pathway (very similar to 

the G1/S checkpoint), or by a second pathway that requires the phosphorylation of the 

cohesin protein SMC1 by ATM with the aid of BRCA1, FANCD2 and NBS1. 

The so-called 53BP1 “nuclear bodies” mark DNA fragile sites and DNA lesions that arise 

during DNA replication stress. 53BP1 nuclear bodies are inherited by the daughter cell, 

shielding these regions of unrepaired damage into nuclear compartments that might enable 

repair before the subsequent S phase (Lukas et al., 2011). 

2.2.1.3 The G2/M checkpoint 

The G2/M checkpoint prevents cells from entering into mitosis when they experience DNA 

damage during G2, or when they progress into G2 with unrepaired lesions inflicted during 

the previous S or G1 phases. ATM and ATR, through phosphorylation of CHK2 and CHK1, 

inhibit the progression to mitosis by down-regulating CDC25A and up-regulating Wee1, 

which in turn control CDC2/Cyclin B1 activity. 53BP1 and BRCA1 are also involved in the 

regulation of the G2-checkpoint responses. If the damage cannot be repaired, persistent DDR 

activation may induce cell death by apoptosis or a permanent cell cycle arrest called cellular 

senescence (Yarden et al., 2002).  

2.3 The role of transcription in DNA damage signaling and repair  

Transcription is the cellular function that converts the genetic information of DNA into 

RNA: protein-coding RNAs are then translated into functional proteins, while non-coding 

RNA may in some case directly exert their functions (Shandilya and Roberts, 2012). 

Transcription has been considered a potential threat for genome integrity (Aguilera and 

Gaillard, 2014). Indeed, the collision between the transcription and the DNA replication 

machinery may result in genome instability (Helmrich et al., 2013). However, when a DSB 

occurs, on one hand, it inhibits canonical transcription in the proximity of the lesion; on the 
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other hand, there is evidence that it activates non-canonical transcription at DNA damage 

sites (Francia et al., 2012). Small and long non-coding RNAs accumulate at DSBs in 

mammals and other organisms, and are involved in DNA damage signaling and repair 

(D'Alessandro and d'Adda di Fagagna, 2016).  

2.3.1 Transcription as an intrinsic cause of DNA damage 

All cells, including non-proliferating ones, transcribe RNAs, and transcription-related stress 

can lead to DNA damage and genome instability (Fong et al., 2013). Compared with 

traditional sources of DNA damage, transcription-related damage may occur less frequently. 

It can occur in several ways, but in general it is associated either with the collision between 

the transcription and replication machineries, which causes replication-fork stalling often 

associated with DNA damage and recombination (Branzei and Foiani, 2010; Helmrich et al., 

2013), or with damage involving the non-transcribed strand, which is particularly exposed 

during transcription (Beletskii and Bhagwat, 1996). In eukaryotic cells, one strategy to 

minimize transcription-replication clashes is to limit replication in S-phase of the cell cycle 

and to keep transcription levels to a minimum. However, genes larger than 800kb require 

more than one complete cell cycle to be transcribed and exhibit DNA damage hotspots 

known as common fragile sites (CFS) (Helmrich et al., 2011). The collision between DNA 

replication and transcription bubbles results in localized torsional stress, which can cause 

DNA polymerases to stall or collapse, resulting in a DNA lesion. Moreover, as consequence, 

also RNA polymerases get stalled, and the pairing of the newly synthesized RNA with the 

template DNA generates a DNA:RNA hybrid which displaces the non-template ssDNA to 

form a three-stranded nucleic acid structure known as R loop (Reaban et al., 1994). The 

ssDNA can also form non-canonical structures depending on its sequence and base content, 

such has single-stranded hairpins or loops in genes containing stretches of the same 

trinucleotide repeat (Petruska et al., 1996; Zhao and Usdin, 2015), and G-quadruplex in GC-

rich regions (Duquette et al., 2004), which are stable structures that induce RNA polymerase 

II (RNAPII) pausing and promote the stability of the R-loops, in a positive feedback loop 

(Belotserkovskii et al., 2010). In order to avoid the detrimental effects of DNA:RNA hybrids 

accumulation, the equilibrium between their formation and resolution must be tightly 

controlled. This is possible by either preventing DNA:RNA hybrids formation through 

coating of the nascent RNA with RNA binding proteins (RBPs), or by removing DNA:RNA 

hybrids already formed (Santos-Pereira and Aguilera, 2015). The key protein responsible for 

DNA:RNA hybrids resolution are RNase H enzymes (Cerritelli and Crouch, 2009; Wahba 

et al., 2011), and helicases like Aquarius (Sollier et al., 2014), Senataxin (Alzu et al., 2012; 
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Mischo et al., 2011; Skourti-Stathaki et al., 2011), and Pif1 (Chib et al., 2016; Tran et al., 

2017). Nevertheless, additional roles of R-loops in physiological processes recently emerged 

(Santos-Pereira and Aguilera, 2015), such as their involvement in immunoglobulin gene 

class-switch recombination (Yu et al., 2003); their accumulation at gene promoters and 

terminators, corresponding, respectively, to open and close chromatin structures (Sanz et al., 

2016); and their presence at CpG island promoters (Ginno et al., 2013; Ginno et al., 2012; 

Sanz et al., 2016). We also recently reported that regulated DNA:RNA hybrid levels at DSBs 

contribute to HR-mediated repair (D'Alessandro et al., 2018).  

2.3.2 The impact of DSB on gene expression 

Transcription of a damaged gene may result in the production of aberrant transcripts that 

could be dangerous for the cell. In order to avoid this problem, cells have evolved 

mechanisms to silence the expression in these conditions. Therefore, despite the recent 

observations reporting that non-coding RNAs are produced at site of DSBs, the existence of 

an overall inhibitory effect of DSBs on pre-existing transcription has also been known for a 

while. This mechanism prevents the production of aberrant transcripts at damaged DNA loci, 

which could alter cell homeostasis (Adam and Polo, 2014; Svejstrup, 2010). Indeed, a DSB 

within a gene body leads to DNA-PK mediated exclusion of RNAPII from both the gene 

body and its promoter (Pankotai et al., 2012). However, this transcription inhibition seems 

to affect only the damaged locus and not the neighboring genes, and this observation was 

also recapitulated in vivo, in mice, through the genome-wide analysis of transcriptome 

alterations induced by the endonuclease I-PpoI (Kim et al., 2016). In a different system, in 

which multiple DSBs are induced upstream of a reporter gene, transcriptional silencing relies 

on ATM-dependent chromatin condensation for several kilobases, associated with RNF8- 

and RNF168-mediated ubiquitination of the histones H2A/H2AX (Shanbhag et al., 2010). 

The contrasting views of these two reports might be explained by the particular features of 

DNA loci where DNA damage was induced: in fact, while Shanbhag and colleagues induced 

several breaks close to an exogenous sequence, Kim and colleagues, generated single DSBs 

at endogenous loci mainly within ribosomal genes. ATM-mediated gene silencing upon DSB 

induction in proximity to or within a gene has been further supported by a recent study that 

combines transcriptome profiling with γH2AX ChIP-seq, with a new method for “breaks 

labelling in situ and sequencing” (BLISS) (Yan et al., 2017), which directly labels and 

amplifies DSBs ends in situ, thus allowing a high-resolution genome-wide mapping of DSBs 

(Iannelli et al., 2017). In a similar manner, ATM-dependent transcription inhibition has also 
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been observed for RNA Polymerase I rRNA transcription upon DSB induction in the 

nucleolar region (Harding et al., 2015; Kruhlak et al., 2007) 

In addition to the inhibitory effect of DSB on transcription, an active transcription of 

ncRNAs from broken DNA ends has also been observed (Francia et al., 2012; Michalik et 

al., 2012; Wei et al., 2012), with the subsequent recruitment of RNA binding proteins (RBPs) 

and transcription factors (Izhar et al., 2015). Therefore, it has been proposed that a first 

PARP-dependent chromatin relaxation wave is required for the accessibility of DDR 

proteins at the DSBs sites, which might also lead to the recruitment of RNAPII and 

transcription factors at DNA damage sites. This, in turn, might enhance transcription by 

RNAPII, which transcribes small ncRNAs favoring DDR activation, that would contribute 

to ATM-dependent RNAPII exclusion and/or chromatin condensation resulting in DNA 

damage-induced transcriptional silencing (D'Alessandro and d'Adda di Fagagna, 2016).  

In support of a role for DSBs in chromatin relaxation and consequent transcription 

activation, several observations emerged in the last few years showing stimuli-dependent, 

scheduled, transient DNA damage in several physiological processes, leading to 

transcription of specific promoters or enhancer. One of the first observations connecting 

DNA damage to transcription activation was topoisomerase IIβ (TOP2B) accumulation in 

β-estradiol-sensitive pS2 promoter following hormone stimulation, along with proteins 

associated with DDR such as PARP1, Ku, and DNA-PK (Ju et al., 2006). In this case, 

TOP2B induces transient DNA breaks that are necessary for transcriptional activation of the 

genes activated by the hormone. DNA damage-mediated transcription activation has also 

been reported in cultured primary neurons stimulated by various molecules that induce 

synapses-like signals, such as N-methyl-D-aspartate (NMDA), potassium chloride, and 

bicuculline (Madabhushi et al., 2015). Also in this case, transcription activation depends on 

transient DSBs induced by TOP2B activity at gene promoters and enhancers, that leads to 

RNAPII release from a paused state. Another report showed TOP1-induced SSBs at 

androgen-receptor binding sites, in prostate cancer cells activated by dihydrotestosterone to 

activate enhancers and promoters (Puc et al., 2015). Here, TOP1 induces nicks that are 

readily recognized and repaired by the DDR and DNA repair pathways. Indeed, knockout of 

the DDR or DNA repair pathways abolishes androgen-induced transcription activation. 

Similarly, in estrogen-sensitive breast cancer cells, hormone-induced gene activation is 

mediated by APOBEC3B. This enzyme, is part of the AID/APOBEC family and catalyzes 

the cytidine to uracil conversion on DNA, which is recognized by the BER pathway: a 

transient DSB is generated to remove the lesion and this is required to recruit RNAPII at 

promoters (Periyasamy et al., 2015). Several models could explain the role of DNA damage-

mediated transcription activation (Vitelli et al., 2017). The simplest explanation is that DSBs 
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are needed to release topological stress that accumulates in actively transcribed genes, in 

order to promote RNA polymerase processivity: this is in agreement with the observations 

that TOP1 and TOP2B are involved in most of the cases described here. Another model 

posits that DSBs are needed to induce chromatin reorganization and modifications that favor 

transcription, as it has been observed in the case of APOBEC3 (Periyasamy et al., 2015). 

Nevertheless, while the appearance of transient breaks, leading to nucleosome-free zones 

and chromatin modifications may favor transcription initiation, prolonged and unrepairable 

DNA damage is detrimental and can lead to transcription inhibition. 

2.3.3 DNA damage-induced transcription 

Until recently, it was thought that transcription in proximity of a DSB site was inhibited to 

prevent RNA synthesis over the broken DNA ends and avoid collisions or interference 

between the transcriptional and the repair machineries (Marnef et al., 2017; Pankotai et al., 

2012; Shanbhag et al., 2010). Nevertheless, upon DSB, the surrounding chromatin is 

remodeled and decondensed, which thereby facilitates the recruitment of repair factors and 

the processing of the DNA. Notably, this chromatin state resembles that of transcriptionally 

active loci and even harbors some of the same histone modifications (Ziv et al., 2006). The 

involvement of RNA in the regulation of chromatin and transcription has been evident for 

several years (Holoch and Moazed, 2015), but only recently RNA has been shown to directly 

participate in preserving genome integrity (d'Adda di Fagagna, 2014; Sabin et al., 2013). 

This occurs in different ways: not only do RNA transcripts promote DDR signaling when 

DNA damage arises at their genetic loci (Francia et al., 2012) and guide homology-directed 

DNA repair (Gao et al., 2014; Wei et al., 2012), but it also provides an intact copy of 

corrupted genetic information to be used as a template for DSB repair (Keskin et al., 2014; 

Storici et al., 2007). These evidence highlights an active role of RNA in preserving genome 

integrity, which raises the paradox of transcription as a source of DNA damage, but, at the 

same time, necessary for DNA damage signaling and efficient repair of the transcribed locus 

(Francia, 2015).  

2.3.3.1 The role of ncRNA in DDR 

Non-coding RNAs are generally classified by their length: all non-coding transcript longer 

then 200 bp up to several kilobases are considered long ncRNAs (lncRNAs); while below 

this threshold ncRNAs are generally classified as small ncRNAs (sncRNAs). Several novel 

lncRNAs have been identified as involved in the epigenetic regulation of the eukaryotic 

genome. Indeed, their function is to control the expression of factors involved in DNA-
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damage signaling and repair (Sharma and Misteli, 2013). Some examples are: NORAD (non-

coding RNA activated by DNA damage), which sequesters factors negatively regulating the 

expression of genes involved in DNA repair and replication (Lee et al., 2016); DINO 

(damage induced non-coding), induced by p53, which, through the binding and the 

stabilization of p53, modulates the expression of p53-target genes amplifying the response 

to the DNA damage (Schmitt et al., 2016); or lincRNAp21, which, oppositely represses p53-

target genes, interacting with the RBP hnRNP-K and modifying its localization to the 

promoters of the target genes (Huarte et al., 2010).  

Intriguingly, recently, some lncRNAs have been identified as directly involved in the DNA 

repair, or rather used as templates for HR-mediated DSBs repair (Keskin et al., 2014). 

Among them, DDSR1 modulates the recruitment of BRCA1 to DNA breaks, through 

binding to hnRPUL1, a factor known to control DNA end resection (Polo et al., 2012; 

Sharma et al., 2015); while LINP1 acts as a scaffold to connect Ku80 and DNA-PKcs in 

NHEJ DNA damage repair (Zhang et al., 2016). In Aicardi-Gautiers patients with associated 

RNase H2 deficiency, the unusual accumulation of “non-canonical” DNA:RNA hybrids in 

intergenic regions seems to be related to their role as an intermediate for DNA repair (Lim 

et al., 2015).  

2.3.3.2 dilncRNA transcription at the DSB site 

Our group previously demonstrated that a novel class of lncRNAs, named damage-induced 

lncRNAs (dilncRNAs) are transcribed by RNAPII upon DNA damage from and towards the 

DNA ends. They can be detected by reverse transcription followed by quantitative PCR (RT-

qPCR), and by single-molecule fluorescent in situ hybridization (smFISH) (Michelini et al., 

2017). For these experiments, multiple distinct endonucleases were used to generate DSBs 

at exogenous integrated constructs as well as endogenous genomic loci, in both transcribed 

and non-transcribed regions: dilncRNAs were generated regardless of transcription state, 

suggesting their independence from pre-existing transcription or canonical promoters and 

enhancers. We demonstrated that the recruitment of RNAPII at the broken DNA ends is 

MRN-dependent manner (Figure2), and indeed RNAPII immunoprecipitates with all the 

three components of the MRN complex. Very recently we also reported that, in an in vitro 

system, recombinant human MRN and purified native RNAPII	are sufficient to reconstitute 

a minimal functional transcriptional apparatus at DSBs. This system also allowed us to 

demonstrate that RNAPII dilncRNAs transcription is independent from MRN nuclease 

activity but, instead, dependent on its ability to melt DNA ends, as shown by a number of 

assays, including single-molecule FRET assays (Sharma et al., 2021). 
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Similar damage-induced ncRNAs were also reported in Neurospora crassa, Arabidopsis 

thaliana, Drosophila melanogaster and human cell lines (Qi et al., 2016; Wang and 

Goldstein, 2016; Wei et al., 2012; Yang and Qi, 2015). In S. pombe, it has been demonstrated 

that de novo transcription is induced at sites of DNA damage and that these newly 

synthesized RNA molecules anneal with their DNA templates resulting in transient 

DNA:RNA hybrids required for efficient DSB repair via HR (Ohle et al., 2016). Also in 

mammalian cells, DROSHA is involved in the accumulation of DNA:RNA hybrids at DSBs, 

which are removed by Senataxin, promoting RAD51 loading and preventing translocations 

(Cohen et al., 2018; Lu et al., 2018b).  Recently, we also proposed that dilncRNAs form 

DNA:RNA hybrids downstream of DNA-end resection, upon hybridization with resected 

DNA ends, and contribute to HR, through the recruitment of the HR proteins BRCA1, 

BRCA2, and RAD51. DSB-induced DNA:RNA hybrids are recognized by BRCA1 and their 

levels are modulated by BRCA2 through the direct interaction and recruitment of RNase H2 

to DSBs. These results demonstrate that regulated DNA:RNA hybrid levels at DSBs 

contribute to HR-mediated repair (D'Alessandro et al., 2018).  
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Figure 2. Proposed model for dilncRNA and DDRNA generation and activity at sites of DNA damage. 
When a DSB occurs, the MRN ‘sensor’ is recruited to the site of the damage. It recruits RNAPII to the broken 
DNA ends, which transcribes bidirectionally from and towards the break, synthesizing two sets of damage-
induced lncRNAs (dilncRNA) from (blue) and to (light blue). As they have a complementary sequence, they 
can pair each other in a long double-stranded RNA, that is then processed by DROSHA and DICER generating 
DNA damage RNAs (DDRNAs). In turn, they are able to bind the nascent unprocessed single-stranded 
dilncRNA, fuelling the DDR through the binding with other DDR factors. The treatment with antisense 
oligonucleotides (ASOs) complementary to DDRNAs sequence, prevents the interaction between dilncRNAs 
and DDRNAs and inhibits the DRR in a site- and sequence-specific manner.  

  

from Michelini et al, 2018 
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2.3.3.2.1 dilncRNA processing and DDRNAs generation 

As synthesized from both the strands at each side of the break, dilncRNAs have a 

complementary sequence and, therefore, the potential to form a double-stranded RNA that 

then can be processed by DROSHA and DICER to generate small ncRNAs termed DNA 

damage response RNAs (DDRNAs), carrying the sequence of the DNA flanking the DSB 

(Francia et al., 2016; Francia et al., 2012). Pairing between DDRNAs and dilncRNAs allows 

site-specific localization of DDRNAs at the damaged site and the formation of a DDR focus, 

through the recruitment of 53BP1, which in turn associates with in situ DDRNAs and 

dilncRNAs in a manner dependent on its Tudor domain. The relevance of these ncRNA 

species in DDR signaling and in DNA repair, comes from experiments to prevent their 

transcription or function. Indeed, a transient inhibition of RNAPII by a-amanitin, prevents 

global DDR activation downstream of γH2AX and inhibits DNA repair. Moreover, antisense 

oligonucleotides (ASOs) against dilncRNAs and DDRNAs are able to reduce 53BP1 

accumulation and DNA repair at individual genomic loci in a sequence-specific manner 

(Michelini et al., 2017) (Figure 2).  

The RNA endonucleases DROSHA and DICER are core components of the miRNA 

biogenesis machinery, but have been shown to be also required for propagation of DDR. 

Indeed, depletion of DROSHA and DICER results in deficient recruitment of repair factors 

to the damage site and also a reduction in both HR and NHEJ repair efficiency (Francia et 

al., 2012; Lu et al., 2018b; Wei et al., 2012). It has also been corroborated in multiple 

organisms that DROSHA- and DICER-like enzymes can then digest these dilncRNAs into 

mature DDRNAs via a mechanism dependent on the transcriptional activity of the damaged 

locus (Burger et al., 2019; Michelini et al., 2017; Wei et al., 2012). Moreover, DICER, 

generally considered exclusively cytoplasmic (Much et al., 2016), was recently shown to be 

recruited to sites of DNA damage in a phosphorylated form (Burger and Gullerova, 2018; 

Burger et al., 2017).  

Nevertheless, whether the primary transcript is processed locally at the site of the damage or 

elsewhere remains unknown. Recently work, published from our lab, reported that 

DROSHA is recruited to the site of the damage and it accumulates through the interaction 

with the DNA damage sensor MRN, via protein-protein interaction and not via direct binding 

with RNA. This is true for DSBs generated in different genomic context, although more 

evident at the promoter of active genes where the chromatin is more open. Notably, its 

recruitment is independent from both H2AX and the kinase activity of ATM and DNAPK, 

suggesting that it is an early event during DDR activation (Cabrini et al., 2021).  
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Recent data support the generation of small ncRNAs upon DSB in several organisms 

(Francia et al., 2012; Michalik et al., 2012; Rossiello et al., 2017; Wei et al., 2012). In 

Drosophila cells, transfection of a linearized plasmid generates small ncRNAs when the 

linearization truncates a transcribed region (Michalik et al., 2012). The production of these 

small RNA, with the sequence of the linearized ends, induces the post-translational silencing 

of the truncated gene, in a process known as endo-siRNA response. This process can be 

assimilated into an evolutionary-conserved mechanism known as RNA interference (RNAi), 

in which small RNA molecules, like siRNA, cause gene silencing (Ghildiyal and Zamore, 

2009). Cleavage of a double-stranded precursor by DICER generates siRNAs, that are 

loaded on Argonaute (AGO) proteins in the RNA-Induced Silencing Complex (RISC) to 

repress the expression of target transcripts. microRNA (miRNA) are another class of small 

ncRNAs with a function similar to siRNAs, but slightly different biogenesis. miRNA 

biogenesis requires the additional cleavage of a hairpin precursor RNA by DROSHA, thus 

generating the dsRNA substrate for subsequent DICER cleavage. miRNAs are then loaded 

into the RISC complex and inhibit mRNA translation in a process mediated by the GW-182 

family proteins.  

2.3.3.3 DSBs features of canonical promoters 

The synthesis of dilncRNAs and DDRNAs at the site of damage, which are involved in DDR 

activation, make clear that transcription plays a key role in DNA damage signaling. We 

previously reported that POLR2A, the catalytic component of RNAPII, is recruited to DNA 

ends both in vitro, in cell extracts, and in vivo, in cultured cells (Michelini et al., 2017). 

Despite this evidence, whether a DSB was able to recruit the factors commonly engaged at 

a canonical promoter and whether these factors were necessary for dilncRNAs transcription 

was still unknown. Recently we uncovered that together with POL2A, also the whole 

preinitiation complex (PIC) and its associated components, MED1 and CDK9 (collectively 

named PMC), are recruited to DNA damage sites in close proximity (100 bp) from the DSB. 

This recruitment spreads on the chromatin up to 2 kb from the broken DNA ends, where 

only RNAPII is still detected. By two imaging approaches – the stochastical optical 

reconstruction microscopy (STORM) and the DNA-damage in situ ligation followed by 

proximity ligation assay (DI–PLA) – we confirmed the colocalization of POL2A and the 

PIC components with γH2AX, consistently indicating that the PMC components and 

RNAPII assemble at DSBs and coexist with local RNA synthesis. Moreover, the dilncRNAs 

synthesis at the site of damage relies on the MRN complex that act as a tethering factor at 

DSB site for PIC components and RNAP2A.  
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It has recently been reported that the activity of super-enhancers and DNA-binding 

transcription factors is dependent on liquid-liquid phase separation (LLPS) events 

(Boehning et al., 2018; Boija et al., 2018; Cho et al., 2018; Lu et al., 2018a; Sabari et al., 

2018). We demonstrated that RNA synthesis at the site of the damage favours LLPS of the 

DDR foci component 53BP1: RNA acts as a driving agent for protein condensation by 

promoting local concentration of RNA-interacting proteins, which can form liquid droplets 

through liquid-liquid de-mixing by phase separation. Indeed, the treatment with both 

transcriptional inhibitors and ASOs against dilncRNAs and DDRNAs disrupted the liquid 

droplets once they were already formed. LLPS probably favors DNA-damage signaling and 

repair events by controlling the diffusion and concentration of DDR factors in proximity to 

DSBs. This will also exert a role beyond focus formation, suggesting events similar to those 

reported at enhancers, where distant genetic elements are brought in close proximity (Pessina 

et al., 2019). Indeed, very recently, a model of RNA-mediated feedback control of 

condensates occurring during transcription was proposed (Henninger et al., 2021). 

According to this model, when the transcription starts, low levels of RNA are synthesized at 

promoter and enhancers, which promote condensates formation, in line with that observed 

at the DNA damage site. This highlights the similarities between a DSB and a canonical 

transcriptional promoter. Then, the transcriptional burst due to the elongation phase of 

RNAPII, promotes dissolution of the condensate. 

2.3.3.3.1 Single-molecule imaging of transcription at DSBs 

How transcription occurs at DSBs has remained elusive due to the lack of single-molecule 

resolution tools to directly detect and measure transcription dynamics upon DNA damage. 

In 2019, a study published from the group of Sergio De Almeida in Lisbon established a 

reporter system which allows the visualization of individual nascent RNAs with high 

temporal and spatial resolution upon a single DSB induction in two distinct chromatin 

locations: a promoter-proximal (PROP) region and a region within an internal exon (EX2) 

(Vitor et al., 2019) (Figure 3). To image transcription after the induction of a DSB within 

the promoter region (PROP), they inserted a I-SceI restriction site followed by 24 repeats of 

the MS2 sequences, 61 bp downstream the TSS of a modified immunoglobulin M (IgM) 

gene integrated in single copy in the genome of human embryonic kidney (HEK) 293 cells 

(Figure 3A, B). Instead, transcription upon DSBs within exons (EX2) was monitored by 

integration of the I-SceI site flanked upstream by 24 repeats of MS2 and downstream by 24 

repeats of PP7 phage sequences, within the second exon of the same IgM gene. Visualization 

of transcription occurs through the recruitment of fluorescently tagged MS2- and PP7-
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binding proteins to single nascent transcripts (Figure 3C). By fluorescence they determined 

that the two reporter genes are transcribed normally, with average transcription rates ranging 

from 3.8 to 4.9 kb/min at the MS2 and PP7 sequences, respectively. 12 min after DSB, the 

authors observed MDC1 recruitment to the damage site and transcriptional silencing of both 

reporter genes, suggesting that a DSB leads to rapid suppression of preexisting transcription 

initiation. Then, at PROP sites transcription remains silenced, consistent with the observed 

decrease of H3K36me3 histone modification of active chromatin. Whereas, at EX2 damaged 

locus, transcription recovered in the 81% of the cells but with different kinetics: 30-40 

minutes after DSB induction in 54% of the cases, and immediately in the remaining cells. 

The early transcription recovery is observed only downstream the DSB site; whereas, the 

late transcription recovery across the break, is dependent on damage repair by NHEJ, as it 

does not occur in ligase IV-depleted cells. Interestingly, if they flip the MS2 sequence 

upstream the I-SceI restriction site, in basal conditions only PP7 sense transcription is 

observed. Upon DSB induction, the sense transcription is suppressed, whereas the antisense 

transcription of MS2 is promoted in the 50% of the cells.  

This system reveals that the impact of a DSB on transcription depends on its location within 

the gene. Moreover, the observed 50% frequency of antisense transcription suggests that the 

direction of break-induced transcription is decided in a stochastic manner, perhaps 

determined by the kinetics of RNAPII binding to one of the two broken DNA ends. 

By genome-wide analysis of DSBCapture data they also confirm the presence of significant 

levels of antisense transcription at the intragenic DSB loci, suggesting that broken DNA 

ends are competent to drive bidirectional transcription initiation both in reporter genes and 

widespread across the human genome.  
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Figure 3. Schematic representation of the reporter system for the visualization of transcription upon 
DSB. 
(A) The construct with a modified IgM gene was integrated as a single copy in the genome of HEK 293T cells. 
(B) To visualize transcription upon DSB induction at the TSS of the gene, an I-SceI restriction site, followed 
by 24 MS2 repeats, was integrated 61 bp downstream the TSS (PROP). (C) Integration of the I-SceI site flanked 
by MS2 and PP7 repeats within IgM second exon, to detect transcription upon DSB induction within the CDS 
of a gene (EX2).  

2.3.3.3.2 RNA binding proteins and transcription factors recruitment to the site of DNA 

damage 

In the last years, factors involved in several aspects of RNA metabolism have been found in 

proteomic and functional DDR screens (Bennetzen et al., 2010; Bensimon et al., 2010; 

Matsuoka et al., 2007; Paulsen et al., 2009) or have been reported as ATM or ATR substrates 

(Matsuoka et al., 2007). Moreover, an increasing number of transcription factors and RBPs 

have been reported to localize to DNA damage sites (Izhar et al., 2015), where they may 

directly participate in DDR (Dutertre et al., 2014). For example, DNA end resection is 

stimulated by hnRNPUL1/2 (heterogeneous nuclear ribonucleoprotein U-like), RBPs that 

control several aspects of RNA maturation (Polo et al., 2012). Some substrates of ATM and 

ATR, for instance, are involved in several aspects of RNA metabolism, such as transcription 

termination, splicing and degradation (Matsuoka et al., 2007).  

Some RBPs may also contribute to DDR signaling through modulation of the chromatin 

landscape, like the RNA binder FUS, which localizes to DNA lesions (Britton et al., 2014; 

Mastrocola et al., 2013), where it interacts with the chromatin modifiers HDAC1 (Wang et 

al., 2013), contributing to both HR and NHEJ repair of the damage (Mastrocola et al., 2013). 

Indeed, amyotrophic lateral sclerosis (ALS) patients with a familial mutation in FUS, display 

increased genome instability due to the impaired interaction of FUS with HDAC1 (Wang et 

al., 2013).  
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A B 

C 

adapted from Vitor et al, 2019 
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Other RBPs contribute to the DDR signaling through the direct interaction with DNA 

damage proteins: this is the case of the splicing factor SFPQ/PSF which is rapidly and 

transiently recruited to the DNA lesion (Kuhnert et al., 2012; Salton et al., 2010) where it is 

involved in HR, interacting with RAD51D (Rajesh et al., 2011).  Another example is PRP19, 

an E3 ubiquitin ligase with a role in splicing regulation, that interacts and ubiquitylates RPA 

and promotes the accumulation of the ATR-ATRIP complex, amplifying the DDR signaling 

(Marechal et al., 2014). Among the RBPs involved in end resection, hnRNPUL1/2 is an 

hnRNP (heterogeneous nuclear ribonucleoproteins) involved in alternative splicing, mRNA 

stabilization and transcriptional regulation (Geuens et al., 2016). It localizes to DSBs in an 

MRN-dependent manner to stimulate DNA end resection by recruiting the helicase BLM. 

This process can be further stimulated by PRP19, as described above. Additionally, 

components of the exosome, a complex involved in RNA processing and degradation, have 

been shown to localize to DSBs, where they promote repair by HR (Manfrini et al., 2015; 

Marin-Vicente et al., 2015).  

2.3.3.3.3 RNA splicing and DNA damage 

Splicing is the mechanism by which non-coding intronic sequences are removed from the 

primary gene transcript (pre-mRNA) to generate a mature mRNA molecule. It is catalyzed 

by the recruitment of the spliceosome machinery, composed of five small nuclear 

ribonucleoparticles, named snRNPs U1, U2, U4, U5, and U6, (Wahl et al., 2009), on the pre-

mRNA, where it recognizes short sequence elements with a consensus at exon−intron 

boundaries (5′ and 3′ splice sites). This interaction is regulated by different RBPs such as the 

serine/arginine (SR) family of splicing factors or a group of proteins that bind to 

heterogeneous nuclear RNA (hnRNP proteins).  

It has been demonstrated that a wide range of stimuli or stressing conditions, including DNA 

damage (Giono et al., 2016; Montecucco and Biamonti, 2013; Naro et al., 2015; Shkreta and 

Chabot, 2015), induce several alternative splicing events, which produces different mRNAs 

from a single pre-mRNA (Kornblihtt et al., 2013). As the assembly of the spliceosome 

occurs co-transcriptionally, alternative splicing decisions are modulated by the elongation 

rate of RNAPII (Listerman et al., 2006).  Indeed, the phosphorylation status of CTD (C-

terminal domain) of RNAPII acts as landing pad for numerous splicing factors (Hsin and 

Manley, 2012), finely tuning gene expression. The hypothesis that DNA damage could 

impact on the splicing of genes involved in DDR is confirmed by the impairment of DNA 

damage foci formation upon splicing inhibition before irradiation of the cells (Pederiva et 

al., 2016; Tanikawa et al., 2016). The best characterized splicing factor known to be recruited 
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to the site of the damage is the ubiquitin ligase PRP19, also known as Psoralen 4 (Pso4) 

gene, which	 interacts with RNAPII, recruiting the TREX complex, involved in mRNA 

export, to transcribed genes (Chanarat et al., 2011); it forms a complex with U2AF65, which 

participates in the CTD-dependent coupling of splicing to transcription (David et al., 2011). 

Its down-regulation increases the sensitivity of human cells to spontaneous DSBs as well as 

to hydroxyurea or PARP inhibitor treatments, and it also plays a role in the homologous 

recombination (HR) pathway by regulating the protein levels of BRCA1 and the generation 

of single-stranded DNA at DSBs (Abbas et al., 2014). Other splicing factors that also play a 

role in the DDR are SFPQ and NONO, two DNA- and RNA-binding proteins involved in 

the catalytic step of the splicing reaction, in nuclear retention of defective RNAs and in DNA 

repair. They exert their functions through the stimulation of NHEJ and the repression of HR 

(Krietsch et al., 2012). Overall RBPs appear to play a central role in the coordination of 

connections between splicing regulation, the assembly of DNA repair complexes, and the 

activation of checkpoint pathways (Michelini et al., 2018).	 

2.3.3.4 Transcription termination in eukaryotes 

Transcription termination occurs when the RNA polymerase is released after a transcription 

event, thus defining the ends of transcriptional units. Transcription termination also plays a 

regulatory role in gene expression. Indeed, as transcription initiation often occurs in a 

constitutive manner and is largely independent of annotated coding regions, the termination 

may play a role in preventing the accumulation of non-functional RNAs that might otherwise 

interfere with the metabolism of functional molecules (Colin et al., 2011; Jacquier, 2009; 

Kuehner et al., 2011). Such a posteriori transcriptional quality control might be considered 

uneconomical, but it is likely the driver mechanism for the generation of new genes. 

RNAPII  transcribes all protein-coding genes to generate mRNA, as well as many non-

coding RNAs (ncRNAs), which can either be abundant and stable, such as small nuclear 

RNA (snRNA) and small nucleolar RNA (snoRNA), or be present at low levels and rapidly 

degraded, such as long non-coding RNA (lncRNA) (Richard and Manley, 2009). The other 

two polymerase in eucaryotes are RNA Polymerase I, which transcribes the highly abundant 

ribosomal RNA (rRNA) precursor, which is co-transcriptionally processed to mature 28S, 

18S, and 5.8S rRNA, and RNA Pol III that transcribes transfer RNA (tRNA) and 5S rRNA. 

All eukaryotic mRNAs have a shorter RNA tract before and a longer one after the coding 

region (5′ and 3′ untranslated regions, or UTRs). The 5′UTR begins with a 5′ terminal Cap 

structure, whereas the 3′ UTR ends with a polyadenylated [poly(A)] tail. Both these mRNA 

modifications are formed as part of pre-mRNA processing that occurs co-transcriptionally 
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and is also coordinated with removal (splicing) of introns that separate the coding exons. 

These complex RNA processing reactions are all required to generate translatable mRNA, 

which is then exported through the nuclear pore to sites of cytoplasmic translation. Failure 

to terminate transcription in eukaryotic genes may have severe consequences for gene 

expression (Proudfoot, 2016).  

So far, three pathways of RNAPII transcription termination have been described in 

metazoans, generating mRNAs, snRNAs and transcripts encoding replication-dependent 

histones, respectively. For transcription termination at protein-coding genes, this is triggered 

by cleavage and polyadenylation specificity factor (CPSF), cleavage stimulatory factor 

(CstF), cleavage factor I (CFI) and CFII, which contain homologues of yeast (CPF)–CF 

complex. Cleavage of the nascent transcripts by the CPSF occurs 18–30 nucleotides 

downstream of a polyadenylation signal (PAS; AAUAAA), which is required to trigger 

termination. The RNA is cleaved and polyadenylated at the 3ʹ end, which favors subsequent 

export to the cytoplasm and translation. Transcription termination in metazoans is thought 

to be associated with RNAPII pausing (Core et al., 2008; Gromak et al., 2006; Nag et al., 

2007; Osheim et al., 2002; Plant et al., 2005), which is correlated with formation of 

DNA:RNA hybrids when the nascent transcript anneals to the template strand in the wake 

of transcribing or paused polymerase. The homologue of yeast Sen1, senataxin (SETX), has 

been suggested to participate in termination of some mRNA genes, possibly by resolving R-

loops to allow the entry of the 5ʹ-3ʹ exoribonuclease XRN2, the homologue of Rat1. 

Degradation of the 3ʹ end fragment of the nascent transcript is thought to subsequently elicit 

transcription termination (the torpedo model) (Skourti-Stathaki et al., 2011).  

Termination at small nuclear RNA (snRNA) genes involves the integrator (INT), a large 

protein complex that contains homologues of CPSF subunits. This complex recognizes the 

Ser7-phosphorylated form of the Pol II CTD and a sequence at the 3ʹ end of the snRNA (3ʹ 

box). The negative elongation factor (NELF) is also recruited to the elongation complex, 

possibly as a result of interaction with INT (Baillat et al., 2005; Ezzeddine et al., 2011; 

O'Reilly et al., 2014; Yamamoto et al., 2014). Concomitantly or subsequently to RNA 3ʹ end 

cleavage by INT, transcription termination is elicited by unknown mechanisms that require 

INT, NELF, the cap-binding complex (CBC) and its associated factor ARS2. In contrast to 

many mRNAs, transcripts encoding replication-dependent histones are not polyadenylated 

but rather undergo cleavage 3’ to a particular stem-loop structure. U7 small nuclear 

ribonucleoprotein (snRNP), CBC, NELF, ARS2 and CPSF factors, including the CPSF73 

endonuclease, have been shown to be involved in processing (Dominski et al., 2005; Gruber 

et al., 2012; Narita et al., 2007; Yang et al., 2013). Moreover, some still unpublished results 

from our group, further demonstrated that the Microprocessor component, DGCR8, involved 
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in the termination of non-polyadenylated lncRNAs (Dhir et al., 2015), but not INTS11 – a 

component of the Integrator complex responsible of the 3’ processing of small nuclear RNAs 

(snRNAs) (Baillat et al., 2005) – is involved in the transcription termination of dilncRNAs. 

Indeed, by 3’ RACE, we determined that the length of dilncRNAs is around 2-3 kb and that 

the knockdown of DGCR8, but not INTS11, is able to affect their termination.  

Notably, many promoters in yeast and humans, but also in many other species, are 

intrinsically bidirectional (Core et al., 2008; Neil et al., 2009; Ntini et al., 2013; Seila et al., 

2008; Xu et al., 2009). Transcription of canonical protein-coding or functional RNAs is often 

associated with divergent transcription, with or without a functional role. The efficiency of 

bidirectional transcription is not symmetric because the ‘sense’ transcription is generally 

preferred over the non-functional one, depending on the chromatin structure of the region of 

initiation, as well as on the asymmetry in the chromatin marks of the flanking nucleosomes. 

In yeast, spurious transcription events are discriminated from functional ones as the 

termination signals for the Nrd1-Nab3-Sen1 (NNS) complex are more frequently present in 

the ‘wrong’ direction and rare in coding regions. The same divergent transcription at 

canonical promoters has been observed also in humans, where non-coding RNAs that 

transcribed divergently to protein-coding genes are called promoter upstream transcripts 

(PROMPTs). These RNAs are shorter than normal transcripts and are degraded by the 

human exosome: the CPSF–CF pathway recognizes the PASs that are present more 

frequently in the non-functional transcript and induces promoter proximal termination (Ntini 

et al., 2013; Preker et al., 2008). The reason for why PROMPTs are unstable might related 

to the early position of the PASs relative to the TSS (Ntini et al., 2013), similarly to the 

mechanism for NNS termination. Moreover, CBC and ARS2 complex stimulates 

transcription termination at proximal sites, possibly by recruiting the CFII factor CLP1, 

while having only weak effects at distally positioned PASs. These are found in association 

with the nuclear exosome targeting (NEXT) complex, which promotes PROMPT 

degradation. Therefore, CBC–ARS2–NEXT can be considered as the functional 

homologues of the NNS-TRAMP complex in yeast (Porrua and Libri, 2015).		

2.3.3.4.1 DICER- and Microprocessor-mediated transcriptional regulation  

A large body of evidence has unveiled a novel role of DICER and the Microprocessor 

complex – composed by the double-stranded RNA-binding protein DGCR8 and the RNase 

III endonuclease DROSHA (Ha and Kim, 2014) – in controlling genome stability, from the 

maintenance of genome integrity to the regulation of alternative splicing, independently 

from small RNAs generation (Calses et al., 2017; Chitale and Richly, 2017; Francia et al., 
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2012; Han et al., 2009; Johanson et al., 2015; Knuckles et al., 2012). The Microprocessor 

complex has been shown to localize at many different non-miRNA genes, including at 

superenhancers (Gromak et al., 2013; Macias et al., 2012; Suzuki et al., 2017; Wagschal et 

al., 2012), and its affinity for hairpin structures in nascent RNA is exploited by the cell to 

promote premature transcription termination of endogenous retroviral genes via stem-loop 

excision, independently from mature miRNA production (Wagschal et al., 2012). 

Interestingly, accurate transcription termination of many miRNA-containing lncRNAs relies 

on Microprocessor endonucleolytic activity rather than the canonical cleavage-and- 
polyadenylation mechanism (Dhir et al., 2015). Moreover, also human DROSHA has been 

shown to enhance the expression of a subset of coding genes through the interaction with 

RNAPII, while its catalytical activity results dispensable (Gromak et al., 2013). The same 

direct role in nuclear transcription regulation has been observed also for DICER, 

independent from the biogenesis of small ncRNAs. In S. Pombe it is involved in the 

displacement of stalled RNAPII at sites of collision between the transcription and DNA 

replication, which cause the accumulation of recombinogenic DNA:RNA hybrids 

(D'Alessandro and d'Adda di Fagagna, 2016; Francia, 2015; Marnef et al., 2017; Santos-

Pereira and Aguilera, 2015), and genomic instability. However, the presence of DICER in 

the nucleus of mammalian cells is controversial. In humans, DICER localizes in the 

proximity of transcription start sites and PASs with paused RNAPII (Neve et al., 2016; 

Skourti-Stathaki et al., 2014; White et al., 2014). Occasionally, these sites were found to be 

associated with R-loops that triggered the transcription of antisense RNAs (Skourti-Stathaki 

et al., 2014).  The resulting dsRNA formation in turn could lead to the recruitment of DICER, 

together with other RNAi factors, and the consequent formation of heterochromatin at 

RNAPII-paused sites, ultimately enforcing transcription gene silencing (Skourti-Stathaki et 

al., 2014; White et al., 2014). The presence of DICER at specific PASs suggests it may also 

control alternative transcription termination since DICER-dependent deposition of 

repressive chromatin marks surrounding such PASs may decrease RNAPII speed, ultimately 

imposing altered transcription termination at these sites and the production of alternative 

RNA variants (Neve et al., 2016). The Microprocessor complex and DICER are versatile 

factors, acting, in addition to their canonical roles, as nuclear transcriptional fine-tuners. The 

ability of DROSHA, DGCR8, and DICER to slow down the transcription rate and mitigate 

DNA-RNA hybrid accumulation represents an intrinsic threat for genome integrity (Tubbs 

and Nussenzweig, 2017), suggesting a fail-safe mechanism in genome maintenance.  
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2.4 CRISPR/Cas9: a tool to study DSB-induced transcription 

The CRISPR/Cas endonuclease system (clustered, regularly interspaced, short palindromic 

repeats/Cas9-associated protein) has recently emerged as a method that enables robust and 

efficient genome engineering. It was rapidly adopted and optimized in many experimental 

systems to mediate genome editing, as it provides a versatile toolkit for introducing various 

DNA lesions at specific genomic locations (Doudna and Charpentier, 2014; Hsu et al., 

2014). In standard applications, the system needs two components: the CRISPR-associated 

endonuclease 9 (Cas9) and a single guide RNA (sgRNA) a 25 bp long oligonucleotide with 

a sequence complementary to the genomic target site, which must be located next to a 3- to 

6-nt-long protospacer adjacent motif (PAM), as well as an RNA sequence that associates 

with the Cas9 protein (Jinek et al., 2012). The Cas9 is recruited to the target region by the 

sgRNA for sequence complementarity and cleaves the DNA upstream the PAM sequence 

generating a DSB. Distal mismatches next to the PAM site can lead to off-targets at 

undesired sites (Xie et al., 2014). Like randomly occurring DSBs, CRISPR/Cas9-induced 

DSBs can be repaired either by HR or NHEJ, with more or less fidelity and different 

outcomes. NHEJ-mediated repair often leads to small deletions, frame shifts, or modified 

binding sites, which make it suitable for gene knockout mutations; while HR is more 

applicable to achieve DNA knock-in or gene replacement in the presence of a donor template 

(Kim and Kim, 2014). A better understanding of the nature of these lesions and the repair 

pathways engaged is critical to realize the full potential of this technology. A study published 

in 2018 describes an inhibitor of 53BP1, i53, among a library of ubiquitin variants (Ubvs), 

initially developed to identify inhibitors of ubiquitin binding proteins, as 53BP1 

accumulation at the DSB site relies on the binding to the ubiquitinated form of H2A histone. 

This genetically-encoded inhibitor increases the efficiency of repair by HR in human and 

mouse cells. This makes i53 useful in additional gene editing reactions, without affecting 

spontaneous or DNA damage-stimulated sister chromatid exchanges, which is a potential 

threat to genome stability which occurs as a consequence of crossover reactions (Canny et 

al., 2018). Bothmer et al. 2017 characterized in their work the DNA lesions introduced by 

different Cas9 variants and the resulting cellular responses at the endogenous HBB locus. 

They confirmed that WT Cas9-induced DSBs are predominantly repaired through the c-

NHEJ pathway. They tested also a paired nickase approach, consisting in two Cas9 inducing 

a nick in the DNA that if not repaired before S-phase, can be transformed into DSBs by 

DNA replication. Cells then rely on DSB repair pathways, specifically scar-less repair 

through HR, for their resolution (Mayle et al., 2015; Neelsen and Lopes, 2015; Saleh-Gohari 

et al., 2005). As a result, single nicks introduced by Cas9 variants only produce a low overall 
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frequency of locus modification (Hsu et al., 2013; Nishimasu et al., 2014; Vriend et al., 2014; 

Vriend et al., 2016). They observed the predominant engagement of HDR for the repair of 

D10A Cas9-induced dual-nicking DSBs resulting in a 5’ overhang and the predominant 

engagement of a-NHEJ/SD-MMEJ and HDR for the repair of N863A Cas9-induced DSBs 

(Bothmer et al., 2017) (Figure 4).  

 

 

 
Figure 4. Model for Cas9 mediated DSB repair.  
Schematic representation of the preferred pathway chosen for the DSB repair according to different Cas9 
variants. (A) The DSB induced by the wt Cas9 is preferentially repaired via canonical-NHEJ (c-NHEJ). (B) 
The repair of D10A Cas9-induced double nicks involves predominately HDR; unlike the other N863A Cas9 
variant, which engages in most of the cases the alternative-NHEJ (a-NHEJ) (C). 

2.4.1 Cas9 variants  

CRISPR/Cas9 targeting efficiency and capacity have been rapidly improved by the 

application of Cas variants that produce nicks (single-strand breaks) rather than DSBs, or 

the use of Cas12 that induces DSBs further away from the PAM sequence, targeting AT-

rich regions, found at many RNAPII promoters, and producing 5′ overhangs that likely 

promote HR (Schindele et al., 2018). Moreover, many more structural and functional 

variations of CRISPR/Cas systems have been identified (Shmakov et al., 2017), and the ease,  

robustness, and flexibility of this technology make them attractive and versatile components 

to introduce different types of DNA lesions. Another alternative strategy is the use of two or 

multiple sgRNAs producing simultaneous cuts at multiple sites, which is usually exploited 

to create larger deletions after repair (Lowder et al., 2018; Pauwels et al., 2018; Xie et al., 

2015; Zhou et al., 2014). Moreover, Cas variants with different endonuclease activities 

represent great tools for studying DNA repair processes in specific cell types and at chosen 

times (Durut and Mittelsten Scheid, 2019). 

A B C 

adapted from Bothmer et al., 2017 



 34 

The CRISPR/Cas13 ribonuclease family, which targets only RNA molecules (Abudayyeh et 

al., 2017), adds another option for modifying polynucleotides with high specificity, and it 

can be used to rapidly reduce the level of cytoplasmic transcripts. Variations of the Cas 

protein with mutations in its two nuclease domains render the protein catalytically inactive 

(deadCas or dCas), but it maintains its ability to associate with the gRNA, converting it into 

a DNA-binding protein (Qi et al., 2013). Fused to a cysteine or adenine deaminase domain, 

the complex can drive precise point mutations by base editing C/G to T/A or T/A to C/G, 

respectively (Cox et al., 2017; Komor et al., 2016). The combination of dCas9 with the 

transcriptional activator domain VP64 (herpes simplex virus protein tetramer repeat 

sequence) and/or other domains, leads to an upregulation of protein-coding and non-protein-

coding genes (Lowder et al., 2015; Park et al., 2017).  

However, a necessary prerequisite for CRISPR/Cas9 to exert its function is the efficient 

delivery into the nucleus of target cells. The delivery of CRISPR/Cas9 complex could occur 

in the form of plasmid DNA (pDNA), mRNA or ribonucleoprotein (RNP), a Cas9 protein 

complexed with sgRNA (Wang et al., 2017). In particular, RNP delivery allows the swiftest 

genome editing, avoiding intracellular transcription and translation. Moreover, the transient 

genome editing, due to the physiological protein degradation, not only permits editing 

efficiency, but also reduces off-target effects, insertional mutagenesis, and immune 

responses (Chandrasekaran et al., 2018; Lattanzi et al., 2019). RNP delivery offers a robust 

platform for cells with low transcription and translation activity, and also improves genome-

editing efficacy in multiple contexts including stem cells (D'Astolfo et al., 2015). Methods 

for RNP delivery include physical approaches such as microinjection, electroporation, 

biolistic and microfluidic techniques, or synthetic carriers such as lipid nanoparticles and 

cell-derived vesicles, polymers, nanogels, inorganic nanoparticles and DNA nanoclews. 

Physically-induced intracellular delivery are mainly mediated by membrane disruption 

(Stewart et al., 2018), whereas the development of carriers for RNP delivery is similar to 

those for gene and protein delivery (Lv et al., 2019; Mintzer and Simanek, 2009). 

Spatiotemporally control of CRISPR/Cas9 function is critical for precise genome editing and 

reducing the off-target effects. Several strategies have been recently developed to make Cas9 

RNP responsive to external stimuli, such as light exposure and ultrasound. These enzyme-

responsive and redox-responsive systems also allow selective and more efficient genome 

editing. These advantages of RNP delivery make it a promising platform in the field of 

CRISPR/Cas genome editing (Zhang et al., 2021).  
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2.5 Oxford Nanopore Technology (ONT): a novel sequencing approach 

In 2005, when 454 Life Sciences released the first second (or next-) generation sequencing 

(NGS) machine, the technology of sequencing by synthesis (SBS) combined with bridge 

amplification of template molecules allowed great advancements in the research field 

worldwide by delivering insights into the structure and function of living organisms. 

However, while these next-generation machines still account for the largest share of 

sequencing output, their need to amplify DNA templates, then extend with single fluorescent 

nucleotides, and image each step, limits them to short 100–400 bp read lengths. This issue 

makes genome, transcriptome, and metagenome assembly more challenging, and leaves 

some areas of even the human genome unresolvable.  

In contrast, the third generation of sequencing platforms uses single molecule sequencing, 

diverting the challenge to the achievement of a good signal to noise ratios and basecall 

accuracy. This new wave of technologies is led by Pacific Biosciences (PacBio) of Menlo 

Park, CA, USA and by the relative newcomer, Oxford Nanopore Technologies (ONT), of 

Oxford, UK. Both technologies analyze individual molecules of DNA with no need for 

artificial amplification, and generate longer reads than second-generation technologies 

(typically in the thousands or even tens of thousands of nucleotides), but both platforms have 

a relatively high error rate compared with Illumina’s <1% error rates. The main differences 

between the technologies, are that, while PacBio technology has relatively large machines 

which are typically found in centralized sequencing centers, ONT’s MinION is a portable 4-

inch-long USB-powered device that is provided together with two flowcells and reagents at 

a relative low cost.  

The principle behind the ONT technology is that a biological nanopore is built into an 

electrically resistant artificial membrane through which a voltage is applied (Clamer et al., 

2014) (Figure 5).  

DNA or RNA molecules are prepared according to a set of standard library preparation 

protocols which involve attaching a leader adaptor and motor protein to one strand of 

DNA/RNA. During sequencing, the motor protein unzips the double strand helix and passes 

a single strand through the pore one base at a time. The presence of the nucleic acid molecule 

in the pore determines a variation of the current that can be associated to the exact base 

passing the pore in that moment (Smith et al., 2015). A MinION flowcell is composed of an 

array of 512 sensors, each connected to four nanopores (one of which is in use at any time), 

measuring current through the pore thousands of times a second. At any given moment, each 

of the 512 channels may be in a different state depending on whether molecules are being 

sequenced, captured into the pore, or if pores are empty or blocked. Then, the signals data, 
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corresponding to the current variation, from all channels is recorded and stored on the hard 

drive of the computer connected to the MinION device by the MinKNOW software.  

To sequence nucleic acids several different library preparation protocols are available. The 

most common is the 1D library preparations involving the sequencing of only a single strand. 

The main advantages of 1D sequencing are simple library preparation in a short time, with 

high yield due to only sequencing one strand of each molecule, which also allows to obtain 

the longest reads to be obtained. ONT have also released a 1D rapid (transposase-based) 

barcoding kit that supports multiplexing up to 12 samples and a PCR-based barcoding kit 

that supports up to 96 samples. Another popular approach was 2D (double-stranded) 

sequencing, involving the incorporation of a hairpin adaptor: the motor protein would 

process the leader adaptor through the pore, followed by the template strand, then the hairpin 

adaptor and the complement strand. This approach provided the basecaller with two attempts 

at reading the bases, and generated a combined sequence with higher accuracy basecalls than 

from a single strand alone, although the yield is reduced by the sequencing of two molecules 

for each transcript or DNA strand. Therefore, in 2017 the 2D libraries were replaced with 

the 1D2 approach, where, unlike the previous one, the two strands of a DNA molecule are 

delivered to the pore but not covalently linked. With this strategy, once the template strand 

has been sequenced, the complementary one remains near the pore and can be captured 

immediately after the template strand, which occurs in 60% of cases. With respect to the 2D 

approach, where the sequencing of the complementary strand was less accurate, the 1D2 also 

has the advantage of a higher accuracy. Sequencing runs typically last up to 48 h, but the 

first 24 h tend to produce much higher yields, as flowcell performance gradually declines. 

Every 8 hours, the software performs a scan in order to choose the highest performing pore 

in each channel’s group of four (Leggett and Clark, 2017).  
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Figure 5. Nanopore sequencing.  
A schematic representation of the pore inserted in the electrically resistant synthetic membrane. A potential is 
applied across the membrane, resulting in ion flow. The DNA molecules of the library dock with the pore and 
are passed though due to a motor protein bound to the adaptor. Different bases of the nucleic acid cause 
disruptions in the current which are characteristic of their sequence (blue line). In some basecallers, the signal 
is further refined to events (red line) which correspond to distinct pore k-mers.  

 

2.5.1 ONT for transcriptome analysis  

The main advantage provided by ONT is the sequencing of ultra-long reads, as a step of 

fragmentation of the input material is suggested to have optimal molar concentration of 

adaptor‐ligated DNA ends to meet the nanopores during sequencing and gain maximal 

throughput, but is not required. The possibility to sequence long reads are critical in 

structural variation analysis and the complete sequencing of repetitive DNA contents of 

clinical utility, as it enables the detection of large‐scale structural variations, like large 

deletions, inversions, and translocations (Norris et al., 2016). The advantages of long reads 

are not limited to the study of genomic DNA, but are also useful in the study of the 

transcriptome, which contains several information, including the structure of genes, such as 

splice variants and fusion genes, different expression levels of transcripts, and antisense 

transcription. Nanopore full‐length cDNA sequencing analysis of long reads, for instance, 

successfully identified 7,899 full‐length isoforms of  Dscam1 (Down syndrome cell adhesion 

molecule 1) (Schmucker et al., 2000). This Drosophila gene produces a total of 38,016 

different isoforms via alternative splicing arising from four variable exon clusters, and is 

considered “the most complicated alternatively spliced gene known in nature” (Bolisetty et 

al., 2015). Nevertheless, although long-read cDNA sequencing is also possible with other 

platforms, the Nanopore sequencer is the only device that has made possible the direct 

sequencing of long stretches of RNA molecule (Garalde et al., 2018). Indeed, conventional 

adapted from Leggett and Clark, 2017 
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“RNA‐seq” with short reads is rather inappropriately termed so, since the RNA molecules 

are not directly sequenced (Hrdlickova et al., 2017), but require reverse transcription (RT) 

of the template RNA molecule into complementary DNA (cDNA), which is typically further 

amplified by PCR. The PCR amplification can introduce bias (Kozarewa et al., 2009) and 

reduce the complexity of the resulting cDNA library, also altering the information relative 

to cDNA abundance and RNA modifications. Such problems can be overcome by combining 

a long-read sequencing technology with a library preparation method that maintains the 

integrity of the RNA analyzed (Thomas et al., 2014). This allows the accurate, strand 

specific, quantitative sequencing across a wide dynamic range, that does not need prior 

knowledge of sequence, and is capable of revealing the presence and identity of modified 

bases, detecting antisense transcripts without a concern that they are artifacts of library 

preparation (Wu et al., 2008). Ideally, the method would also generate continuous sequence 

reads that span any splice junctions. Therefore, Oxford Nanopore Technologies’ nanopore-

based platform can detect single molecules of nucleic acids as long as they pass through a 

pore, without the need for an enzymatic synthesis reaction. Although the error rate of direct 

RNA sequencing exceeds the already high error rate of Nanopore DNA sequencing, the 

ability to directly study RNA molecules could open up a wide range of research that are 

otherwise not possible (Kono and Arakawa, 2019).  
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3.1 GFPDPromoter plasmid generation  

The HeLa GFP∆Promoter stable cell line was generated by infecting HeLa cells with 10µg 

of pLenti-CMV-MCS-GFP-SV-puro plasmid from AddGene (Witwicka et al., 2015) 

previously depleted of the promoter and enhancer region by inverse PCR using two 

divergent primers: 5’- aggctgcagcgtttagtgaac -3’; 5’- ctgcagcctcggaactcccaag -3’. A 

protospacer adjacent motif (PAM) sequence, consensus for CRISPR-Cas9 targeting, was 

added to the primer sequence to be included at the level of the transcriptional start site of the 

final GFP∆Promoter plasmid. 3µl of the forward and the reverse primer were phosphorylated 

in a reaction with 3µl of 10x PNK Buffer (NEB), 3µl of 10mM rATP, 1,5µl of T4 PNK and 

19,5µl of water up to 30 µl of total reaction incubated for 30 minutes at 37˚C. The 

phosphorylated primers were then used for the inverse PCR using the Phusion® High-

Fidelity DNA Polymerase. I made 4 PCR reactions at 63˚C of annealing temperature to 

increase the specificity of the primers.  

PCR reaction µl for 1 sample  

H2O dd 31 
 

5x HF Buffer  10 
 

dNTPs 10mM 1 
 

5'P-Fw primer 2,5 
 

5'P-Rev primer 2,5 
 

DMSO 1,5 
 

Phusion 0,5 
 

Plasmid 25ng/µl 1 
 

 

The four PCR reactions products were pooled together and purified with Promega PCR 

Clean up columns, eluting them in 40µl of nuclease free water. To remove the DNA 

template, the sample was digested with DpnI, methylation-sensitive restriction enzyme 

(NEB R0176S), at 37℃ for 30 minutes. Then, 50µl of DpnI digested plasmid was loaded on 

0.8% agarose gel, and a band of around 8000 kb was gel extracted and, again, purified with 

Promega PCR Clean up columns and eluted in 25µl of nuclease free water. The plasmid was 

ligated for 30 minutes at room temperature using 1µl of Quick Ligase from NEB and the 

ligation products used to transform One Shot™ Stbl3™ Chemically Competent E. Coli 

(ThermoFisher Scientific, C737303), which are designed specifically for cloning direct 

repeats found in lentiviral expression vectors. These cells reduce the frequency of 

homologous recombination of long terminal repeats (LTRs) of lentiviral expression vectors 

and other retroviral vectors. The bacteria were grown 1 hour in S.O.C. medium and then 
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plated on LB agar plates with ampicillin resistance. The day after, 10 colonies were picked 

up and the ligation tested by PCR with primers spanning the ligation junction (Fw: 5’ 

tatcgtttcagacccacctcccaa 3’; Rev: 5’ tggaggtcaaaacagcgtggat 3’).  

 

 

The PCR products were loaded on a 1% agarose gel and only the colonies that amplified a 

band of the expected length were sequenced by our Institute’s sequencing unit. 10µg of the 

correct and purified GFP∆Promoter lentiviral plasmid was then used for the infection of 

HeLa cells provided by our cell culture facility. After the infection with the highest viral 

titer, the cells were grown in standard cell culture conditions for at least 10 passages to create 

the HeLa GFP∆Promoter stable cell line. Once obtained a stable cell line, clones were 

selected with the help of our Institute’s cell culture service, plating the cells at very low 

dilution, to allow individual colony growth. These colonies were selected and expanded to 

create a stock of clones. Three clones were than thawed and tested for the LTR-driven 

background transcription of the HeLa GFP∆Promoter locus, and that one with lower 

background transcription was chosen for the experiments described in the Result section. 

The selected clone was tested for the number of GFP∆Promoter construct integrations 

comparing it to the Actin gene, that is assumed to be present in two copies in the cell. The 

number of construct’s copies was calculated according to this formula: 

𝑁°	𝑜𝑓	𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛𝑠 = 2("#	%&#'()"#	*+,∆,./0) 

Then, the clone was expanded, keeping it under the highest puromycin selection compatible 

with a normal growth rate, 10ng/ml, to force the cells to retain the maximum copy number.  

PCR reaction µl for 1 sample  

H2O dd 12,8 
 

Go Taq Buffer  5 
 

dNTPs 10mM 0,5 
 

5'P-Fw primer 0,5 
 

5'P-Rev primer 0,5 
 

MgCl2 0,5 
 

Go Taq Polymerase 0,2 
 

Template  5 
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3.2 Cell Culture and cell lines generation 

HeLa cells, provided from IFOM cell culture, were grown under standard tissue culture 

conditions (37 °C, 5% CO2) in DMEM, supplemented with 10% FBS, 2mM L-Glutamine 

and 1% Penicillin/Streptomycin.  

HeLa GFP∆Promoter stable cell line was used as an artificial model to test gene re-

expression upon DSB induction through fluorescence activation. This cell line was generated 

by infecting HeLa cells with 10µg of pLenti-CMV-MCS-GFP-SV-puro plasmid from 

AddGene – previously depleted of the promoter and enhancer region by inverse PCR using 

two divergent primers. Once a stable cell line was obtained, clones were selected from IFOM 

cell culture facility, and one of them thawed and used for the experiments. As a positive 

control, a pool of HeLa GFP cells was generated in parallel by infecting HeLa cells with 

10µg of the same unmodified pLenti-CMV-MCS-GFP-SV-puro plasmid from AddGene. 

Both these cell lines were kept in culture under high puromycin selection, 10ng/ml, to induce 

them to retain maximum plasmid copy number.  

SV40 immortalized MEFs Rosa26 Lox-Stop-Lox EYFP were a kind gift from the Michael 

McManus Lab, University of California, San Francisco. The cells were used as a further 

reporter gene-based model for testing the re-expression of a silent gene upon DSB induction. 

The cells were grown under standard tissue culture conditions (37 °C, 5% CO2) in DMEM, 

supplemented with 10% FBS, 2mM L-Glutamine and 1% Penicillin/Streptomycin. 

MDAMB231 cells were used as a physiological model to test gene re-expression upon DSB 

induction. MDA MB 231 (ATCC) were grown under standard tissue culture conditions 

(37 °C, 5% CO2) in DMEM, supplemented with 10% FBS, 2mM L-Glutamine and 1% 

Penicillin/Streptomycin. 

3.2.1 5-aza-dC treatment 

The cells were seeded at 1 × 105 per 75-mm2 flask in phenol red free Minimum Essential 

Medium (GibcoBRL) containing 2 mM glutamine, 10% fetal calf serum, 1000 U/ml 

penicillin and 100 μg/ml streptomycin. After 24 hours the cells were incubated with freshly 

prepared medium containing 3 × 10-7M 5-aza-2′-deoxycytidine (Decitabine), Sigma. 

Decitabine-containing medium was replaced on days 5 and 8. The cells were harvested on 

day 10 for RNA fractioning, immunofluorescence and immunoblotting analysis. 
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3.3 CRISPR/Cas9 infection 

The selected HeLa GFPDPromoter clone and MDA MB 231 cell line were infected with 

10µg of either CRISPR/Cas9 lentiviral vector (lentiCRISPRv2 #98290, AddGene) (Stringer 

et al., 2019) or its catalytically inactive form (lentiCRISPR v2-dCas9 #112233 AddGene) 

(Babaei et al., 2019). Before infection different sgRNAs were cloned in both the two Cas9 

variants expressing plasmids. The sgRNAs were designed to target a particular genomic 

region using different CRISPR design tools and comparing the score of the outputs. For the 

EGFP ectopic system, a control scrambled sgRNA or sgRNA targeting the GFP TSS were 

cloned in the Cas9 lentiviral plasmid. For the MEFs L-S-L EYFP system an additional 

control was added, cloning the sgRNA targeting the CCR5 gene into the Cas9 vector. In 

both cases a dCas9 lentiviral plasmid bearing the sgRNA targeting the TSS of the two 

reporter genes was generated as a further negative control. For the HIC1 endogenous system, 

two individual sgRNAs targeting either the promoter region or the TSS of the two gene’s 

transcript variants were cloned in the lentiCRIPSRv2 plasmid, using the plasmid with the 

scramble sgRNA as a negative control. 

3.3.1 sgRNAs cloning protocol 

The sgRNAs were cloned into a lentiCRISPRv2 plasmid. This is a one vector system, where 

the plasmid contains two expression cassettes, hSpCas9 and the chimeric guide RNA. The 

vector can be digested using BsmBI, and a pair of annealed oligos can be cloned into the 

single guide RNA scaffold. The oligos are designed based on the target site sequence (20bp) 

needing to be flanked at their 3' ends by a 3bp NGG PAM sequence.  

In order to clone the target sequence into lentiCRISPRv2 plasmid, 1 µg of the plasmid was 

first digested with 1µl of BsmBI enzyme (NEB #R0739) in 3.1 NEB Buffer (1X) adding 

water up to 30 µl final volume. After a 1-hour incubation at 55ºC, the plasmid was 

dephosphorylated adding 1 µl of Alkaline Phosphatase, Calf Intestinal (CIP #M0290) and 

kept 30 minutes at 37ºC, in order to prevent the ligation of the empty vector.  

The digestion was then loaded on 1% agarose gel and the larger band was purified using the 

Wizard® SV Gel and PCR Clean-Up System (Promega #A9281) according to 

manufacturer’s instructions.  
In parallel, 1 µl of the forward and reverse oligonucleotides from both the 100 µM stocks 

were annealed and phosphorylated adding 0.5 µl of T4 Polynucleotide Ligase (NEB 

#M0201S) and 1 µl of T4 DNA Ligase Reaction Buffer 10X (NEB #B0202S), already 

containing 1 mM ATP, to 10 µl of final volume reaction. The mix was incubated 30 minutes 



 45 

at 37ºC, followed by 5 minutes at 95ºC, and then left cooling inside the block at room 

temperature on the bench down to 25ºC.  

The annealed and phosphorylated oligos were then diluted 1:200 in nuclease-free water and 

1µl was used to set up the ligation reaction with 50 ng of the digested and purified plasmid 

and 1 µl of the Quick Ligase (M2200S) in its 2X Ligase Buffer for a total volume of 11 µl 

and kept for 10 minutes at room temperature. The ligation was then transformed into Stbl3 

recombination-deficient bacteria (Invitrogen C7373-03), to avoid recombination due to the 

Long-Terminal Repeats (LTRs) contained in the lentiviral transfer plasmids. In detail, 5 µl 

of the ligation reaction was added to 50 µl of bacteria, thawed on ice without pipetting. After 

30 minutes on ice, the cells were heat-shocked for 45 seconds at 42ºC without shaking and 

then placed again on ice for 2 minutes before adding 250 µl of pre-warmed S.O.C. Medium 

to each bacteria vial. The vials were shacked for 1 hour at 37ºC and then spread on a pre-

warmed selective plate for overnight incubation at 37ºC. The day after, some colonies were 

picked up, put in 5 ml of LB medium supplemented with ampicillin and placed in a 

horizontally shaking incubator at 37ºC for the mini-inoculum. The mini-inoculum was used 

to generate a glycerol stock, and for bacterial DNA extraction to check by sequencing the 

presence of the insert inside the plasmid. Only the insert-positive clones were incubated 

overnight in 250 ml of LB selective medium at 37ºC for further DNA extraction. 

 
Table 1. single guides RNAs list. 

 

ID SEQUENCE NOTES 
scr sgRNA Fw CACCGGCGCGAAGCTTAGGGATAAC Scramble sequence used as control 

scr sgRNA Rev AAACGTTATCCCTAAGCTTCGCGCC Scramble sequence used as control 

GFP sgRNA Fw CACCGCGATAAGCTTGGGAGTTCCG sgRNA targeting GFP TSS 
GFP sgRNA Rev AAACCGGAACTCCCAAGCTTATCGC sgRNA targeting GFP TSS 

m_EYFP sgRNA Fw CACCGATCGATACCGTCGACCTCGA sgRNA targeting EYFP TSS 
m_EYFP sgRNA Rev AAACTCGAGGTCGACGGTATCGATC sgRNA targeting EYFP TSS 
m_CCR5 sgRNA Fw CACCGTCGATGTCATAGCTATAGGT sgRNA targeting CCR5 
m_CCR5 sgRNA Rev AAACACCTATAGCTATGACATCGAC sgRNA targeting CCR5 

HIC1 sgRNA1 Fw CACCGAGAACTCCGCCGCTTCCGAT sgRNA targeting HIC1 promoter 1kb 
upstream the TSS 

HIC1 sgRNA1 Rev CACCGAGAACTCCGCCGCTTCCGAT sgRNA targeting HIC1 promoter 1kb 
upstream the TSS 

HIC1 sgRNA2 Fw CACCGGCCGTACAGTAATGTCTACG sgRNA targeting HIC1 promoter 260bp 
upstream the TSS 

HIC1 sgRNA2 Rev AAACCGTAGACATTACTGTACGGCC sgRNA targeting HIC1 promoter 260bp 
upstream the TSS 

HIC1 iso1- sgRNA Fw CACCGGCACAGATGCTGAGCCCGCG sgRNA targeting HIC1 isoform1 at the 
TSS on the negative strand 

HIC1 iso1- sgRNA Rev AAACCGCGGGCTCAGCATCTGTGCC sgRNA targeting HIC1 isoform1 at the 
TSS on the negative strand 

HIC1 iso2- sgRNA Fw CACCGGCGGAGAACTTTACCCAAGT sgRNA targeting HIC1 isoform2 at the 
TSS on the negative strand 

HIC1 iso2- sgRNA Rev AAACACTTGGGTAAAGTTCTCCGCC sgRNA targeting HIC1 isoform2 at the 
TSS on the negative strand 
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3.3.2 CRISPR/Cas9 lentiviral infection protocol 

HEK293T cells were used as host cells for the production of lentiviral particles to transduce 

the GFP or CRISPR/Cas9 constructs in HeLa, MEFs or MDA MB 231 target cells. The 

production of lentiviral particles starts with the transfection of HEK293T cells with both the 

plasmid of interest (pLenti-CMV-MCS-GFP-SV-puro, pLenti GFP∆Promoter, Lenti 

CRISPR v2, LentiCRISPR v2-dCas9) and the lentiviral packaging coding plasmids, using 

the calcium phosphate transfection method, that is based on the formation of calcium 

phosphate-DNA precipitates that bind the cell surface and enter the cell by endocytosis. 

Precipitates are obtained by slowly mixing a solution containing calcium chloride and DNA 

with a HEPES-buffered saline solution containing sodium phosphate. In details, for a 10 cm 

dish, 10 μg of CRISPR/Cas9 plasmid and 3rd generation packaging plasmids (2,5 µg of 

pRSV-Rev, containing Rev; 2,8 µg packaging plasmid pMDLg/pRRE containing Gag and 

Pol; 5 µg envelope expressing plasmid pMD2.G) were resuspended in sterile H2O with 62,4 

μl of CaCl2 (2M). Subsequently, 500 μl of this solution was added to 500 μl of 2xHBS, 

constantly mixing. 1 ml of the mixture was then added to the cells after 5 minutes incubation 

at room temperature and left overnight at 37ºC. The day after, the medium containing viral 

particles was changed with 5,5 ml of fresh medium. After two days in the incubator, the 5,5 

ml of viral medium were collected from each 293T dish and used to infect one dish of the 

target cells. Before each infection, the viral titer was calculated using the Lenti-X GoStix 

Plus which is a rapid, simple, and effective method for instantly quantifying lentivirus in 

packaging cell supernatants. The test involves applying 20 µl of supernatant to a GoStix 

cassette and waiting 10 minutes for the appearance of test and control bands that indicate the 

presence of lentiviral capsid protein p24. The results on the cassette can then be analyzed 

using a free smartphone app, which quantifies lentivirus titer by comparing the intensities of 

the test and the control bands. 

The target cells were collected one, four and eight days after CRISPR/Cas9 infection to be 

analyzed.  

3.4 BLESS (direct in situ breaks labelling, enrichment on streptavidin 

and next-generation sequencing) 

BLESS (direct in situ breaks labeling, enrichment on streptavidin and next-generation 

sequencing) is a technique to detect and map DSBs at genome-wide level in a population of 

cells (Crosetto et al. 2013). For most these experiments a modified version of the protocol 

published by Crosetto and colleagues in 2013, optimized in our laboratory, was used. For a 
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typical BLESS experiment 5-10 million cells, for each condition, were crosslinked with 2% 

formaldehyde for 30 minutes at RT. The crosslinking reaction was then quenched with the 

addition of 125mM Glycine. Fixed cells were rinsed twice in 1X cold PBS, collected by 

scraping and centrifuged at 2000 rpm for 5 min at 4°C. Cells were washed twice in cold PBS 

and the pellet was flash-freezed at -80°C and stored until use. Pellets were resuspended in 

1mL of Lysis buffer (Tris HCl pH 8 10mM, NaCl 10mM, EDTA 1mM, EGTA 1mM, NP-

40 0.2%, DTT 1mM, Proteases inhibitors (Roche)), and incubated for 90 minutes on a 

rotating wheel at 4°C. Cells were then collected by centrifugation (2000rpm for 5 minutes 

at 4°C) and resuspended in 1mL nucleus break buffer (Tris HCl pH 8 10mM, NaCl 150mM, 

EDTA 1mM, EGTA 1mM, SDS 0.3%, DTT 1mM) and incubated in a thermomixer at 37°C 

shaking at 800 rpm for 45 minutes. Cells were then collected by centrifugation (2000rpm for 

5 minutes at RT) and resuspended in 500μL NEB Buffer 2 (Tris HCl pH 8 10mM, NaCl 

50mM, MgCl2 10mM, DTT 1mM, 0.1% Triton) + 10μg/mL Proteinase K (Roche) and 

incubated in a thermomixer at 37°C shaking at 800 rpm for 45 minutes. Samples were 

quickly transferred to ice and 500uL NEB Buffer 2 + Protease Inhibitor was added to each 

sample. Isolated nuclei were centrifuged (3000rpm for 10 minutes at 4°C) and washed twice 

in NEB buffer 2 and once in Blunting buffer (Tris HCl pH 7.5 100mM, NaCl 50mM, MgCl2 

10mM, DTT 5mM, 0.025% Triton X-100). The pellet of isolated nuclei was then subjected 

to a blunting reaction (42μL Blunting buffer 1X, 5μL dNTP 1mM, 2μL Blunting enzyme 

mix (Quick blunting kit, NEB) for 45 minutes at RT. After blunting, nuclei were resuspended 

in 1mL NEB Buffer 2, centrifuged (3000rpm for 10 minutes at 4°C) and washed twice. Then 

the pellet was washed twice in T4 Ligase buffer and finally the nuclei were subjected to the 

Ligation step with the biotinylated proximal linker which would tag each exposed DSB in 

the nuclei (18.5μL T4 Ligase buffer 1x, 5μL of 10μM Linker P1B in T4 Ligase buffer 1x, 

1.5 Ligase 400.000 U/μL (NEB)). In situ ligation was performed overnight as described in 

the published BLESS protocol, followed by DNA de-crosslinking and extraction. After 

ligation, the pellets were washed twice in 1mL Wash&Bind buffer (W&B, 5mM Tris HCl 

pH 7.5, 1mM EDTA, 1M NaCl, 0.1% Triton X-100); after each wash, the samples were 

centrifuged 10 minutes at 3000rpm, at RT). Then, the pellets were resuspended in 500uL of 

NEB Buffer 2 + 200μg/mL Proteinase K and incubated for 45 minutes in a thermomixer set 

at 55°C, shaking 800rpm. Afterwards the incubation was continued for 45 minutes at 65°C.  

The samples were spinned down for 1 minute and transferred in ice. Potassium Acetate (0.3 

M), Glycogen and 0.7 volumes of ice-cold Isopropanol. After mixing the solution, samples 

were incubated for 1 hour at -20°C and later centrifuged 13000rpm for 20 minutes at 4°C. 

Pellets were washed twice with 70% ethanol and finally resuspended in 130 μL of pure 

water. Purified genomic DNA was fragmented with Covaris S220 (10% duty factor, 175W 
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peak incident power, 200 Cycles/burst, 150s) to obtain a pool of 250 bp fragments. Covaris 

machines utilize the Adaptive Focused AcousticsTM (AFA) process to shear DNA, 

exploiting bursts of ultrasonic acoustic energy at very high frequency that lead to a strictly 

regulated fragment size distribution. Next, the sheared DNA fragments were diluted with 

180 μL of pure water: 10μL of this solution was stored and used as Input for further analyses. 

The remaining sheared DNA fragments were captured on streptavidin beads (Dynabeads 

MyOne Strepdavidin C1, ThermoFisher Scientific): the samples were incubated for 

30minutes with 10μL of beads on a rotating wheel at 4°C in W&B buffer.  

Magnetic beads were then washed twice in W&B buffer and resuspended in 37.5μL pure 

water. The sheared fragments underwent a blunting reaction (5 μL Blunting buffer, 5 μL 

dNTP 1mM, 2 μL Quick blunting enzyme mix, 0.5 BSA 20mg/mL) for 45 minutes at RT, 

shaking at 1200rpm for 15 seconds every 15 minutes.  

Afterwards, the sheared DNA fragments were washed twice in W&B buffer and resuspended 

in 33 μL pure water. Next, they were ligated to the distal linker (LinkerD3): they were 

incubated overnight in 5μL Ligase buffer 10X, 10μL Linker D3 100mM, 2 μL T4 Ligase 

(400.000 U/μL, NEB), in a thermomixer set at 16°C, shaking for 45 seconds at 1200rpm 

every 45 minutes.  

The ligation product was washed twice in W&B buffer and resuspended in 21 μL pure water. 

BLESS linkers have a hairpin-like structure: the stem is composed of a barcode sequence, 

the I-SceI target site then there is the loop containing the biotinylated nucleotide. Digestion 

of the ligation product with I-SceI allowed linearization of the linkers, thus recovery of the 

fragments from the magnetic beads, followed library preparation. The digestion was 

performed by adding 2.5 μL Cut Smart Buffer 10x, 0.5 μL BSA 20mg/mL, 1 μL I-SceI 

(NEB): the samples were incubated at 37°C for 4 hours. In parallel, input samples were also 

digested with I-SceI using the same reaction mix. Finally, the supernatants were recovered 

and subjected to PCR amplification. Each sample was split into 5 PCR reactions: 5 μL I-

SceI digested DNA, 1 μL PCR primer 1, 1 μL PCR primer 2, 1 μL dNTP 1mM, 5 μL 10x 

Q5 buffer, 0.5 μL Q5 polymerase (NEB). Each reaction was subjected to 18 cycles of PCR 

reaction. PCR products were recovered and the ones coming from the same sample were 

pooled together. Finally, both input samples and PCR products were purified with Wizard 

SV gel and PCR clean-up system (Promega) and resuspended in 35 μL pure water. 

The purified samples were analyzed with BLESS-quantitative PCR (BLESS-qPCR).  
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3.4.1 BLESS qPCR 

To quantify the enrichment of DNA sequences at specific genomic regions, captured by 

BLESS, in the lab we optimized an approach based on ChIP-qPCR analyses.  

The qPCR primers were typically designed in the 300bp surroundings of the site of 

interested. qPCR with the selected primers was performed on the final BLESS product and 

on the genomic Input, that corresponds to 1:30 of the material recovered after sonication. 

The enrichment was expressed as % of input:  

% 𝑜𝑓	𝑖𝑛𝑝𝑢𝑡= 23
45
× 100 

LB = 2-Ct Library, corresponding to the BLESS product obtained after the PCR step 

IN = 2-Ct Input 

 

In this way, the DNA enrichment for each sample is normalized on the amount of starting 

material. Note that this calculation does not take into account the input dilution and the PCR 

cycles used to amplify the material in the final step of BLESS protocol. However, since I 

always used the same input dilution and number of PCR cycle, different BLESS experiments 

are comparable.  

3.4.2 BLESS linkers and qPCR primers 

 

Table 2. BLESS linkers list 

ID SEQUENCE NOTES 

LINKER P1B TACTACCTCGAGAGTTACGCTAGGGATAACAGGGTAATATAGTTT[BtndT]TT
TCTATATTACCCTGTTATCCCTAGCGTAACTCTCGAGGTAGTA 

Biotinylated linker 
used for BLESS 

LINKER D3 CGTCGTCTCGAGAGTTACGCTAGGGATAACAGGGTAATATAGTTTTTTTCTA
TATTACCCTGTTATCCCTAGCGTAACTCTCGAGACGACG 

Distal linker used for 
BLESS 

ID SEQUENCE NOTES 

GFP LFW BLESS GGGTACAGTGCAGGGGAAAGAATA To test the break at GFP TSS (upstream the 
break) 

GFP LREV BLESS TTCTTTCCCCTGCACTGTACC To test the break at GFP TSS (upstream the 
break) 

GFP RFW BLESS CCACGCTGTTTTGACCTCCATAGA To test the break at GFP TSS (downstream the 
break) 

GFP RREV BLESS ACGCTGAACTTGTGGCCGTTTA To test the break at GFP TSS (downstream the 
break) 

EYFP LFW BLESS CAAGCTGATCCGGAACCCTTA To test the break at EYFP TSS (upstream the 
break) 

EYFP LREV BLESS GGTCGAGGGACCTAATAACTTCG To test the break at EYFP TSS (upstream the 
break) 

EYFP RFW BLESS CCTGAAGTTCATCTGCACCA To test the break at EYFP TSS (downstream 
the break) 
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Table 3. BLESS qPCR primer list 

3.5 RNA fractionation and purification 

To better characterize the RNA transcribed upon DNA DSB induction and its specific 

subcellular localization, I performed RNA fractionation following a published protocol 

(Nojima et al., 2016). I collected all the three different RNA fractions: cytoplasmic, nuclear 

and chromatin-bound, enriched in nascent RNAs. I store all of them at -80˚C and only the 

cytoplasmic and chromatin-bound fractions were purified and analyzed by RT-qPCR to 

investigate the presence of damage induced RNAs.  

In detail, the cells were washed two times with ice cold PBS 1x and collected with a scraper 

in 1ml of PBS 1x complemented with Protease Cocktail Inhibitor and RNaseOUT™ 

(Recombinant Ribonuclease Inhibitor). After collection, the protocol proceeds straight with 

fractionation, to avoid the mixing of the phases due to the storage at -80˚C, which could 

break the cellular membranes. The pellet was resuspended in 500µl of HLB-NP40 buffer 

(10mM Tris HCl pH 7.5; 10mM NaCl, 0.25% NP40; 2.5mM MgCl2), kept 10 minutes on 

ice before adding the same buffer supplemented with 50% sucrose at the bottom of the tube, 

under the aqueous phase. It allows the separation of the cytoplasmic RNA fraction, that will 

remain in the upper phase, from the nuclei, which precipitates at the bottom of the tube after 

spinning at maximum speed for 10 minutes at +4˚C. The nuclei pellet was then kept on ice 

10 minutes with 100µl of NUN1 buffer (20mM Tris HCl pH 8; 75mM NaCl, 0.5mM EDTA; 

50% Glycerol) and 1ml of NUN2 buffer (20mM HEPES pH 7.6; 7.5mM MgCl2, 0.2mM 

EDTA; 300mM NaCl, 1M Urea, 1:1000 RNaseOUT™; 1:1000 microcystin; 1:500 Protease 

Cocktail Inhibitor) to break the nuclear envelope. After centrifugation at maximum speed 

EYFP RREV BLESS TAGCCGAAGGTGGTCACG To test the break at EYFP TSS (downstream the 
break) 

m_CCR5 LFW BLESS GTCAGCACCCTGCCAAAA To test the break in CCR5 gene (upstream the 
break) 

m_CCR5 LREV BLESS ACCCACAAAACCAAAGATGAAT To test the break in CCR5 gene (upstream the 
break) 

m_CCR5 RFW BLESS TATGGTATGTCAGCACCCTG To test the break in CCR5 gene (downstream the 
break) 

m_CCR5 RREV BLESS TACCAGGGAGTAGAGTGGG To test the break in CCR5 gene (downstream the 
break) 

HIC1 iso1- RFW BLESS CAGATAAGAGTGTGCGGAAAGC To test the break at HIC1 TSS (downstream the 
break of the isoform1) 

HIC1 iso1- RREV BLESS ACCTGGGGGGCATGTCGAAA To test the break at HIC1 TSS (downstream the 
break of the isoform1) 

HIC1 iso2- RFW BLESS TTTCCTGAAGCGGACATTTT To test the break at HIC1 TSS (downstream the 
break of the isoform2) 

HIC1 iso2- RREV BLESS ACTGTTCAGGCGCAGTGAC To test the break at HIC1 TSS (downstream the 
break of the isoform2) 

HIC1 sg1 RFW BLESS GCCACTTCCGGAGTAGTACTGC To test the break in HIC1 promoter (downstream 
the break) for sgRNA1 

HIC1 sg1 RREV BLESS GAAGGTCAGGTTTGTGTGGGT To test the break in HIC1 promoter (downstream 
the break) for sgRNA1 

HIC1 sg2 RFW BLESS GGCAGGACTTTTCCGAACT To test the break in HIC1 promoter (downstream 
the break) for sgRNA2 

HIC1 sg2 RREV BLESS GAGCGCTCCCATGTACGTATTT To test the break in HIC1 promoter (downstream 
the break) for sgRNA2 
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for 10 minutes at +4˚C, the nuclear fraction was collected in the supernatant, while on the 

bottom of the tube the chromatin pellet was treated with 25µl of TURBO™ DNase (2U/µl) 

in 200µl of HSB buffer (10mM Tris HCl pH 7.5; 500mM NaCl; 10mM MgCl2; 1:1000 

RNaseOUT™) at 37˚C 10 minutes, to relax the chromatin before the addition of 0,2 mg/ml 

of Proteinase K to dissolve the pellet completely. The RNA was then purified with Maxwell 

RSC simplyRNA Tissue Kit (Promega) according to the manufacturer’s instructions.  

3.5.1 Standard and strand-specific RT–qPCR 

For standard RT–qPCR, cDNA was generated using the SuperScript VILO Reverse 

Transcriptase (Life Technologies). Roche SYBR Green-based RT–qPCR experiments were 

performed on a Roche LightCycler 480.  

For DSB-induced transcripts detection, chromatin bound RNA was extracted using Maxwell 

RSC simplyRNA Tissue Kit (Promega). Samples were treated with DNase I (Qiagen) to 

remove any potential residual genomic DNA contamination. 500 ng of total RNA was 

reverse-transcribed using the Superscript First Strand cDNA synthesis kit (Invitrogen) with 

strand-specific primers. Expression of DSB-induced transcripts was determined by RT–

qPCR using Roche SYBR green, EvaGreen Supermix (Bio-Rad) reagent. For each RT–

qPCR reaction, 25 ng of cDNA was used.  

3.5.2 qPCR 

A SYBR-green based system was used to perform qPCR. SYBR-Green is a fluorescent dye 

that binds the double-stranded DNA species produced during the PCR reaction, generating 

a fluorescent signal that is detected in real-time by the real-time qPCR machine.  

The low fluorescence detected during the initial PCR cycles defines the baseline 

fluorescence, above which a fixed fluorescence threshold is set. The cycle number at which 

the fluorescence is higher than the fixed threshold is the threshold cycle (Ct).  

Usually, 10 ng of cDNA was used for RT-qPCR. The relative change in the level of the 

target molecule was calculated using the comparative CT method (i.e. 2ΔΔCT method) (Livak 

and Schmittgen, 2001). This method is based on the calculation of ΔCt between the target 

gene and reference (housekeeping) in the sample analysed (ΔCtsample) and the control sample 

(ΔCtcontrol). 2ΔΔCt (with ΔΔCt = ΔCtsample-ΔCtcontrol) is the value indicating the level of 

expression of the target gene.  

SYBR-Green based RT-qPCR experiments were performed on a Roche LightCycler 480 

machine using Roche SYBR and the following program:  
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1. Denaturation: 95°C 15 min, 1 cycle 

2. Denaturation/Annealing/Extension: 95°C 15 sec > 60°C 20 sec > 72°C 30 sec, 50 cycles 

3. Melting curve: 40°C > 90°C > 40°C, 1 cycle  

 

 
Table 4. RT-qPCR primer list 

3.5.3 Direct cDNA sequencing by Oxford Nanopore Technology  

The Direct cDNA Sequencing Kit (SQK-DCS109) is used to prepare cDNA for Nanopore 

sequencing without using PCR. The kit recommends an input of 100 ng poly-A+RNA. For 

these experiments the cytoplasmic RNA fraction from HeLa GFPDPromoter or MEFs 

Rosa26 L-S-L cell lines, infected with both the scrambled CRISPR/Cas9 sgRNA and the 

sgRNA targeting the EGFP/EYFP transcriptional start site, was extracted using Maxwell 

RSC simplyRNA Tissue Kit (Promega). After quantification by NanoVue Plus (Biochrom), 

5µg of material for each sample was depleted of the ribosomal RNA using the TruSeq 

Stranded Total RNA Library Prep Gold from Illumina. The usual yield obtained was around 

100 ng of poly-A+RNA which is then used for library preparation. From the full-length poly-

A+ messenger RNA, the complementary strand is synthesized using a kit-supplied oligo dT 

adapter. The RNA is then degraded, and the second complementary strand synthesized. 

Then, other different adapters supplied in the Direct cDNA Sequencing Kit are ligated to the 

cDNA, thus introducing the motor protein, which is the component needed for the cDNA 

strands to enter the pore. The obtained libraries, were immediately loaded on R9 flow cells 

using the Flow Cell Priming Kit (EXP-FLP002): one at time on MinION 1X (HeLa 

GFP∆Promoter system) or all in parallel on the GridION 5X (MEFs Rosa26 L-S-L EYFP). 

Only one strand of the duplex is sequenced, producing 1D reads.  

ID SEQUENCE NOTES 

h_RPLP0 FW GTTGCTGGCCAATAAGGTG -- 

h_RPLP0 REV GGGCTGGCACAGTGACTT -- 

EGFP FW GGCACAAGCTGGAGTACAACTACA Primers to detect both the EGFP and the EYFP 
mRNA 

EGFP REV TTCTCGTTGGGGTCTTTGCTCA Primers to detect both the EGFP and the EYFP 
mRNA 

h_RN7SK FW AGGACCGGTCTTCGGTCAA -- 
h_RN7SK REV TCATTTGGATGTGTCTGCAGTCT -- 

h_HIC1 FW GGCCCCGGACCATATTTA -- 
h_HIC1 REV CTAAAGAGACCGCGTTCCAG -- 

h_HIC1 ISO1 EXON1 FW AGGACGGACCAGCAGGACA Primer targeting the first exon of HIC1 isoform1 to 
test the splicing 

h_HIC1 ISO2 EXON1 FW GACTTTTCCTGAAGCGGACAT Primer targeting the first exon of HIC1 isoform2 to 
test the splicing 

h_HIC1 EXON2 REV ATGATCACGTCGCACAAGAAG Primer targeting the second exon of HIC1 to test the 
splicing 
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3.5.3.1 Bioinformatics analysis 

After a step of base-calling using the tool Guppy (https://nanoporetech.com/), the reads 

obtained were mapped using the tool Minimap2 (Li, 2018) either to the GFPDPromoter 

plasmid or on the Rosa26 L-S-L EYFP murine locus, previously sequenced in our lab using 

pcr amplification followed by Sanger sequencing. For HeLa GFP∆Promoter system, all the 

reads spanning the DSB site that could be already present before the DSB induction due to 

LTR-driven background transcription, were removed. The log2 ratio between the number of 

reads of the damage sample (TSS sgRNA) and the undamaged (scr sgRNA) was calculated 

with the tool BamCompare from Deeptools suite (Ramirez et al., 2016). 

3.6 Immunofluorescence  

One of the techniques used in this work to study protein sub-cellular localization at 

single-cell level is immunofluorescence (IF). This technique allows the visualization by 

fluorescent microscopy of target proteins that are recognized by antibodies. Cells were 

grown on coverslips, washed twice for 5 minutes with PBS and fixed with 4% 

paraformaldehyde (PFA) for 10 minutes at RT. To allow accessibility of the target epitopes 

to the antibodies, cells were permeabilized with 0.2% Triton X-100 for 10 minutes at RT. 

Cells were incubated for 1 hour in blocking solution (PBG, 0.5% BSA, 0.2% cold water fish 

gelatin, Sigma) and then incubated with primary antibodies diluted in PBG for 1 hour at RT 

or overnight at +4°C, in a dark humidified chamber. Cells were washed twice for 5 minutes 

with PBG and incubated with fluorophore-conjugated secondary antibodies diluted in PBG 

for 1 hour at RT in a dark humidified chamber. The incubation with secondary antibodies 

was followed by 3 minutes incubation with 4'-6-Diamidino-2-phenylindole (DAPI, 1μg/ml, 

Sigma-Aldrich, excitation wavelength 358nm, emission wavelength 461nm). DAPI binds 

preferentially to AT clusters of DNA minor groove and it was used to visualize nuclei. Cells 

were briefly washed with PBS and water. Finally, coverslips were mounted with mowiol 

mounting medium (Calbiochem), which is a polyvinyl alcohol solution containing an "anti- 

fade" agent, capable of reducing photobleaching of the fluorophores conjugated to the 

secondary antibodies. Coverslips were air dried before microscope analyses.  

3.6.1 Imaging 

For all the experiments, immunofluorescence images were acquired using a wide-field 

Olympus Biosystems Microscope BX71 and the MetaMorph software (Soft Imaging System 

GmbH). Comparative immunofluorescence analyses were performed in parallel with 
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identical acquisition parameters using ImageJ software; five random fields of cells were 

taken for each condition at each timepoint, with the same exposition and same magnification 

(40x objective, optical zoom 1x for EGFP/EYFP experiment and 0.75x for HIC1 system). 

The quantification was performed using the ImageJ software, adjusting the brightness and 

contrast signal using the same parameters for all the images, which are set considering the 

signal of wild type cells as negative for both Cas9 and EGFP/EYFP or HIC1 expression. 

Therefore, all the signals that resulted after propagating to all the images the same brightness 

and contrast which make wild type cells totally negative, have been counted as positive. 

3.7 Immunoblot 

Cells were lysed in Laemmli sample buffer (2% sodium dodecyl sulphate (SDS), 10% 

glycerol, 60 mM Tris HCl pH 6.8). SDS is an anionic detergent, which denatures secondary 

and tertiary structures providing a uniform negative charge along the length of the 

polypeptide, thus allowing separation by electrophoresis only by molecular weight. The 

amount of proteins in the samples was measured by the biochemical Lowry protein assay. 

Copper (II) ions in alkaline solution react with protein to form complexes, and with the 

Folin-phenol reagent, a mixture of phosphotungstic acid and phosphomolybdic acid in 

phenol. The product becomes reduced to molybdenum/tungsten blue and can be detected 

colorimetrically by absorbance at 750 nm. A tracking dye, bromophenol blue, is added to 

the protein solution to allow the tracking of the proteins through the gel during the 

electrophoretic run. Disulfide linkages were reduced by adding 1’4-Dithiothreitol (DTT) and 

proteins were further denatured by heating at 95°C for 5 minutes. 10-30 μg of whole cell 

extracts were resolved by SDS polyacrylamide gel electrophoresis (SDS-PAGE). Next, the 

proteins were transferred to nitrocellulose membrane (0,45mm) by a wet electroblotting 

transfer method with transfer buffer (25 mM Tris HCl, 0.2 M Glycine, 20% methanol) (at 

400mA for 1h). Following protein transfer, membranes were temporarily stained with 

Ponceau to assess the transfer efficiency. Ponceau is a negatively charged stain, which binds 

to the positively charged amino groups of the protein and it also binds non-covalently to 

non-polar regions of the protein. After blocking with 5% skim milk diluted in Tris-Buffered 

Saline 1x with Tween20 0.1% (TBS-T) for 1 hour at RT, membranes were incubated 

overnight at 4oC with primary antibodies diluted in in 5% milk in TBS-T (see table 4). Next, 

membranes were washed with TBS-T 3 times for 10 minutes and incubated with secondary 

horseradish peroxidase (HRP)-conjugated antibodies (Bio-rad) diluted in 5% milk in TBS-

T. The secondary antibody is a modified antibody, which is linked to the horseradish 

peroxidase enzyme that, in the presence of the acridan-based substrate, produces localized 
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light in the region where the antibody is bound to the membrane. After 3 more washes with 

TBS-T, HRP activity was detected using a Chemidoc imaging system (Bio-Rad) machine 

after adding the substrate for the enhanced chemiluminescent reaction ECL (GE Healthcare). 

Quantification of protein bands was done by ImageJ software, subtracting the background 

signal and normalizing for the housekeeping gene.  

3.7.1 Immunoprecipitation  

The cells (Hela GFP∆Promoter or MEFs R26 L-S-L EYFP), at 80-90% confluency, were 

trypsinized and spin down at 2000 rpm for 5 minutes at 4℃. Then, they were lysed in 200µl 

of lysis buffer (50 mM Tris-HCl pH 7.5; 150 mM NaCl; 0.5% NP-40; 10% glycerol; 0.5mM 

DTT; 2 mini-tablets of Roche cOmplete™ Protease Inhibitor Cocktail, 11697498001 and 2 

mini-tablets of Roche PhosSTOP™, 4906845001 every 20ml of buffer) for 1 hours at 4°C. 

After a top speed spin down for 30 minutes at 4˚C, the supernatant was collected in a new 

fresh tube and protein concentration was assessed by spectrophotometer (595nm) with use 

of Bradford dye-binding method (Bio-rad). 1µg or more of the protein lysate was used per 

each immunoprecipitation in a total reaction volume of 200µl (equalized for each sample), 

composed of 180µl of protein lysate and 20µl of Dynabeads Protein G, pre-equilibrated in 

Lysis Buffer with 1µg of a-GFP ChIP Grade (rabbit; Abcam ab290) per sample rotating on 

a wheel for 2 hours at 4˚C. The lysate was incubated with the antibody bound to the beads 

for at least 2 hours, rotating at 4˚C on a wheel. Then, after 2-3 washes in 500 µl of Lysis 

Buffer, immunoprecipitated proteins were released by the addition of sample buffer (23,75 

µl of water; 25µl of Loading LDS Novex 4X; 1,25µl of DTT 1M) and boiled for 5 minutes 

at 95°C. The samples were placed on the magnetic rack and the flow through collected to be 

load on the gel. 10% of the total protein lysate was saved as input and loaded on the gel 

resuspended in 11,75µl of water; 17µl of Loading LDS Novex and 1,25ul of DTT 1M.  

3.7.1.1 Antibodies 

a-γH2AX (mouse, Millipore 05-636, 1:1000 for immunofluorescence); a-γH2AX (rabbit, 

Cell Signaling 05-636, 1:1000 for immunofluorescence); a-53BP1 (rabbit, Novus 

Biological NB100-304, 1:1000 for immunofluorescence; 1:1000 for immunoblotting); a-

CRISPR/Cas9 (mouse, monoclonal clone 7A9-3A3, Sigma-Aldirch ab191468, 1:500 for 

immunofluorescence and 1:1000 for immunoblotting); a-CRISPR/Cas9 (rabbit monoclonal, 

Sigma-Aldirch ab189380, 1:500 for immunofluorescence); a-GFP (mouse monoclonal B-2, 

Santa Cruz sc-9996, 1:100 for immunoblotting); a-GFP ChIP Grade (rabbit; Abcam ab290, 

1µg per mg sample); a-HIC1 (mouse H-6; Santa Cruz Biotechnology sc-271499, 1:200 for 
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immunofluorescence and 1:100 for immunoblotting); a-vinculin (mouse, Sigma-Aldrich 

V9131, 1:5000 immunoblotting);  a-â-tubulin (Sigma-Aldrich T5168, 1:5000 for 

immunoblotting).  

As secondary antibodies for immunofluorescence I used the donkey anti-mouse or anti-

rabbit Alexa 488 IgG (Life Technologies, 1:100, excitation wavelength 495 nm, emission 

wavelength 519 nm); donkey anti-mouse or anti-rabbit Cy3 IgG (Jackson Immuno Research, 

1:400, excitation wavelength 550 nm, emission wavelength 570 nm), donkey anti-mouse or 

anti-rabbit Alexa 647 IgG (Life Technologies, 1:100, excitation wavelength 650 nm, 

emission wavelength 665 nm).  

3.7.2 MS analysis 

Mass spectrometry analysis has been performed on HeLa GFP∆Promoter samples four days 

after the DNA DSB induction, as it was the timepoint that showed a slight increase of the 

volume intensity band between the damaged sample and the negative controls.   

3.7.2.1 Protein digestion and peptides purification 

Bands of interest were cut from gels and trypsinized as previously described by Shevchencko 

et al. (Shevchenko et al., 1996). Briefly, after Coomassie staining, gel bands were carefully 

cut into ∼1 mm3 cubes and transferred into an Eppendorf tube. These gel cubes were 

dehydrated with 100% acetonitrile (ACN, Carlo Erba) and rehydrated in 100 mM NH4HCO3 

(Sigma) twice before being dehydrated by the addition of ACN to completely eliminate the 

Coomassie staining. The removal of solutions was accomplished by centrifugation at 

1800 rpm. Reduction of protein disulfide bonds was carried out with 10 mM dithiothreitol 

(DTT) in 100 mM NH4HCO3 and subsequent alkylation was performed with 55 mM 

iodoacetamide (IAA) (Sigma) in 100 mM NH4HCO3, in complete darkness, at room 

temperature for 30 min. Both DTT and IAA were removed and gel pieces were rehydrated 

and dehydrated with 100 mM NH4HCO3 and ACN respectively prior to digestion. Gel pieces 

were rehydrated with 40 μL of Trypsin 12.5 ng/μL in 100 mM NH4HCO3, 60 μL of 

NH4HCO3 were added and the samples were incubated at 37°C o/n. 

Peptides were desalted and concentrated on a homemade StageTip C18 (Rappsilber et al., 

2003), dried in a Speed-Vac, resuspended in 10 µL of  0.1% formic acid and 4 μL were 

injected as technical replicates for each analysis on the Q-Exactive–HF mass spectrometer 

(Thermo Scientific). 
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3.7.2.2 Liquid chromatography–tandem MS (LC–MS/MS) analysis 

Mass spectrometry analysis was carried by LC–MS/MS on a quadrupole Orbitrap Q 

Exactive HF mass spectrometer. Peptides separation was achieved on a linear gradient from 

95% Solvent A (0.1% formic acid, 2% acetonitrile) to 50% Solvent B (80% acetonitrile, 

0.1% formic acid) over 20 min and from 50% to 100% Solvent B in 2 min at a constant flow 

rate of 0.25 μl min−1 on a UHPLC Easy-nLC 1000 (Thermo Scientific). The LC system was 

connected to a 25 cm fused-silica emitter of 75 μm inner diameter (New Objective), packed 

in house with ReproSil-Pur C18-AQ 1.9 μm beads (Dr. Maisch) using a high-pressure bomb 

loader (Proxeon). MS data were acquired using a data-dependent top15 method for HCD 

fragmentation. Survey full scan MS spectra (300–1750 Th) were acquired in the Orbitrap 

with 60,000 resolution, AGC target 1e6, IT 120 ms. For HCD spectra the resolution was set 

to 15,000, AGC target 1e5, IT 120 ms; normalized collision energy 28 and isolation width 

3.0 m/z. 

3.7.2.3 Data analysis 

Raw data were processed with MaxQuant version 1.5.2.8. Peptides were identified from the 

MS/MS spectra searched against the Data Bases uniprot_cp_Human_2020 and 

uniprot_Aequorea+Victoria (Jellyfish), using the Andromeda search engine, in which 

trypsin specificity was used with up to two missed cleavages allowed. Cysteine 

carbamidomethylation was used as a fixed modification while methionine oxidation and 

protein amino-terminal acetylation were set as variable modifications. The peptide and 

protein false discovery rates (FDRs) were set to 0.01 and mass deviation for MS and MS/MS 

peaks was set at 5 and 20 ppm respectively. The minimal length required for a peptide 

identification was seven amino acids. A minimum ratio count of 2 was considered and the 

Label Free Quantification (LFQ) intensities, which are the intensity values normalized 

across the entire data set, were used to compare the GFP (accession number P42212) to the 

samples at day 4. 
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4.1 GFPDPromoter System 

We recently reported that, when a DNA double-strand break (DSB) occurs, MRN recognizes 

the broken DNA ends and recruits PIC and Mediator complex, which promote RNA 

Polymerase II (RNAPII) activation (Pessina et al., 2019; Sharma et al., 2021). Once 

activated, it synthesizes bidirectional transcripts named damage induced long non-coding 

RNAs, or dilncRNA, from the exposed DNA ends, as determined by strand-specific RT-

qPCR, single-molecule FISH and chromatin immunoprecipitations (ChIPs). They map to 

both sides of the DSB and are complementary to both strands of the DNA. These transcripts 

act as important modulators of DDR activation and DDR foci formation in plants and 

mammals (d'Adda di Fagagna, 2014; Francia et al., 2012; Michelini et al., 2017) both at 

genomic sites and at dysfunctional telomeres (Aguado et al., 2019; Rossiello et al., 2017).  

Moreover, it was already observed by others that a link exists between DSB generation and 

the synthesis of functional RNAs. It was observed that neuronal activity induces TopoII-

dependent DSB within promoter regions of early-response genes required for transcription 

induction and crucial for experience-driven synaptic changes associated with learning and 

memory (Madabhushi et al., 2015). Recently, another group in Lisbon established a reporter 

system, based on two-color labelled transcripts, that allows the visualization of individual 

nascent RNAs with high temporal and spatial resolution upon a single DSB induction: this 

system confirmed the bidirectional break-induced transcription initiation (Vitor et al., 2019). 

Therefore, here I plan to investigate if a DSB, appropriately positioned at the transcriptional 

start site of a pre-existing but silent gene, can trigger RNAPII activation and transcription 

induction. In this way, a DSB-induced transcript could incorporate signals and features that 

allow mRNA formation, making it amenable to be translated into a protein. 

To demonstrate this hypothesis, I tried to conceive the easiest system possible. It consists of 

a lentiviral plasmid, pLenti-CMV-MCS-GFP-SV-puro (Witwicka et al., 2015), expressing 

an enhanced GFP (EGFP), depleted of its CMV enhancer and promoter region before 

transducing it to HeLa cells to create a stable cell line. This new system involving multiple 

integration of a silent EGFP represents a very convenient proof of principle, to detect the re-

expression of an otherwise silent reporter gene which is 720 bp long, thus, short enough to 

be compatible with the length of a dilncRNA (~2-3Kb), and easy to be detected by 

fluorescence imaging. I thus removed from the plasmid the CMV enhancer and promoter 

region by a high-fidelity inverse PCR using two divergent primers targeting the region 

immediately upstream and downstream the one to be deleted (Figure 6A). These two primers 

have been designed to include in their sequence also the NGG protospacer adjacent motif 

(PAM) for CRISPR/Cas9 binding, in order to induce a DSB at the transcriptional start site 
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(TSS) of the EGFP. After the PCR, the template was removed by DpnI digestion and loaded 

on an agarose gel to extract the band at the right molecular weight and purify the DNA from 

enzymes and reaction buffers. The plasmid was then ligated using the T4 DNA ligase and 

transformed in One Shot Stbl3 recombinase-deficient competent cells to amplify it, avoiding 

recombination due to the presence of Long Terminal Repeats (LTR) viral sequences. To 

verify that the sequence at the re-ligated DNA ends were correct, the plasmid was verified 

by Sanger sequencing.    

The newly obtained pLenti GFPDPromoter plasmid was then used to infect HeLa creating a 

stable cell line, that hereafter is named HeLa GFPDPromoter cell line. In parallel, I generated 

another cell line with the original pLenti-CMV-MCS-GFP-SV-puro plasmid, to be used as 

a positive control; from now on I will refer to it as HeLa GFP. Both the cell lines were 

generated using the highest amount of viral particles obtained from the transfection of the 

293T host cells, in order to favor multiple integrations of the GFP and GFP∆Promoter 

construct in the target cell lines to increase the probability of EGFP RNA induction upon 

DSB. Once the cell line was generated, the pool of HeLa GFP∆Promoter cells were plated 

at very high dilution in order to let them grow up as individual colonies, each one derived 

from a single cell. Then, each colony was picked and expanded to create a stock of HeLa 

GFPDPromoter clones. In this way every batch of cells has the same number of GFP 

integrations, in the same position of the genome.   

Then, I tested by qPCR on genomic DNA the approximate number of GFP integrations 

comparing it to the actin gene that is assumed to be present in two copies in the cell. The 

number of construct copies was calculated according to the formula: 

𝑁°	𝑜𝑓	𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛𝑠 = 2("#	%&#'()"#	*+,∆,./0) 

The average number of GFP integrations for both the selected clone and the original pool of 

HeLa GFP∆Promoter cells was 18 (Figure 6B).  Since I observed a progressive loss of 

integrated constructs, likely due to a negative selection, I always kept the cells under the 

highest puromycin selection which not affect cell growth (Material and Method section 3.1).  

4.1.1 GFPDPromoter system characterization 

I chose one of the clones of HeLa GFP∆Promoter cell line and I characterized the system 

both at molecular level, testing the genomic sequence and RNA expression, and at protein 

level by fluorescence imaging and immunoblot analysis. 

First of all, to assess that the genomic sequence was correct, I performed a PCR to amplify 

both the promoter sequence and the GFP coding sequence (CDS). As positive control I used 

the HeLa GFP stable cell line. The two cell lines should display on an agarose gel the same 
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band corresponding to the GFP CDS but a different band for the promoter region, that has 

been removed in the GFP∆Promoter system. I amplified both the promoter region and the 

GFP CDS by PCR using two pairs of primers (Figure 6C, in red and green, respectively) 

and, then, I loaded the PCR product on an agarose gel. As predicted, the PCR amplifying 

the GFP coding sequence generated the same band for both HeLa GFP and HeLa 

GFP∆Promoter cell line; whereas the one amplifying the promoter region produced two 

different bands: one of 833 bp corresponding to the wt version of the plasmid and another 

faster migrating band of 328 bp for the GFP∆Promoter (Figure 6C).  

Then, I tested the EGFP mRNA expression, to confirm that the absence of the promoter 

region results also in the suppression of the EGFP mRNA transcription. Thus, I extracted 

total RNA from HeLa GFP and HeLa GFP∆Promoter cell line and I reverse-transcribed the 

RNA using random priming. As predicted, the RT-qPCR showed a reduction of the EGFP 

transcript of around 20-fold (Figure 6D), which means that the lack of the promoter sequence 

determines the downregulation of RNA transcription. As the EGFP expression in the HeLa 

GFP∆Promoter clone was reduced but not completely suppressed, due to the LTR-driven 

background transcription that spans the whole plasmid, the clone used for the following 

experiments was selected among three, according to the basal transcription of the locus. 

Total RNA from the pool of HeLa GFP cell line and from the three clones of HeLa 

GFP∆Promoter was extracted and reverse-transcribed by random priming. Then, I 

performed a RT-qPCR with two primers targeting the second half of the reporter gene’s 

coding sequence. The values of EGFP expression were normalized on RPLP0 housekeeping 

gene and plotted as a fold change relative to HeLa wt cells (Figure 6E). The graph reveals 

that the clone with the lowest background transcription of the GFP∆Promoter locus is the 

clone number 1, and this was for all subsequent experiments.  

To assess if also the translation of the protein was suppressed by the absence of the CMV 

promoter and enhancer, I took fluorescence images using a widefield microscope from both 

HeLa GFP cell line and HeLa GFP∆Promoter clone. The result shows 100% of GFP positive 

cells in the sample stable infected with the GFP-expressing plasmid and the total absence of 

GFP positive cells in the GFP∆Promoter cell line. HeLa wt cells have been used as GFP 

negative control, to take into account background and autofluorescence signals (Figure 6F). 

I tested protein expression also by immunoblot using an a-GFP antibody on a total protein 

extract. Once again, the HeLa GFP∆Promoter stably-infected cells do not display any signal 

corresponding to the 30kDa GFP band, that is, in turn, present in the HeLa GFP cell line. 

Vinculin was used as housekeeping normalizer protein (Figure 6G). 
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Figure 6. GFP∆Promoter system.  
(A) HeLa cells were stable infected with a pLENTI CMV-MCS-GFP-SV-Puro lentiviral plasmid. The GFP 
CMV enhancer and promoter regions have been removed from the plasmid by inverse PCR with two divergent 
primers, depicted in the bottom panel. The primers have been designed with the addition of an NGG sequence, 
which is the PAM consensus sequence for CRISPR/Cas9 sgRNAs, in order to add it in the GFP∆Promoter 
resulting plasmid at the TSS of the GFP (DSB site, see Figure 7A). (B) The graph represents the number of 
EGFP construct integrations for both the HeLa GFP∆Promoter pool of cells and the HeLa GPF∆Promoter 
clone used for the experiments. In both cases the number of construct copies is around 18; whereas it is not 
detectable (n.d.) in HeLa wt cells, that do not have the construct integrated in their genome. (C) Genomic DNA 
from HeLa GFP and HeLa GFP∆Promoter stable cell lines was extracted and tested by PCR for the presence 
of the promoter region and the GFP sequence. As predicted, all the cells show the presence of the GFP 
sequence, but only the cells infected with the GFP∆Promoter construct show a faster-migrating band 
corresponding to a promoterless smaller region. (D) Total RNA was extracted from both GFP and 
GFP∆Promoter stable cell lines to test the presence of EGFP transcripts. As predicted, GFP∆Promoter cell line 
shows a reduction of the GFP transcript compared to the HeLa GFP cell line. (E) RT-qPCR on the total RNA 
from Hela wt, HeLa GFP and three different clones of HeLa GFP∆Promoter cell line, to evaluate the level of 
lentiviral construct background transcription. The clone #1 is the one that shows the less LTR-driven 
transcriptional noise, and therefore the one selected for the experiments. (F) The expression of the EGFP 
protein was determined by both fluorescence microscopy and western blot (G). As predicted, HeLa 
GFP∆Promoter stable cell line do not show GFP protein expression compared with HeLa GFP cell line.  

 

4.1.1.1 CRISPR/Cas9 sgRNA design and DSB detection by BLESS  

After the characterization of the HeLa GFP∆Promoter system, I designed CRISPR/Cas9 

single guide RNA (sgRNA) to match the protospacer adjacent motif (PAM) sequence that I 

added in the GFP∆Promoter plasmid in place of the CMV enhancer and promoter deleted 

sequence at 5’ of the EGFP. Then, I cloned this sgRNA in a lentiviral plasmid constitutively 

expressing both the CRISPR/Cas9 protein and the sgRNA (Stringer et al., 2019) in order to 

be able to induce a DSB at the TSS of the EGFP, to attempt to re-activate its expression.  

As a negative control, I used a scramble sgRNAs (scr-C9) cloned in the CRISPR/Cas9 

lentiviral plasmid, with a sequence that has no target in the human genome (Liao et al., 

2015). As a further negative control, I cloned the same sgRNA targeting the EGFP TSS in 

another CRISPR/Cas9 lentiviral plasmid expressing the catalytically inactive version of the 

Cas9 protein, dead Cas9 (dCas9); sg-dC9 (Babaei et al., 2019). This would ensure that the 

binding of a Cas9 protein to the TSS of the gene is insufficient itself to trigger EGFP 

transcription. 

Before the actual experiment, I tested that the lentiviral plasmid expression of Cas9 and of 

the sgRNA targeting the EGFP TSS is actually able to induce a DSB in the region of interest. 

Therefore, I took advantage of direct in situ breaks labeling, enrichment on streptavidin and 

next-generation sequencing (BLESS), a technique that allows to detect and map DSBs at 

genome-wide level in a population of cells (Crosetto et al., 2013). As described in the 

Material and methods section, this technique can be applied to fixed cells to map DSBs. It 
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relies on in situ DSB blunting and ligation to a biotinylated double-stranded DNA linker 

which labels the DSB positions. Thus, after DNA extraction and fragmentation, it is possible 

to pull-down the biotinylated sequences with streptavidin beads. Following a distal linker 

ligation, it is possible to amplify the enriched sequences using primers matching the linkers 

and check for the presence of a DSB by qPCR using primers 300bp far from the DSB (Figure 

7A).  

The HeLa GFP∆Promoter clone of cells was infected with the Cas9 plasmid in which the 

sgRNAs targeting the TSS of EGFP was previously cloned. The cells were collected one 

day post infection and fixed with 37% formaldehyde solution, before starting the samples 

preparation for BLESS. qPCR analysis shows an induction of DSBs in the target region 

using the two primers of Figure 7A. The values are relative to mock infected cells (Figure 

7B), which are cells kept in the HEK293T host cells transfection medium with only CaCl2 

and High-Salt Buffer (HSB) without DNA, and therefore not infected with neither Cas9 nor 

the lentiviral packaging plasmids (for more details see the Material and Methods section 

3.3.2). 

From this result, I concluded that the Cas9 with the sgRNA targeting the EGFP TSS is able 

to induce a DSB in the predicted region. 
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Figure 7. DSB detection by BLESS.  
(A) Schematic representation of CRISPR/Cas9 binding site and DNA DSB induction at the TSS of the EGFP 
reporter gene in the HeLa GFP∆Promoter system. In purple, the binding sites of the primers used to test the 
presence of DSB by BLESS are shown. (B) HeLa GFP∆Promoter stable clone cells were collected 24 hours 
after the infection with CRISPR/Cas9 targeting the GFP TSS. The cells were tested for DSB induction in the 
target region by qPCR on a BLESS library. The result shows an enrichment of DSB in the samples infected 
with CRISPR/Cas9 (sg-C9), compared with mock-infected sample (M). The graph is representative of a single 
experiment. 

4.1.2 EGFP induction upon DSB  

Once assessed that the sgRNA targeting the EGFP TSS was able to induce a DSB in the 

predicted region, I tested the hypothesis that a DSB in a specific site of a genetic unit, 

coinciding with natural transcriptional start site, was able to generate a transcript. I further 

tested if this transcript, through the incorporation of signals belonging to a mRNA, could be 

translated into a functional protein.  

To address this hypothesis, I performed the experiment on the selected HeLa GFP∆Promoter 

clone, using HeLa wild type and the HeLa GFP stable cell line as negative and positive 

control for the EGFP RNA and protein expression, respectively.  

I infected the HeLa GFP∆Promoter clone with the CRISPR/Cas9 lentiviral plasmid, under 

different conditions. Three conditions were used as negative controls:  mock infected cells, 

which are those treated with the 293T transfection medium with only CaCl2 and HSB 

without DNA; scramble Cas9 sgRNA infected cells, which are those infected with a 

CRISPR/Cas9 lentiviral plasmid containing a scramble sgRNA sequence that does not target 

any genomic region in the cell (scr-C9); a nuclease dead version of Cas9 infected cells (sg-

dC9), which are those infected with the dCas9 lentiviral plasmid containing the EGFP TSS-

targeting sgRNA. The fourth condition was the one in which HeLa GFP∆Promoter cells 

were infected with the CRISPR/Cas9 bearing the sgRNA targeting the region upstream the 

EGFP coding sequence inducing a DSB (sg-C9). The cells were kept in culture for eight 

days and analyzed at three different timepoints, day one, four and eight. For the entire 

experimental period, all the HeLa cell lines stable infected either with the GFP expressing 

plasmid or with the GFP∆Promoter construct were kept under maximal puromycin selection 

in order to make them retaining the highest number of EGFP integrations, as described more 

in details in the 3.2 section of Materials and Method chapter. 

4.1.2.1 EGFP detection by fluorescence microscopy 

The advantage of re-activating the expression of the EGFP reporter gene is due to the 

possibility of easy detection by fluorescence microscopy. For this reason, the first step of 

my analysis fucuses on testing the EGFP florescence signal induction upon DSB. I also 
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performed an immunofluorescence for Cas9 and gH2AX, to test the Cas9 protein expression 

and the gH2AX foci accumulation, as a marker of DSB generation. The immunofluorescence 

images on the cells fixed one day after the infection indicated, as predicted, GFP and Cas9 

negative cells in HeLa wt sample; GFP positive but Cas9 negative cells in the HeLa GFP 

stable cell line, and the absence of gH2AX foci, as they are completely untreated cells 

(Figure 8A, top). With respect to the different infection conditions of HeLa GFP∆Promoter 

cell line, the immunofluorescence with the a-gH2AX antibody shows a slight increase of 

positive cells mainly among those sample infected with both the active Cas9 (sg-C9) and the 

inactive dCas9 (sg-dC9) targeting the EGFP TSS region, which can be explained by damage 

induced by the infection itself. From immunofluorescence with a a-Cas9 antibody a very 

low expression of the protein is detected in all the three conditions infected with the lentiviral 

plasmid expressing Cas9: the one with the scramble sgRNA (scr-C9) and those with the 

active and inactive Cas9 version with the sgRNA targeting the TSS of the EGFP coding 

sequence (sg-dC9 and sg-C9). This result led to the conclusion that one day is too short a 

time to drive high Cas9 protein expression. This is consistent with the EGFP fluorescence 

that is not detectable in any condition at this timepoint (Figure 8A, column on the right).  

The cells were also collected four days after Cas9 infection. At this timepoint I observed 

again some gH2AX positive cells, mainly among the sg-dC9 and sg-C9 samples; but, unlike 

day 1, samples at day 4 show an increased expression of Cas9-positive cells in the three 

samples infected with the Cas9 lentiviral vector: scr-C9, sg-dC9 and sg-C9 (Figure 9A). 

Then, I analyzed the EGFP fluorescence and I observed the absence of positive cells in the 

mock, scr-C9 and sg-dC9 negative control samples. However, excitingly, when the DSB is 

induced at upstream the EGFP coding sequence, I did observe some EGFP positive 

fluorescent cells in HeLa GFP∆Promoter cell line (Figure 9A, bottom right), suggesting a 

re-activation of its expression. As perhaps expected, the signal is very faint and much lower 

compared to that expressed by the HeLa GFP cell line, but it is detectable nevertheless. 

Therefore, I decided to analyze the cells also eight days after the infection (Figure 10A). I 

observed the presence of some gH2AX foci and Cas9 expression in the three CRISPR/Cas9 

lentiviral infected samples (scr-C9, sg-dC9 and sg-C9), although the Cas9 protein expression 

seems slightly reduced compared with the previous timepoint – likely the results of its 

counterselection caused by its genotoxic activity. Also in this case, some EGFP fluorescent 

cells were detectable in the sample where the DSB is induced at the TSS of the EGFP 

compared to the other HeLa GFP∆Promoter infected controls.  
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Based on these results, I can conclude that a DSB, induced upstream the coding sequence of 

an otherwise silent genetic unit, is able to re-activate its expression, although not to the same 

extent of a canonical promoter. 
 

 
 
Figure 8. EGFP expression one day after CRISPR/Cas9 infection. 
(A) Fluorescence microscopy images show HeLa GFP∆Promoter cell line 24 hours after CRISPR/Cas9 
infection. The cells infected with CRISPR/Cas9 scramble sgRNA (scr-C9) and the Cas9 with the sgRNA 
targeting the GFP TSS, both catalytically active (sg-C9) and inactive (sg-dC9) show low Cas9 protein 
expression. No GFP expression is detected in any condition. HeLa GFP cell line (GFP) and HeLa wt (wt) have 
been used as positive and negative control, respectively.  
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Figure 9. EGFP expression four day after CRISPR/Cas9 infection. 
(A) Fluorescence microscopy images show HeLa GFP∆Promoter cell line four days after CRISPR/Cas9 
infection. The cells infected with CRISPR/Cas9 scramble sgRNA (scr-C9) and the Cas9 with the sgRNA 
targeting the GFP TSS, both catalytically active (sg-C9) and inactive (sg-dC9) show Cas9 protein expression, 
compared with HeLa wt (wt), HeLa GFP positive not infected cells (GFP) and the HeLa GFP∆Promoter mock 
infected cells (mock). GFP fluorescence images indicate the presence of a GFP positive signal only in the cells 
infected with the sgRNA targeting the GFP TSS (sg-C9). HeLa GFP cell line (GFP) and HeLa wt (wt) have 
been used as positive and negative control, respectively.   
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Figure 10. EGFP expression eight days after CRISPR/Cas9 infection. 
(A) Fluorescence microscopy images show HeLa GFP∆Promoter cell line eight days after CRISPR/Cas9 
infection. The cells infected with CRISPR/Cas9 scramble sgRNA (scr-C9) and the Cas9 with the sgRNA 
targeting the GFP TSS, both catalytically active (sg-C9) and inactive (sg-dC9) show Cas9 protein expression, 
compared with HeLa wt, HeLa GFP positive not infected cells (GFP) and the HeLa GFP∆Promoter mock 
infected cells (mock). GFP fluorescence images indicate the presence of a GFP positive signal only in the cells 
infected with the sgRNA targeting the GFP TSS (sg-C9). HeLa GFP cell line (GFP) and HeLa wt (WT) have 
been used as positive and negative control, respectively.   
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4.1.2.1.1 EGFP fluorescence induction upon DSB 

I summarized the quantification of the EGFP fluorescence, gH2AX and Cas9 

immunofluorescence studies from two independent experiments in four different graphs 

(Figure 11). For both the experiments I acquired five random fields of cells for each 

condition at each timepoint, with the same acquisition parameters (exposure time and 

magnification). The quantification was performed setting for all the fields the same 

brightness and contrast (as described in Material and Methods paragraph 3.6.1). 

I quantified the level of DNA damage response activation for each condition studied, 

interrogating the number of gH2AX positive cells. The graph reveals that one day after Cas9 

infection an increase of DNA damage is present in all the conditions due to the lentiviral 

infection itself, that decreases in the following timepoints. Indeed, 4 and 8 days after the 

infection, a slight induction of gH2AX foci was observed only in the sample with the DSB 

upstream the EGFP CDS (sg-C9), consistent with the damage induced by CRISPR/Cas9 

catalytic activity (Figure 11A). This is confirmed by the quantification of Cas9 protein, 

showing increased protein expression levels starting from day 4 and maintained at day8, in 

all the conditions infected with the Cas9 lentiviral plasmid (scr-C9, sg-dC9 and sg-C9) 

(Figure 11B). Whereas, from the quantification of the EGFP-positive cells, the graph 

confirmed the result observed from the immunofluorescence images: a striking increase of 

EGFP-fluorescent cells, calculated as a percentage of the total number of DAPI-positive 

cells, only when the DSB is induced upstream the CDS of silent reporter gene (Figure 11C). 

The same result was obtained also when the EGFP positive cells were represented as a 

percentage of the Cas9-positive: an increase of EGFP positive cells only in the sample with 

the induction of DSB at the TSS of the gene, both at day 4 and at day 8 after the infection 

(Figure 11D). This revealed that the sg-C9 is the only condition that consistently induces the 

EGFP expression.   

These graphs strengthen the conclusions reached by observing the representative images 

shown in Figures 8-10. This is that a DSB is able to induce the expression of an otherwise 

silent reporter gene.  

  



 73 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 11. EGFP fluorescence induction upon DNA DSB. 
(A) Quantification of gH2AX-positive cells indicates a general damage induction in all the conditions one day 
after the infection, as a consequence of the infection itself. Four and eight days after the infection an increase 
of DNA damage in cells infected with the sgRNA targeting the EGFP TSS (sg-C9) is observed compared with 
control samples. Above the bars is indicated the total number of gH2AX-positive cells on the DAPI-positive 
ones. (B) Immunofluorescence quantification of Cas9-positive cells on the total number of cells at each 
timepoint post-infection. From day four, all the samples infected with Cas9 (scr-C9; sg-dC9; and sg-C9) show 
and induction of Cas9 positive cells. Above the bars is indicated the total number of Cas9-positive cells on 
the DAPI-positive ones. (C) Fluorescence quantification of EGFP-positive cells on the total number of DAPI-
positive cells at each timepoint post-infection. The graph shows an increase of EGFP-positive cells four and 
eight days after the infection in the samples with the induction of DSB at the EGFP TSS (sg-C9). Mock 
infected cells (M); scramble Cas9 sgRNA (scr-C9) and EGFP TSS-targeting but catalytically inactive dead 
Cas9 (sg-dC9), were used as negative controls. Above the bars is indicated the total number of EGFP-positive 
cells on the DAPI-positive ones. (D) The graph represents the percentage of EGFP-positive cells among the 
Cas9-positive ones. It shows an increase of EGFP-positive cells at day four and eight post Cas9 infection only 
in the sample infected with the DSB at the TSS of the reporter gene. Above the bars is indicated the total 
number of GFP-positive cells on the Cas9-positive ones. All the values are relative to two independent 
experiments, except for the dCas9, performed only once. The error bars represent the standard error of the 
means (S.E.M.). 
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4.1.2.2 EGFP mRNA detection by RT-qPCR 

The promising result of the immunofluorescence, prompted us to investigate events at the 

RNA level. Upon CRISPR/Cas9 infection of the HeLa GFP∆Promoter clone, I collected the 

cells at three different timepoints (the same of the IF analysis) and extracted the total RNA 

in parallel for all the different conditions: mock infected cells; infected with a Cas9 bearing 

a scramble sgRNA, and with the catalytically inactive dead Cas9 bearing the sgRNA 

targeting the TSS of the EGFP, which are the negative controls for EGFP expression; and 

HeLa GFP∆Promoter clone infected with the Cas9 targeting the EGF, inducing a DSB at the 

TSS of the gene. The RNA was then transcribed by random priming and RT-qPCR was 

performed with the primers as shown in Figure 12A. Unfortunately, the results displayed no 

differences between the conditions at all the timepoints (data not shown). These could be 

due to the intrinsic pitfall of the LTR-driven background transcriptional noise – in this case 

the 5’ LTR is only 1.5 kb from the EGFP CDS – which may mask the induction of transcripts 

triggered by the DSB.  

To attempt to overcome this problem and improve the specificity of my mRNA detection 

analysis, I performed the RNA fractionation, collecting the cytoplasmic, nuclear and 

chromatin bound RNA fraction. As I could observe EGFP fluorescent cells upon DNA DSB 

induction at the TSS of the gene, I anticipated that the cytoplasmic RNA fraction could be 

enriched in our RNAs of interest: those whose transcription is activated by the DSB but with 

the features of a messenger RNA.  

To test if this was the case, I reverse-transcribed the cytoplasmic RNA fraction by random 

priming followed by a RT-qPCR with the primers used before and represented in Figure 

12A. I normalized the values obtained on RPLP0 housekeeping gene and I represented them 

as a fold change relative to mock-infected cells at day 1. The graph shows that, also in this 

case, likely the pre-existing background transcription prevents detection of EGFP mRNA 

differential expression among the conditions (Figure 12B).  

Therefore, as I could not reach a conclusion from this RT-qPCR approach. In the view of 

the consistent fluorescence detection by imaging data showed in Figure 8-10, I decided to 

analyze more in detail the samples at day 8 exploiting Oxford Nanopore Technology (ONT) 

on a MinION device.  
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Figure 12. EGFP mRNA detection.  
(A) Schematic representation of HeLa GFP∆Promoter locus. In red is represented the site of DSB induction, 
coinciding with the site of CRISPR/Cas9 binding. The two arrows in purple represents the pairing site for the 
primers used to monitor the presence of a EGFP mRNA. (B) Cytoplasmic RNA fraction was isolated from 
HeLa GFP∆Promoter cells mock infected (M), infected with a Cas9 with a scramble sgRNA (scr-C9), or 
infected with either a catalytically inactive or active Cas9 with the sgRNA targeting the EGFP TSS, sg-dC9 
and sg-C9, respectively. The RNA was reverse-transcribed using random priming. RT-qPCR on cytoplasmic 
polyadenylated transcripts reveals no significant induction in EGFP mRNA levels among HeLa 
GFP∆Promoter samples at all the timepoints after the infection. Wt HeLa cells (WT) and HeLa GFP cells 
(GFP) were used as negative and positive control, respectively. All the values were normalized on RPLP0 
housekeeping gene and relative to mock-infected cells at day 1. The graph summarizes the results from two 
independent experiments, except for dCas9 that was performed only once. The error bars represent the standard 
error of the means (S.E.M.). 
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4.1.2.3 EGFP RNA sequencing by ONT 

We reasoned that a way to detect the EGFP differential RNA expression upon DSB 

induction, was to perform an RNA sequencing of the cytoplasmic transcripts generated upon 

DSB induction in the target region by Cas9, at day eight after the infection (sg-C9). The 

sample infected with CRISPR/Cas9 with a scramble sgRNA (scr-C9) at the same timepoint 

was used as a control.  

We sequenced these samples by direct cDNA sequencing on a MinION device exploiting 

Oxford Nanopore Technology. The advantage of this technology is the possibility to 

sequence long RNA transcripts, both preserving the information about the length and 

avoiding PCR amplification steps. 

To this purpose, the cytoplasmic RNA fraction from the two samples, was depleted of the 

ribosomal RNA and then processed following the protocol of direct cDNA sequencing 

library preparation (described more in detail in paragraph 3.5.3 of Material and Methods 

chapter). After a step of reverse transcription with oligo dT adapters, strand switching, RNA 

degradation and second complementary strand synthesis; additional Nanopore adapters with 

the motor-protein, were ligated to the cDNA. In this way, all the polyadenylated transcripts 

in the cytoplasmic RNA fraction are “pulled” through the nanopores by the motor-protein. 

Each base passing through the pore is identified as it modifies in a different way the flux of 

the electric current generated applying a voltage to the surrounding electrolyte solution.  

The output of the sequencing revealed the presence of an LTR-driven preexisting 

transcription spanning the whole GFP∆Promoter lentiviral plasmid used as reference for 

reads alignment (Figure 13A). This confirms the concern that background transcription 

represented the main issue of differential EGFP RNA expression in our previous RT-qPCR 

experiments. The profile of the coverage in gray above the reads reveals a drop of coverage 

at the DSB site in the sg-C9 sample, indicating that actually the damage occurs at the TSS 

of the EGFP, compared with the scr-C9 control sample (Figure 13A).  

Therefore, we removed all the reads overlapping the DSB site, corresponding to a 

preexisting LTR-driven transcription, and we calculated the log2 ratio between the reads 

starting from the DSB site in the damaged sample compared with the undamaged control 

(scr-C9). We observed an increase of the reads starting from the break in the sample with 

CRISPR/Cas9 mediated cleavage at the TSS of the EGFP compared with the scr Cas9 

sgRNA infected control (Figure 13B, top). The bar graph, indicates the log2 ratio of the 

reads coverage between the damage and the undamaged sample. From this graph we can 

better appreciate that the damage at the TSS of the EGFP silent gene induces an increase of 

reads starting in the region between the cut site and the EGFP ATG (Figure 13C). This result 
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brought us to the conclusion that a DSB induced at the TSS of an otherwise silent gene is 

able to induce the transcription of an RNA, that is transported in the cytoplasm and translated 

generating fluorescence.  

 

Figure 13. EGFP RNA sequencing by Oxford Nanopore Technology.  
(A) Schematic representation of the reads generated by the direct cDNA sequencing of the undamaged (scr-
C9) and damaged sample (sg-C9) using ONT on a MinION device. Above the reads, the graph in grey 
represents the coverage relative to the GFP∆Promoter plasmid, which is represented at the bottom of the panel 
as a reference. (B) Graphic representation of the log2 ratio of the damaged sample (sg-C9) relative to the 
undamaged (scr-C9), top. (C) The same information is also schematized in a bar graph which represents the 
number of reads of the damaged sample as a ratio normalized on the control scr-C9. The result reveals an 
increase of transcripts corresponding to the reads aligning in the region of 77 bp, from the DSB site to the 
beginning of the EGFP coding sequence. The values are relative to two independent experiments and the error 
bars represent the standard error of the means (S.E.M.).   
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4.1.2.4 EGFP protein detection  

After RNA induction and fluorescence detection upon DSB at the TSS of the EGFP gene, I 

also tried to detect the EGFP protein to have a complete characterization of this system. To 

this end, I first prepared a total protein extract from the HeLa GFP∆Promoter cell line mock-

infected and infected with a Cas9 bearing a scramble sgRNA or with the sgRNA targeting 

the EYFP TSS, using wild type HeLa cells and HeLa GFP cell line as negative and positive 

control for GFP expression, respectively.  

I performed first an immunoblot with a a-Cas9 antibody to confirm the expression of the 

Cas9 protein four and eight days after the infection already observed by imaging in Figure 

8-10 (Figure 14A). Also in this case, the result confirmed a consistent expression of Cas9 in 

the two samples infected with a CRISPR/Cas9 lentiviral vector (scr-C9 and sg-C9) starting 

from day 4. Tubulin was used as housekeeping protein. Then, I performed a immunoblot on 

the total protein extract with a a-GFP antibody, but we couldn’t reach any firm conclusion 

because the signal from the HeLa GFP∆Promoter cell line was not detectable (data not 

shown).  

Therefore, to boost the EGFP signal, I performed an immunoprecipitation using a rabbit 

polyclonal a-GFP antibody. Then, I performed the immunoblot with a mouse monoclonal 

a-GFP antibody, thus avoiding the detection by the secondary antibody of the rabbit IgG 

chains (Figure 14B). The result confirmed an enrichment of the signal upon EGFP 

immunoprecipitation, as the input shows an intense band only in the HeLa GFP lysate. 

Nevertheless, this strategy increases also the protein background signal of the HeLa 

GFP∆Promoter cell line, making it more difficult to appreciate the increase of EGFP 

differential expression upon DSB induction. A slight increase is detectable only four days 

after the Cas9 infection in the sample with the DSB induction at the TSS of the EGFP in 

contrast to the control samples (Figure 14B, top). This increase was confirmed by the 

quantification of the band’s intensity (Figure 14B, bottom).  

Next, we further analyzed this timepoint by proteomic analysis, to obtain a quantitative 

indication of the induction observed by immunoprecipitation. With the help of our Institute’s 

proteomic facility, the peptides, derived from the chromatography performed on the scr-C9 

and the sg-C9 samples and identified by the MS/MS spectra, were compared against both a 

human and a Jellyfish database containing the GFP sequence peptides. The result of Label 

Free Quantification (LFQ) intensity, which represents the intensity values normalized across 

the entire dataset, revealed an increase in the sample infected with the sgRNA targeting the 

EGFP TSS compared with the negative control, although at the limit of the detection.  
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In conclusion, the HeLa GFP∆Promoter system is useful and reliable for the detection of 

EGFP fluorescence induction upon DSB at the TSS of the silent reporter gene. However, the 

LTR-driven background transcription prevents further characterize at a molecular level the 

RNA and protein increase upon DNA damage.  

 
Figure 14. EGFP protein detection.  
(A) A total protein extract was isolated from HeLa GFP∆Promoter mock-infected (M) cells and infected with 
CRISPR/Cas9 scramble (scr-C9) or TSS-targeting sgRNA (sg-C9), collected at three different timepoint. The 
membranes were then incubated with a a-Cas9 antibody to verify the expression of CRISPR/Cas9. Cas9 
protein expression is not detectable at day 1 and it increases in the following timepoints only in the samples 
infected with the Cas9 construct, confirming what already observed by IF in Figure 8-11. (B) The lysate was 
immunoprecipitated with a a-GFP antibody followed by immunoblotting. The image shows an increased 
detection of the EGFP protein after IP compared with the input material, but a slightly higher intensity band in 
the sample infected with the Cas9 sgRNA targeting the EGFP TSS (sg-C9) only four days after Cas9 infection. 
This is confirmed by the graph describing the bands quantification. (C) Proteomic analysis was performed on 
the sample infected with Cas9 sgRNA targeting EGFP TSS four days after the infection. The graph represents 
the EGFP LFQ intensity normalized on the total intensity of the samples. The result reveals an increase of the 
intensity in the sample with the DSB induction at the TSS of the reporter gene. The values are relative to two 
technical replicates of the same experiment and the error bars represent the standard error of the means 
(S.E.M.).   
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4.2 MEFs Rosa26 Lox-Stop-Lox EYFP system 

The intrinsic limitation of the HeLa GFP∆Promoter system in the detection of RNA and 

protein differential expression, led us to search for an alternative system to test the 

hypothesis that a DSB, if induced at the TSS of a silent gene, can activate the transcription 

of an RNA which, incorporating all the features of a mRNA, can be translated into a 

functional protein. I decided to move to the Rosa26 Lox-Stop-Lox EYFP system, where the 

EYFP reporter gene was first integrated in a pBigT plasmid, downstream a floxed 

transcriptional stop sequence. This plasmid was further integrated in single copy in the 

mouse Rosa26 locus by HR. In this system, the EYFP transcription is silenced by an 

upstream loxP-flanked transcriptional stop sequence. Only CRE recombination can delete 

the stop sequence and restore EYFP expression (Srinivas et al., 2001). This system, as with 

the previous one, allows the testing of whether a DNA DSB is sufficient to activate 

expression of a silent reporter gene through the detection of EYFP fluorescence by imaging, 

with the further advantage to have a 720bp long sequence very similar to the EGFP, 

immediately followed by a bGH Poly(A) signal. Most importantly, unlike the HeLa 

GFP∆Promoter system, the reporter gene is integrated as a single copy in the genome by 

homologous recombination, without the presence of LTR viral elements upstream and 

downstream, that led to the EGFP transcriptional background noise.  

The cells which better fit for this purpose are immortalized MEFs Rosa26 Lox-Stop-Lox 

EYFP, a kind gift from the laboratory of Michael McManus in San Francisco. First, I 

performed a RT-qPCR to confirm the absence of EYFP background transcription, using the 

primers shown in Figure 15A. This result confirmed that the background transcription of the 

locus is 20 times lower as compared with the HeLa GFP∆Promoter system (Figure 15B). I 

also amplified by PCR the genomic locus where the EYFP was integrated with two primers 

flanking the MCS site of the original pBigT plasmid used for the homologous recombination 

(Srinivas et al., 2001). This step was necessary to sequence by Sanger the region upstream 

the EYFP and design CRISPR/Cas9 sgRNAs few nucleotides upstream the reporter gene’s 

coding sequence.  
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Figure 15. MEFs Rosa26 Lox-Stop-Lox EYFP system.  
(A) Schematic representation of Lox-Stop-Lox EYFP construct integrated by homologous recombination in 
the Rosa26 genomic locus. The site of inducible DSB by Cas9 is represented in red. The primers used for the 
RT-qPCR on the cytoplasmic fraction are represented in purple. (B) RT-qPCR on immortalized MEFs R26 L-
S-L EYFP to assess the levels of EYFP locus background transcription. HeLa wt was used as negative control. 
All the values were normalized on RPLP0 housekeeping gene and relative to HeLa GFP∆Promoter sample. 
They are representative of a single experiment, and the error bars represent the SD among qPCR triplicates. 

 

4.2.1 CRISPR/Cas9 sgRNA design and DSB detection by BLESS 

I took advantage of the CrispRGold tool to design a Cas9 sgRNA 138nt upstream the EYFP 

ATG (Figure 15A). It is a sgRNA design tool that searches for optimal sgRNA candidates 

in given genes or sequences. It goes through iterative loops with decreasing stringency to 
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targeting another gene in the cell. This second additional control, would provide the evidence 

that a DSB in an unrelated region is not enough to trigger EYFP transcription. For this 

purpose, I chose the murine C-C chemokine receptor 5 (CCR5), because of its suitability to 

be a safe harbor, as its bi-allelic inactivation has no detrimental impact on cell survival and 

proliferation (Lombardo et al., 2011; Sadelain et al., 2011). As a further negative control, I 

cloned the same sgRNA targeting the EYFP 5’ in a CRISPR/Cas9 lentiviral plasmid 

expressing the catalytically inactive version of the Cas9 protein, dead Cas9 (dCas9) (Babaei 

et al., 2019). This control ensures that the binding of the Cas9 protein to the TSS of a gene 

is not sufficient itself to trigger EYFP transcription even in the absence of a DSB. 

Then, I performed an experiment to test if the sgRNA targeting the region upstream the 

EYFP was able to induce a DSB. Therefore, the cells were tested for DNA damage induction 

in the target region by qPCR on a BLESS (direct in situ breaks labeling, enrichment on 

streptavidin and next-generation sequencing) library (Crosetto et al., 2013) with primers 

within 300bp from break. 

The cells infected with the Cas9 targeting the EYFP 5’ (sg-C9) and all the negative controls 

(mock infected cells, M; infected with a Cas9 cloned with either a scramble sgRNA, scr-C9; 

or the CCR5 sgRNA, CCR5-C9; or with the dCas9 targeting the EYFP 5’; sg-dC9) were 

collected at each timepoint post the infection and fixed. The result from the qPCR shows a 

peak of DSB enrichment in the EYFP target region for the sample with the DNA DSB in the 

region upstream the reporter gene four days after the Cas9 infection, that undergoes a slight 

decrease after eight days, until day 12, when it is not detectable anymore (Figure 16A). The 

cells infected with the Cas9 targeting CCR5 were tested for DSB induction at the CCR5 

locus, as a technical positive control. The values are relative to mock infected cells, which 

are those kept in the HEK293T host cells transfection medium with only CaCl2 and High-

Salt Buffer (HSB) without DNA, and, thus, not infected. 

From this result, I concluded that the Cas9 with the sgRNA targeting the EYFP 5’ is able to 

induce a DSB in the predicted region.  

4.2.2 EYFP  induction upon DSB 

Once I had assessed that the sgRNA targeting the EYFP 5’ was able to induce a DSB in the 

predicted region, I tested the hypothesis that as in this case when a DSB is induced upstream 

of a reporter gene present in single copy in the genome, it is able to trigger the transcription 

of a damage induced RNA that can be translated into a fluorescent protein through the 

incorporation of signals belonging to mRNAs, including the Kozak sequence, and the PAS.  
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Figure 16. Double strand break detection by BLESS.  
(A) Rosa26 L-S-L EYFP immortalized MEFs infected with CRISPR/Cas9 targeting the EYFP 5’ were 
collected at each timepoint after the infection. The cells were tested for DNA damage induction in the target 
region by qPCR of a BLESS library. The CCR5 negative control, infected with the Cas9 sgRNA targeting the 
CCR5 coding sequence was tested for DSB induction in that specific genomic locus, and the result shows a 
DSB enrichment at all the timepoints. For the sample infected with CRISPR/Cas9 cloned with the sgRNA 
targeting the EYFP 5’, the result shows that, in this experiment, a peak of DSB induction is detected at day 4 
that decreases at day 8, until day 12 when it is not detectable anymore. The other negative controls do not 
induce DSB at the EYFP 5’, except for the scramble sgRNA at day 4, but less than the EYFP 5’-targeting 
sgRNA. At each timepoint the values are normalized on their own input sample and relative to the mock-
infected negative control. The values are representative of a single experiment.  

 

Therefore, I infected the immortalized MEFs Rosa26 Lox-Stop-Lox EYFP cell line with a 

CRISPR/Cas9 lentiviral plasmid targeting the EYFP 5’ inducing a DSB. In parallel, I had 

different controls:  mock-infected cells, which are those treated with the 293T transfection 

medium with only CaCl2 and HSB without DNA (M); scramble Cas9 sgRNA infected 

sample (scr-C9), which is infected with a CRISPR/Cas9 lentiviral plasmid cloned with a 

scramble sgRNA sequence that does not have any target in the genome; dead Cas9 infected 

cells (dCas9), which are cells infected with the dCas9 lentiviral plasmid cloned with the 

sgRNA targeting the EYFP 5’ (sg-dC9); and CCR5 Cas9 sgRNA infected cells, which are 

those infected with a sgRNA targeting another gene in the cell, whose disruption is neutral 

for the cell (CCR5-C9). The cells were kept in culture for twelve days and collected at 

different timepoints, day one, four, eight and twelve days to be analyzed.  
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4.2.2.1 EYFP RNA detection  

As the main limit of the HeLa GFP∆Promoter system was the detection of the RNA due to 

the LTR-driven background transcription, I started the analysis of the new system testing the 

EYFP RNA expression upon DSB induction. To achieve the best detection of the EYFP 

RNA, relying also on the experience with the previous system, I proceeded straight with 

RNA fractionation, as already described in detail in Material and Methods section 3.5. I 

collected the cytoplasmic RNA fraction, enriched in mRNAs, purifying it with Maxwell 

RSC simplyRNA Tissue Kit (Promega) before the reverse-transcription step.  

4.2.2.1.1 EYFP RNA detection by RT-qPCR 

I usually reverse-transcribe 1µg of the cytoplasmic RNA with random priming. I tested the 

induction of the EYFP RNA by RT-qPCR with the primers shown in Figure 15A, and I 

normalized all the values to the B2M mouse housekeeping gene, expressing them as a fold 

change relative to the mock-infected sample at day 1 (Figure 17A).  The graph demonstrates 

that one day after the infection, EYFP transcription is not induced yet, consistently with the 

result obtained with the HeLa GFP∆Promoter system. However, starting from day 4 until 

the latest timepoint tested, day 12, I observed a robust induction of the EYFP RNA which is 

specific for the sample infected with the Cas9 that induces DSB upstream the silent reporter 

gene (sg-C9). Indeed, all other negative controls, including the Cas9 with a scramble sgRNA 

that does not target anything in the genome (scr-C9), the one which induces the DSB inside 

the sequence of another gene (CCR5-C9), and the dCas9 which binds the EYFP 5’ without 

cleaving the DNA (sg-dC9), never show any transcription induction. This indicates that this 

system is the best one for the detection of the differential EYFP RNA expression upon DSB. 

Indeed, it strikingly confirmed that a DNA DSB is able to activate the synthesis of the full-

length transcript of an otherwise silent gene, that is then also exported in the cytoplasm.  

On the base of this exciting result, I also tested if this RNA detected in the cytoplasmic 

fraction, was also polyadenylated, since the PolyA tail is one of the features of a mRNA. 

Therefore, I reverse-transcribed 1µg from the same cytoplasmic RNA preparation with oligo 

dT primers and I performed the RT-qPCR with the same primers used before and shown in 

Figure 15A. Also in this case, starting from day four after the infection, I observed a 

convincing induction of EYFP RNA and only in the sample with the DSB induced upstream 

the EYFP CDS (Figure 17B). This result confirms that a DSB is actually able to trigger the 

transcription of an mRNA, which is polyadenylated and exported in the cytoplasm. 
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Figure 17. EYFP mRNA detection.  
(A) Cytoplasmic RNA fraction was isolated from R26 L-S-L EYFP immortalized MEFs 1, 4, 8 and 12 days 
after Cas9 infection. The RNA was reverse-transcribed by random priming. RT-qPCR on cytoplasmic 
transcripts reveals no difference in EYFP mRNA levels among the samples collected 1 day after the infection. 
An induction of EYFP mRNA levels was detected 4, 8 and 12 days after the infection only in the sample 
infected with the Cas9 sgRNA targeting the EYFP TSS (sg-C9) compared with the controls (mock infected, 
M; scramble Cas9 sgRNA, scr-C9; CCR5-targeting Cas9 sgRNA, CCR5-C9; and TSS-targeting but 
catalytically inactive Cas9, sg-dC9). All the values were normalized on B2M housekeeping gene and relative 
to mock infected cells at day 1. (B) The same cytoplasmic RNA fraction was reverse-transcribed with oligo dT 
primers to enrich for the polyadenylated fraction of transcripts. The qPCR shows an induction consistent with 
the RT-qPCR described in Figure 17A. All the values were normalized on B2M housekeeping gene and relative 
to mock infected cells at day 1. The graph summarizes the results from two independent experiments, except 
for the timepoint day 12 that was performed only once. The error bars represent the standard error of the means 
(S.E.M.).   
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4.2.2.1.2 EYFP RNA detection by ONT 

These encouraging results prompted us to further characterize by sequencing the RNA 

generated upon DSB induction. We decided to perform again a direct cDNA sequencing 

exploiting Oxford Nanopore Technology, as it allows to sequence full-length transcripts 

avoiding PCR amplifications steps, keeping intact the information about both the length of 

the RNA synthetized from the break, and its abundance. As with RT-qPCR the EYFP RNA 

induction was high and consistent until the last timepoint, we decided to sequence all the 

samples infected with the Cas9 targeting the EYFP 5’ in parallel, to reduce variability related 

to individual library preparation and separately run of the samples on MinION 1X which can 

sequence one sample at time only. This was possible with the GridION 5x, which allows the 

loading and run of up to five samples in parallel, with the further advantage of an automatic 

and faster conversion of the raw data generated from the machine in data available for the 

analysis.  

Therefore, 5µg of cytoplasmic RNA from the samples infected with the Cas9 targeting the 

EYFP 5’ at all the timepoints, was depleted of the ribosomal RNA and then processed 

following the protocol of direct cDNA sequencing library preparation (described more in 

detail in 3.5.3 section of Material and Methods). As a negative control, I sequenced only one 

sample infected with the Cas9 scramble sgRNA (scr-C9). The libraries were prepared in 

parallel and let run until the exhaustion of the flow cells – usually 48 hours. The first step of 

reverse transcription with oligo dT adapters allows the sequencing of the cytoplasmic 

polyadenylated transcripts only. 

The output of the sequencing revealed that this cell system does not show the background 

transcription we previously observed in the HeLa GFP∆Promoter system. Furthermore, 

upon DSB at the 5’ of the EYFP, we detected reads induction at all the timepoints, from day 

1 to day 12, compared with the Cas9 scramble sgRNA infected negative control sample, that 

did not show any read (Figure 18A). In particular, one day after the infection we detected 

the presence of some RNA species, likely polyadenylated, not observed before by RT-qPCR 

as they align immediately downstream to the EYFP coding sequence. They could be 

degradation products of longer transcripts generated by the break, although their nature is 

still unclear. We will confirm their existence, abundancy and biogenesis with further 

experiments. Since day 4, the sequencing uncovered a progressive increase in the length of 

the reads, which start from the poly(A) signal and align on the EYFP sequence, even though 

their number decreases. Nevertheless, the fact that no reads reach the 5’ of the EYFP coding 

sequence could be due either to the loss of integrity of the transcript, likely occurred in the 

multiple steps of RNA processing during library preparation, or to the processivity of the 
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reverse-transcriptase that does not transcribe till the end of the molecule. Notably, the reads 

coverage of other portions of the integrated construct is similar for all the samples, thus 

allowing a reliable calculation of the log2 ratio between the damaged sample and the 

negative control at each timepoint (Figure 18A). The reads coverage in the region 

corresponding to the EYFP coding sequence and its PAS increased upon DSB induction at 

all the timepoints (Figure 18B). The log2 ratio between the reads of the damaged samples 

and the scramble sgRNA negative control confirmed the increase of transcription upon DSB 

induction, while the preexisting transcription upstream the EYFP coding sequence remains 

unaffected (Figure 18 A and B, bottom panel). A summary of the log2 ratio is schematized 

by the graphs in Figure 18 C and D. The first one takes into account the coverage of the 

reads aligning to the whole EYFP sequence, considering both the bGH EYFP poly(A) signal 

and the EYFP coding sequence (Figure 18 C). Therefore, the transcription induction 

observed from day 4 to day 12 is underestimated by the burst of transcription at the PAS of 

the EYFP sequence which occurs one day after the infection. The second graph, represents 

the reads spanning the EYFP coding sequence without the bias of those overlapping the PAS 

(Figure 18 D). This allows to better appreciate that the transcription triggered by the DNA 

damage increases over time.  

The sequencing of long reads of several samples in parallel on GridION without PCR 

amplification allowed to obtain this exciting result which strengthened what I already 

observed by RT-qPCR: a DSB is able to trigger the transcription of RNA species which are 

polyadenylated and exported into the cytoplasm.   
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Figure 18. EYFP RNA sequencing by Oxford Nanopore Technology.  
(A) Schematic representation of the reads generated by the direct cDNA sequencing of the undamaged (scr-
C9) and damaged sample (sg-C9) at different timepoints using ONT on a GridION device. Above the reads, 
the graph in grey represents the reads coverage relative to the R26 L-S-L EYFP locus annotated at the bottom 
of the panel as a reference. The EYFP is integrated in the negative strand. The graph in blue under the plasmid 
annotation represents the log2 ratio between the reads coverage of the damaged samples at each timepoint (sg-
C9) and the undamaged negative control (scr-C9). (B) Magnification of the previous representation with the 
focus on the EYFP region. (C) Bar graph representing the log2 ratio between the number of reads of the 
damaged sample at each timepoint normalized on the negative undamaged control (scr-C9). It takes into 
account those reads aligning to the region including both the EYFP coding sequence and the poly(A) signal 
(D) The same graph is represented excluding the reads aligning to the poly(A) signal, which allows the removal 
of the bias of day 1 nascent transcription accumulation at the 3’ end of the gene. The values are representative 
of a single experiment. 

 

4.2.2.2 EYFP detection by fluorescence microscopy 

The consistent induction of EYFP transcription upon DSB, prompted us to investigate if it 

was also translated into a functional protein. I exploited the advantage of the re-activation of 

a reporter gene to detect it by fluorescence microscopy, performing an additional 

immunofluorescence staining for Cas9 and gH2AX, to also assess Cas9 protein levels and 

gH2AX accumulation, as a marker of DNA damage generation. At each timepoint, from day 
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Cas9 bearing the scramble or the CCR5-targeting sgRNA; or infected with the dCas9 which 

binds the DNA upstream the EYFP sequence) and the samples with the DSB at the 5’ of the 

EYFP, were fixed and stained with a-Cas9 and a-gH2AX antibodies. Then, five different 

fields for each marker were randomly acquired at a widefield microscope with identical 

parameters for each timepoint, and adjusted with the same brightness and contrast for the 

analysis. The result from the acquired images confirmed that, also in this case, one day after 
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the infection, Cas9 expression is still low and not sufficient to induce the EYFP fluorescence 

in the samples with the damage upstream the EYFP coding sequence (Figure 19A). This 

result is consistent with both the observation in the HeLa GFP∆Promoter system, and the 

result of the EYFP RNA expression. gH2AX foci were present in infected cells compared to 

the mock control cells, but it is not appreciable an increase in the sample infected with the 

sgRNA targeting the 5’ of the EYFP.  

The cells were also collected four days after Cas9 infection. At this timepoint I observed 

again some gH2AX foci; but, unlike the previous timepoint, the Cas9 expression rose 

consistently in all the samples infected with a Cas9 lentiviral vector: scr-C9, CCR5-C9, sg-

dC9 and sg-C9 (Figure 20A). With respect to the EYFP fluorescence, the images showed 

the absence of positive cells for the mock, scr-C9, CCR5-C9 and sg-dC9 negative control 

samples. However, upon DSB upstream the coding sequence of the silent EYFP, its 

expression was activated and detectable by widefield fluorescent microscopy in some of the 

cells (Figure 20A).  

I collected images of the cells also eight and twelve days after the infection. I observed the 

presence of gH2AX-positive cells and a high number of Cas9 expressing cells in the 

CRISPR/Cas9 infected samples (scr-C9, CCR5-C9, sg-dC9, sg-C9) until day 12 (Figure 21-

22). Also at these two timepoints, EYFP fluorescent cells were detectable in the sample in 

which the DSB is induced upstream the silent reporter gene.  

From these consistent results, I concluded that a DSB induced upstream a silent genetic unit, 

is able to re-activate its expression, although to a less extent compared with a canonical 

promoter.  
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Figure 19. EYFP expression one day after CRISPR/Cas9 infection.  
(A) Fluorescence microscopy images show R26 EYFP immortalized MEFs one day after CRISPR/Cas9 
infection. gH2AX staining represents the levels of DNA damage, which is higher in the infected samples 
compared with the mock, as a consequence of the infection. All the cells infected with CRISPR/Cas9 (Cas9 
with a scramble sgRNA, scr-C9; Cas9 with the CCR5 sgRNA, CCR5-C9; inactive or active Cas9 bearing a 
sgRNA targeting the EYFP 5’, sg-dC9 and sg-C9) show low Cas9 protein expression, which is consistent with 
the absence of EYFP-positive cells. Mock infected cells (M) have been used as negative control for EYFP 
expression.  
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Figure 20. EYFP expression four days after CRISPR/Cas9 infection.  
(A) Fluorescence microscopy images show R26 EYFP immortalized MEFs four days after CRISPR/Cas9 
infection. Few gH2AX-positive cells are present mainly in the CCR5-C9, sg-dC9 and sg-C9 infected samples. 
All the cells infected with CRISPR/Cas9 (Cas9 with a scramble sgRNA, scr-C9; Cas9 with the CCR5 sgRNA, 
CCR5-C9; inactive or active Cas9 bearing a sgRNA targeting the EYFP 5’, sg-dC9 and sg-C9) show high 
levels of Cas9 protein expression, but only the cells infected with the sgRNA targeting the EYFP 5’ show the 
presence of EYFP fluorescent cells. Mock infected cells (M) have been used as negative control for EYFP 
expression. 
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Figure 21. EYFP expression eight days after CRISPR/Cas9 infection.  
(A) Fluorescence microscopy images show R26 EYFP immortalized MEFs eight days after CRISPR/Cas9 
infection. The levels of DNA damage decrease in all the samples except for some gH2AX-positive cells still 
present mainly in the sg-dC9 and sg-C9 infected samples. All the cells infected with CRISPR/Cas9 (Cas9 with 
a scramble sgRNA, scr-C9; Cas9 with the CCR5 sgRNA, CCR5-C9; inactive or active Cas9 bearing a sgRNA 
targeting the EYFP 5’, sg-dC9 and sg-C9) show high levels of Cas9 protein expression, but only the cells 
infected with the sgRNA targeting the EYFP 5’ show the presence of EYFP fluorescent cells. Mock infected 
cells (M) have been used as negative control for EYFP expression. 
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Figure 22. EYFP expression twelve days after CRISPR/Cas9 infection.  
(A) Fluorescence microscopy images show R26 EYFP immortalized MEFs twelve days after CRISPR/Cas9 
infection. The levels of DNA damage are low in all the samples except for some gH2AX-positive cells still 
present mainly in the sg-dC9 and sg-C9. All the cells infected with CRISPR/Cas9 (Cas9 with a scramble 
sgRNA, scr-C9; Cas9 with the CCR5 sgRNA, CCR5-C9; inactive or active Cas9 bearing a sgRNA targeting 
the EYFP 5’, sg-dC9 and sg-C9) show Cas9 protein expression, but only the cells infected with the sgRNA 
targeting the EYFP 5’ show the presence of EYFP fluorescent cells. Mock infected cells (M) have been used 
as negative control for EYFP expression. 
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4.2.2.2.1 EYFP fluorescence induction upon DSB 

I summarized the quantification of the EYFP fluorescence and gH2AX and Cas9 

immunofluorescence from two independent experiments in four different graphs (Figure 23). 

For both the experiments I acquired five random fields of cells for each condition at each 

timepoint, with identical parameters. The quantification was performed setting the same 

brightness and contrast for all the fields (as described in Material and Methods section 3.6.1). 

I first quantified the level of DNA damage for each condition interrogating the number of 

gH2AX-positive cells. The graph reveals a relatively high level of DNA damage background 

related to the lentiviral infection, that only at day 12 seems to undergo a slight increase in 

the sample infected with Cas9 sgRNA targeting the EYFP 5’ compared with the negative 

controls at the same timepoint (Figure 23A). The quantification of Cas9 protein detection 

indicates an increase of protein expression from day four, in all the conditions infected with 

the Cas9 lentiviral plasmid (scr-C9, CCR5-C9, sg-dC9 negative controls and sg-C9) (Figure 

23B). 

With respect to the EGFP positive cells, the graph shows an increase of EYFP fluorescent 

cells calculated as a percentage on the total number of DAPI-positive cells only when the 

DSB was induced at the 5’ of the silent gene (Figure 23C). The same result was obtained 

when the EYFP-positive cells were represented as a percentage of the Cas9-positive ones: 

an increase of EYFP fluorescence only in the sample with the induction of DSB at the 5’ of 

the gene, from day four after the infection until the last timepoint analyzed (Figure 23D).  

These graphs are consistent with what I already observed in the previous HeLa 

GFP∆Promoter system: one day after the infection, Cas9 expression levels are insufficient 

to activate the silent reporter gene, but as soon as they rise, the DSB is able to induce the 

expression of the fluorescent protein. They also confirm the result of the RNA analysis, 

demonstrating that the transcription triggered by a DSB upstream the silent gene, is able to 

generate an RNA that is polyadenylated, exported in the cytoplasm and translated into a 

fluorescent protein.  
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Figure 23. EYFP fluorescence induction upon DSB.  
(A) Immunofluorescence quantification of gH2AX-positive cells on the total of DAPI-positive ones (numbers 
above the bars), indicates the level of DNA damage in the infected cells at the different timepoints. Mock 
infected cells (M); Cas9 scramble sgRNA (scr-C9); Cas9 CCR5 sgRNA (CCR5-C9); and EYFP 5’-targeting 
but catalytically-inactive Cas9 (sg-dC9) were used as negative controls; sg-C9 is the sample infected with the 
Cas9 bearing the sgRNA targeting the EYFP 5’ inducing a DSB. (B) Immunofluorescence quantification of 
Cas9 positive cells on the total of DAPI-positive cells at each timepoint post-infection (numbers above the 
bars). From day four, all the samples infected with Cas9 (scr-C9, CCR5-C9, sg-dC9 and sg-C9) show an 
induction of Cas9 positive cells. (C) Fluorescence quantification of EYFP-positive cells on the total of DAPI-
positive cells at each timepoint post-infection (numbers above the bars). The graph confirms an increase of 
EYFP positive cells 4, 8 and 12 days after the infection in the cells infected with the Cas9 targeting the 5’ of 
the reporter gene, sg-C9. (D) The graph shows the percentage of EYFP-positive cells among the Cas9 positive 
ones (numbers above the bars). It confirms an increase of EYFP positive cells in the sg-C9 infected samples at 
day 4, 8 and 12 after Cas9 infection. All the values are relative to two independent experiments, except for the 
dCas9, performed only once. The error bars represent the standard error of the means (S.E.M.).   
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4.2.2.3 EYFP detection by immunoblot 

On the basis of the results obtained by the fluorescence analysis, I completed the analysis of 

the protein detection with an EYFP immunoblot. This time, based on the previous experience 

with the GFP∆Promoter system, where the EGFP was not detectable with a normal 

immunoblot, I proceeded straight with the EYFP immunoprecipitation.  

I immunoprecipitated the EYFP from the same samples already tested by RT-qPCR and 

fluorescence following the protocol described more in detail in section 3.7.1 of Materials 

and Methods. I first incubated 10µg of a-GFP antibody per sample with the Protein G 

Dynabeads for 2 hours at +4˚C and then I incubated the sample with the antibody bound to 

the beads for EYFP immunoprecipitation. Both the input and the immunoprecipitated 

samples were then resolved by SDS-PAGE according with their molecular weight and 

transferred on nitrocellulose membrane (0,45mm). The membranes were incubated with a 

a-Cas9 and a-GFP antibodies, respectively. The immunoblot shows that Cas9 expression is 

low one day after the infection, as observed in the immunofluorescence, but its levels 

increase from day four and remain constant until the last timepoint in all the samples infected 

with a Cas9 lentiviral construct (scr-C9, CCR5-C9, sg-dC9, sg-C9) (Figure 24A). The EYFP 

is not detectable in the input sample and it is enriched upon immunoprecipitation, although 

its differential expression among the different conditions at different timepoints was not 

appreciable (quantified in Figure 24B). This is likely due to the fact that relatively few cells 

express it upon DSB induction, as indicated by the quantification showed in Figure 24. 
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Figure 24. EYFP protein detection by immunoblotting. 
 (A) A total protein extract was prepared from R26 L-S-L EYFP immortalized MEFs 1, 4, 8 and 12 days after 
Cas9 infection. The membranes were incubated with an a-Cas9 antibody to confirm the expression of the 
protein. The result demonstrates the presence of the protein in all the samples infected with the Cas9 lentiviral 
plasmid, as predicted. As already observed in the IF, the expression one day after the infection is low and it 
increases at later timepoints. Tubulin was used as housekeeping gene for the normalization of protein 
expression. (B). For EYFP protein detection, the total lysate was immunoprecipitated with a rabbit polyclonal 
a-GFP antibody followed by immunoblotting with a mouse monoclonal a-GFP antibody. The image shows 
an increased detection of EYFP protein upon IP compared with input samples, but no difference is detected 
between the sg-C9 sample and the negative controls at all the timepoints. This is confirmed by the graph 
representing bands volume intensity quantification. 

 

4.3 HIC1 endogenous system 

The exciting ability to induce a DSB to trigger the assembly of a functional promoter able 

to activate gene expression could become particularly relevant as a therapeutic tool. 

Therefore, the fact that a DSB is able to assemble a fully functional transcriptional promoter 

recruiting RNA polymerase II and the other factors of the pre-initiation complex, could be 

exploited to re-activate genes, for instance those transcriptionally silenced by DNA 

methylation. This could be used as a therapeutic tool for the reactivation of some tumor 

suppressor genes, not mutated but just silenced in cancer. Among them, I focused my 

attention on HIC1 (Hypermethylated in cancer 1), a tumor suppressor identified for its 

association with a CpG island at 17p13.3, which is methylated and transcriptionally inactive 

in several common types of human cancer, including human breast cancer cell lines such as 

MDA MB 231 (Nicoll et al., 2001). I took advantage of this cell line to further assess my 

hypothesis in a more biologically-relevant system. As a positive control, I tested the re-

activation of gene expression by 5-aza-2′-deoxycytidine (Azacytidine) treatment, as 

previously described (Nicoll et al., 2001). This is a DNA-hypomethylating agent also used 

for the treatment of myelodysplastic syndromes, acting like a cytidine analogue that, once 

incorporated in the DNA, cannot be methylated. As shown by the graph, after 10 days of 

treatment, HIC1 mRNA expression increases of roughly 7.5-fold compared with the 

untreated samples (Figure 25). 
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Figure 25. HIC1 transcription re-activation upon azacytidine treatment.  
MDA MB 231 cells were treated with 5’-aza-2’-deoxycytidine (azacytidine, aza). 
The RT-qPCR shows HIC1 expression re-activation 10 days after treatment. The 
values are representative of two independent experiments. They are normalized on 
RPLP0 housekeeping gene and relative to untreated cells (untr). The error bars 
represent the standard error of the means (S.E.M.) 

 

 

 

 

 

4.3.1 CRISPR/Cas9 sgRNA design at the TSS of the gene and DSB detection by 

BLESS 

To address the hypothesis that a DSB is able to trigger the transcription also in the case of a 

transcriptionally silent endogenous gene, I adopted the same strategy used for the previous 

systems, which involves the induction of a DSB at the TSS of the gene.  Therefore, together 

with Dr. Fabio Iannelli in charge of our bioinformatic unit, we identified the transcriptional 

start site of the gene, for both the two reported transcript variants. Based on the hg19 genome 

assembly, the result was that the TSS is 1592 bp upstream the gene coding sequence (CDS) 

for the transcript variant 1 and it overlaps with the start of the CDS for the transcript variant 

2 (Figure 26A, top).  

As HIC1 promoter region is a CpG island, also in this case I took advantage of the 

CrispRGold sgRNAs design tool (Graf et al., 2019), whose algorithm is optimized to target 

the GC-rich region. I designed two CRISPR/Cas9 individual sgRNAs for each transcript 

variant, one targeting the positive strand and the other targeting the negative one, as close as 

possible to the TSS (Figure 26A, bottom). I cloned the sgRNAs targeting the TSS of the two 

isoforms of the gene in the LentiCRISPR v2 lentiviral plasmid. Then the obtained Cas9 

lentiviral plasmids were used to infect MDA MB 231 breast cancer cell line, where HIC1 

expression is silenced by methylation. The cells were collected one day after the infection 

and tested by qPCR on a BLESS (direct in situ breaks labelling, enrichment on streptavidin 

and next-generation sequencing) library (Crosetto et al., 2013), to check if the sgRNAs were 

able to induce the DSB in the target genomic sequence. I tested first the two sgRNAs 

targeting the positive strand of both the gene isoforms, but the result of the qPCR showed 

no robust DSB enrichment (data not shown). Therefore, I performed another experiment 

with the two sgRNAs targeting the negative strand (Figure 26B), and BLESS results indicate 

a DSB enrichment for both the sgRNAs compared with mock infected control cells, which 
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are those kept in 293T host cells transfection medium without the DNA. Although the 

difference of DSB enrichment seems to be high between the two sgRNAs, BLESS is a 

qualitative and not quantitative technique to assess the presence of a DSB in a specific 

genomic region. This means that both the sgRNAs are able to induce a DSB independently 

from the fold induction relative to the negative control. Based on this result, I used these 

sgRNAs targeting the negative strand of both the gene’s isoforms to perform the following 

experiments.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26. HIC1 DSB detection.  
(A) The table represents the coordinates of HIC1 TSS in the genome for the two transcript variants, its distance 
from the CDS and the length of the 5’UTR region referred to hg19 human assembly on UCSC genome browser 
(top). Schematic representation of the position of the two HIC1 sgRNA for each transcript variants, one 
targeting the positive strand and the other targeting the negative one, with their distance from the first exon. 
(B) Schematic representation of HIC1 isoforms and cut sites of the two CRISPR/Cas9 sgRNAs targeting the 
negative strand used for the experiments. The two HIC1 transcript variants differ for the TSS position. Thicker 
and thinner boxes represent translated and untranslated regions, respectively. (C) MDA MB 231 human cell 
line was infected with a CRISPR/Cas9 lentiviral vector where two sgRNAs targeting HIC1 TSS on the negative 
strand were cloned. Cells were collected one day after the infection and tested for damage induction in the 
target region by qPCR on a BLESS library. The result shows a DSB enrichment in the target region for both 
the sgRNAs (iso1- and iso2-). The values are relative to a single experiment.   
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4.3.2 HIC1 induction upon DSB 

Once confirmed that the sgRNAs targeting the TSS of the gene were able to induce a DSB 

in the predicted regions, I tested the hypothesis that a DSB induced in the right position of 

the genome, is able to trigger the transcription also of a silenced endogenous gene, allowing 

the RNA transcribed from the break to incorporate functional mRNA signals. Therefore, I 

performed the experiments using the MDA MB 231 breast cancer cell line, and I infected 

the cells under different conditions: mock infected cells, which are those treated with the 

293T transfection medium with only CaCl2 and HSB without DNA (M); scramble Cas9 

sgRNA infected sample (scr-C9), which was infected with a CRISPR/Cas9 lentiviral 

plasmid cloned with a scramble sgRNA sequence that does not have any target in the genome 

and a Cas9 with the two sgRNAs targeting the TSS of the two HIC1 transcript variants on 

the antisense strand (iso1-C9 and iso2-C9). Cells were kept in culture for eight days and 

collected at different timepoints, day one, four and eight after the infection to be analyzed. 

As positive control for HIC1 expression, I used BJ-hTERT cells, which have HIC1 normal 

expression levels, and azacytidine treated cells.  

4.3.2.1 HIC1 mRNA detection by RT-qPCR 

I began by testing the hypothesis that a DSB can also activate a transcriptionally silenced 

endogenous gene from the characterization of the transcripts. I harvested the cells one, four 

and eight days after the infection and I proceeded with the fractioning to better analyze RNA 

subcellular distribution and transcription dynamics. I collected first the cytoplasmic RNA 

fraction to enrich for those RNAs that have been exported in the cytoplasm for translation. I 

reverse-transcribed the RNA by random priming and then I performed the RT-qPCR with 

two primers targeting the 3’UTR of the gene to ensure I was detecting the full-length 

transcript (Figure 27A). The result, summarized in the graph of Figure 27B, revealed that 

one day after the infection no induction of HIC1 RNA was detected in any condition, which 

is consistent with what I have already observed for the two previous systems based on the 

re-activation of the reporter gene. Furthermore, also for the endogenous system, starting 

from day four, I observed an increased HIC1 transcription in both the samples with the DSB 

induced at the TSS of the gene compared with mock and scramble sgRNAs infected control 

samples. This increase was even higher at day eight after the infection, reaching five-/seven-

fold induction when the values are plotted relative to the mock infected sample at the first 

timepoint. 
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Figure 27. HIC1 mRNA induction upon DSB.  
(A) Schematic representation of HIC1 locus and site of DSB induction for both gene isoforms. The schematic 
also represents the primers targeting the 3’UTR region, used for the RT-qPCR to detect the mRNA in the 
cytoplasmic RNA fraction. The same primers have been used for both the transcript variants. (B) RT-qPCR on 
cytoplasmic RNA fraction reverse-transcribed with random primers shows a HIC1 mRNA induction four days 
after CRISPR/Cas9 infection that increases eight days after the infection. Mock-infected cells, M; and infected 
with a scramble Cas9 sgRNA, scr-C9; were used as negative controls. The values are representative of one 
experiment; they were normalized on RPLP0 housekeeping gene and relative to mock sample at day 1. The 
error bars indicate the SD of the means among qPCR technical triplicates.  
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Unlike the previous system with the EYFP/EGFP reporter gene, HIC1 has two exons: the 

first one, in one isoform is a 5’ UTR untranslated and in the other is a 37bp small coding 

exon; the second one, is a 2.4 kb exon for both the transcript variants. Therefore, I reasoned 

that I could exploit this opportunity to test if the RNA detected in the cytoplasm, upon DSB 

induction at the TSS of the gene, was also spliced, in line with the observation that the 

assembly of the spliceosome occurs co-transcriptionally and the splicing factors are recruited 

on the RNAPII CTD. Thus, the same cytoplasmic RNA fraction reverse-transcribed with 

random priming, was tested for the induction of the spliced form using a Fw primer targeting 

the first exon of the gene and the Rev primers that target the beginning of the second exon, 

as represented by the scheme of Figure 28A. As the primers flank a long intron, the 

amplification can occur only on the spliced shorter form of the mature transcript, as the short 

extension time is not sufficient to amplify the unprocessed pre-mRNA. The result of the RT-

qPCR revealed that, for the isoform 1, although one and four days after Cas9 infection HIC1 

spliced RNA form was not consistently induced, after eight days from the infection an 

induction of the spliced form is detectable in the sample infected with the sgRNA targeting 

the TSS of the gene. Whereas, for the isoform 2 a clear induction of the spliced form of the 

transcript is detectable both at 4 and 8 days after Cas9 infection (Figure 28B). The levels of 

the spliced form in both cases is far less than that of a canonical promoter, as represented by 

the BJ hTERT HIC1-expressing cells. Nevertheless, this result further confirmed that, not 

only a DSB induced at the TSS of a silent endogenous gene is able to activate its expression, 

but it induces the synthesis of a transcript which, incorporate all the signals required for 

functional messenger RNA, which is spliced and exported into the cytoplasm, blurring the 

difference between a dilncRNA and a canonical mRNA.  

  



 104 

 
Figure 28. HIC1 splicing.  
(A) Schematic representation of HIC1 locus and the primers used for the RT-qPCR intron spanning to detect 
the spliced form of HIC1 mRNA (B) MDA MB 231 human cell line was infected with a CRISPR/Cas9 
lentiviral vector in which two single guide RNAs targeting HIC1 TSS were cloned. Cells were collected one, 
four and eight days after the infection. RT-qPCR with two intron spanning primers on cytoplasmic RNA 
fraction reverse-transcribed by random priming, shows that, for the isoform 1, a 2-fold induction of the spliced 
form of the RNA is detectable in the sample with the damage induced at the TSS of the gene, at day eight only; 
whereas for the isoform 2, the induction of the spliced form in the cytoplasmic RNA fraction is present both at 
day four and day eight after the infection. The values are representative of one experiment; they were 
normalized on RPLP0 housekeeping gene and relative to mock sample at day 1. The error bars indicate the SD 
of the means among qPCR technical triplicates. 
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4.3.3 HIC1 detection by immunofluorescence  

As the RT-qPCR detected an induction of HIC1 transcripts in the cytoplasm, I investigated 

if such transcripts were translated into a protein. Therefore, I performed 

immunofluorescence analysis using an a-HIC1 antibody, combining it with a staining for 

Cas9 and 53BP1, to test the expression of Cas9 protein in the cells and the levels of DNA 

damage, respectively. In this case, as a positive control for HIC1 expression, I used both 

MDA MB 231 breast cancer cell line treated with the azacytidine demethylating agent, 

which reactivates HIC1 gene expression, and BJ hTERT, which expresses physiological 

levels of the gene. 

Thus, cells mock infected, infected with either a scramble or a sgRNA targeting HIC1 TSS 

for both the transcript variants, were fixed at the same timepoints of the RNA collection; 

from day 1 every 4 days until day 8. In this case the images revealed that, one day after the 

infection, Cas9 expression is low but sufficient to induce a very low HIC1 expression in a 

few cells for the samples with the DSB at the TSS of the coding sequence (Figure 29A). By 

contrast, HIC1 expression was detectable in azacytidine treated and BJ hTERT positive 

controls. Few 53BP1 foci were observed in all the infected samples compared to the mock 

control cells, but it is not appreciable an increase in the two samples infected with the Cas9 

sgRNAs targeting HIC1 TSS (Figure 29A).  

The cells were also collected four days after Cas9 infection. At this timepoint I observed 

more 53BP1 foci; but, unlike the previous timepoint, the Cas9 expression is consistently 

higher in all the samples infected with the Cas9 lentiviral vector: both in the scrambled Cas9 

sgRNA infected control cells and in samples infected with Cas9 bearing the TSS-targeting 

sgRNA (Figure 30A). With respect to HIC1 expression, the images showed the absence of 

positive cells in mock and scramble infected control samples. Upon DSB at the TSS of the 

silent gene, its expression is re-activated and detectable by widefield fluorescent microscopy 

in some of the Cas9-positive cells (Figure 30A). The signal is lower if compared with the 

positive controls but once again it confirms that the transcript synthesized upon DSB can be 

translated into a protein. 

I also collected the cells eight days after the infection, to determine the behavior of HIC1 

expression. I observed the presence of very few 53BP1 foci and a high Cas9 expression in 

the CRISPR/Cas9 infected samples (scramble and Cas9 sgRNA targeting HIC1 TSS) 

(Figure 31A). With respect to HIC1 protein expression, it is maintained in the two samples 

with the damage at the TSS of both the transcript variants of the gene.   
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From these results, I can conclude that a DSB, induced at the TSS of a silent genetic unit, is 

able to re-activate its expression, although to a lesser extent as compared to a canonical 

promoter.  

 
Figure 29. HIC1 expression one day after CRISPR/Cas9 infection.  
(A) Immunostaining on MDA MB 231 human cell line infected with a CRISPR/Cas9 lentiviral vector where 
two sgRNAs targeting HIC1 TSS were cloned. All the samples infected with CRISPR/Cas9 (Cas9 with a 
scramble sgRNA, scr-C9; Cas9 with sgRNAs targeting the isoform 1 and 2 of HIC1 TSS on the negative strand, 
iso1-C9 and iso2-C9) show a low Cas9 protein expression that is sufficient to induce a low expression of HIC1 
protein only in the two samples infected with the sgRNAs targeting the genes’ TSS. Mock (M) and Cas9 with 
a scramble sgRNA (scr-C9) were used as negative controls, while azacytidine treated cells (aza) and BJ hTERT 
are the positive controls of HIC1 expression. 
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Figure 30. HIC1 expression four days after CRISPR/Cas9 infection.  
(A) Immunostaining on MDA MB 231 human cell line infected with a CRISPR/Cas9 lentiviral vector in which 
two sgRNAs targeting HIC1 promoter region were cloned. All the samples infected with CRISPR/Cas9 (Cas9 
with a scramble sgRNA, scr-C9; Cas9 with sgRNAs targeting the isoform 1 and 2 of HIC1 TSS on the negative 
strand, iso1-C9 and iso2-C9) show Cas9 expression, but only the samples in which the DSB was induced at 
the TSS of the gene display the expression of HIC1 protein. Mock (M) and Cas9 with a scramble sgRNA (scr-
C9) were used as negative controls, while azacytidine treated cells (aza) and BJ hTERT are the positive controls 
for HIC1 expression.   
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Figure 31. HIC1 expression eight days after CRISPR/Cas9 infection.  
(A) Immunostaining on MDA MB 231 cell line infected with a CRISPR/Cas9 lentiviral vector in which two 
sgRNAs targeting HIC1 promoter region were cloned. All the samples infected with CRISPR/Cas9 (Cas9 with 
a scramble sgRNA, scr-C9; Cas9 with sgRNAs targeting the isoform 1 and 2 of HIC1 TSS on the negative 
strand, iso1-C9 and iso2-C9) show Cas9 expression, but only the samples where the DSB was induced at the 
TSS of the gene display the expression of HIC1 protein. Mock (M) and Cas9 with a scramble sgRNA (scr-C9) 
were used as negative controls, while azacytidine treated cells (aza) and BJ hTERT are the positive controls 
for HIC1 expression.   
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4.3.3.1 HIC1 induction upon DSB by IF 

To establish the causative links among the three immunofluorescence makers, I acquired 

five random fields for each sample setting identical parameters for all the timepoints. The 

quantification was performed setting the same brightness and contrast for all the fields (as 

described in Material and Methods section 3.6.1). I summarized these results graphically. 

I first quantified the level of the DNA damage response activation for each condition 

interrogating the levels of 53BP1 foci accumulation. The graph revealed a general 

background damage, very high at day 1 as a consequence of the infection itself, that 

underwent a slight decrease over time (Figure 32A), although no difference was detected in 

the samples with the DSB induced at the TSS of the gene compared with the controls. The 

quantification of Cas9 positive cells showed expression of the protein in all the infected 

samples, both the control Cas9 scramble sgRNA and the Cas9 targeting HIC1 TSS, at all 

timepoints, although its intensity is lower one day after the infection and increases over time 

(Figure 32B). 

With respect to HIC1 positive cells, the graph revealed a consistent increase of HIC1 

expression calculated on the total number of DAPI-positive cells only when the DSB was 

induced at the TSS of the silent gene (Figure 32C). The same result was obtained when 

HIC1-positive cells were represented as a percentage of the Cas9-positive ones: an increase 

of HIC1 expression consistent over time is detected only in the sample with the DSB 

induction at the TSS of the gene, from day one after the infection until the last timepoint 

analyzed (Figure 32D).  

This confirms the result of the RNA analysis and clearly demonstrates that transcription 

triggered by a DSB at the TSS of a silent gene, is able to generate RNAs that are exported 

in the cytoplasm and translated into protein.  
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Figure 32. HIC1 induction upon DSB by IF.  
(A) Quantification of 53BP1 positive cells on the total of DAPI-positive (numbers above the bars), indicates 
the level of DNA damage in the infected cells at different timepoints. Mock-infected cells (M) and those 
infected with a scramble Cas9 sgRNA (scr-C9) were used as negative controls; whereas iso1-/iso2-C9 samples 
are those infected with the Cas9 bearing the sgRNA targeting the TSS of the two transcript variants. (B) 
Immunofluorescence quantification of Cas9-positive cells on the total number of DAPI-positive at each 
timepoint post-infection (numbers above the bars). Since day one, all the samples infected with Cas9 (scr-C9 
and iso1-C9 and iso2-C9) show and induction of Cas9-positive cells. In BJ hTERT and azacytidine treated 
cells Cas9 was not detectable as they are wt cells, not infected with any construct. (C) Quantification of HIC1-
positive cells on the total number of DAPI-positive at each timepoint post-infection (numbers above the bars). 
The graph confirms an increase of HIC1-positive cells 1, 4 and 8 days after the infection in both the samples 
infected with the Cas9 targeting the gene’s TSS (iso1-C9 and iso2-C9). Azacytidine treated cells (Aza) and BJ 
hTERT (BJ hTERT) are the positive controls for HIC1 expression. (D) The graph represents the percentage of 
HIC1-positive cells on the Cas9-positive ones (numbers above the bars). It confirms the presence of HIC1-
positive cells only in the two samples infected with the sgRNAs targeting the two gene’s transcript variants 
(iso1-C9 and iso2-C9) at all the timepoints. The plotted values are relative to one experiment, the error bars 
represent the SD of the mean among five fields for each sample.   
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4.3.4 HIC1 detection by immunoblot  

Since I observed an increase of HIC1 expression by immunofluorescence, I wondered if the 

protein expression could also be detected by immunoblot. 

Therefore, I prepared a whole protein extract of the samples mock infected and infected with 

the scramble sgRNA as negative controls, and of the two samples infected with the sgRNAs 

targeting the TSS of HIC1 gene, collected at the three different timepoints. 30 μg of the 

whole cell extracts were resolved by SDS-PAGE, and then transferred on a nitrocellulose 

membrane. The membrane was incubated with a a-Cas9 antibody, to test its expression 

levels also by immunoblot, a a-gH2AX antibody, to assess the levels of DNA damage, and 

a a-HIC1 antibody, the same used for the immunofluorescence, to test HIC1 protein 

expression. Again, BJ hTERT and azacytidine treated cells were used as positive controls 

for HIC1 protein detection (Figure 33). As already observed for the previous systems, Cas9 

protein levels are low one day after the infection, but increase in the following timepoints in 

all the samples transduced with the Cas9 lentiviral plasmid (scr-C9; sg-iso1-; sg-iso2-). On 

the contrast, gH2AX levels are very high one day after the infection, consistent with the 

damage induced by the lentiviral infection, and decrease in the following timepoints. With 

respect to HIC1 protein expression, a 76 kDa band corresponding to HIC1 protein was 

clearly detectable in the BJ hTERT HIC1-expressing cells. Nevertheless, in the MDA MB 

231 cell line, HIC1 expression levels are undetectable, even in the azacytidine treated 

positive control cells. This could be due to lack of sensitivity of the technique that is not 

sensitive enough to detect an increase of protein synthesis induced by the damage in a 

fraction of cells only, unlike the immunofluorescence that allows visualization of the protein 

at the single-cell level.  
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Figure 33. HIC1 protein detection by immunoblot.  
(A) A total protein extract was prepared from MDA MB 231 cell line infected with a CRISPR/Cas9 lentiviral 
vector in which two sgRNAs targeting HIC1 TSS for the two transcript variants of the gene were cloned. The 
membrane was probed with a a-Cas9 antibody, which confirms Cas9 expression in all the samples infected 
with a Cas9 construct (scr-C9; iso1-C9; iso2-C9). Consistently with the IF result, protein levels are low one 
day after the infection and increase in the following timepoints. The levels of gH2AX were evaluated to 
estimate the DNA damage induction. They are higher at day 1 as a consequence of the viral infection itself and 
decrease in the following timepoints, although it is not detectable a difference between mock and scr-C9 
negative controls compared to the samples infected with the two Cas9 sgRNAs targeting the TSS of the gene. 
The immunoblot with a a-HIC1 antibody shows that the 76kDa band, that is present in BJ hTERT HIC1-
expressing cells, is too low to be detected in MDA MB 231 cell line, not even in azacytidine treated cells, 
which should re-activate HIC1 gene expression. Tubulin was used as housekeeping gene, with expression 
levels that are comparable among the samples. 

 

4.3.5 CRISPR/Cas9 sgRNAs design upstream the TSS of the gene and DSB detection 

by BLESS 

The positive results obtained with HIC1 endogenous system, prompted us to increase the 

complexity further by testing if a DSB induced, not at the TSS, but within the methylated 

promoter of the silenced gene is able to relax the chromatin, recruiting the whole 

transcriptional machinery, thus, triggering a self-sustaining mechanism of transcription 

reactivation.  

Therefore, I designed two further sgRNAs within the promoter of the gene in two different 

positions: the sgRNA1 and sgRNA2 targeting the promoter region 964 bp and 259 bp 

upstream the TSS of the gene, respectively (Figure 34A). Then, I tested by qPCR in a BLESS 

(direct in situ breaks labelling, enrichment on streptavidin and next-generation sequencing) 

library (Crosetto et al., 2013), if these sgRNAs were able to induce the DSB in the target 

sequence. I infected the cells splitting them in three different conditions: mock infected cells 

as a negative control and infected with the two CRISPR/Cas9 lentiviral vector cloned with 

the two individual sgRNAs. The cells were collected one day after the infection and the 

result from the BLESS qPCR was a DSB enrichment for both the sgRNAs compared with 

mock infected control cells, which are those kept in 293T host cells transfection medium 

without the DNA (Figure 34B). Although the sgRNA2 seems to induce twice the enrichment 

compared with sgRNA1, BLESS shows the presence of a DSB in a qualitative and not 

quantitative way. Therefore, I concluded that both the sgRNAs can be exploited to address 

the hypothesis of transcription activation upon DSB induction within the promoter of the 

gene. 
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Figure 34. DSB detection by BLESS.  
(A) Schematic representation of HIC1 locus and the sites of DSB induction in the promoter of the gene. In 
details, the sgRNA1 (sg1) is 1kb far from the TSS of the gene, the sgRNA2 (sg2) targets HIC1 promoter 260 
nt upstream the TSS. (B) MDA MB 231 human breast cancer cell line was infected with a CRISPR/Cas9 
lentiviral vector in which two sgRNAs targeting HIC1 promoter region were cloned. The cells were tested for 
DSB induction in the target region by qPCR on a BLESS library. The result shows a DSB enrichment for both 
the sgRNAs (sg1-C9 and sg2-C9). The values are relative to a single experiment.  

 

4.3.6 HIC1 induction upon DSB  

Once confirmed that the sgRNAs targeting the promoter of the gene were able to induce a 

DSB in the predicted regions; I performed the experiment to tested the hypothesis that a DSB 

in the methylated promoter of a silent tumor suppressor gene, is able to recruit RNAPII and 

the components of the pre-initiation complex, triggering a positive feedback loop of 

transcription re-activation. 

Therefore, I performed the experiments using the MDA MB 231 breast cancer cell line, and 

I infected the cells performing different conditions: the scramble Cas9 sgRNA infected 

sample (scr-C9), which was infected with a CRISPR/Cas9 lentiviral plasmid cloned with a 

scramble sgRNA that does not have any target sequence in the genome, and a Cas9 with the 

two individual sgRNAs targeting the promoter of HIC1 gene. The cells were kept in culture 

for eight days and collected at different timepoints, one, four and eight after the infection, to 

be analyzed. 
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4.3.6.1 HIC1 RNA detection by qPCR 

In this case I focused attention on the characterization of the transcripts arising from the 

broken DNA ends. As negative control, I infected the MDA MB 231 breast cancer cell line 

with a scramble sgRNA cloned in the CRISPR/Cas9 lentiviral vector: it would not target any 

genomic sequence, but it is informative about the background level of DNA damage which 

follows the viral infection and the subsequent integration of the construct in the genome of 

the cells. The other two conditions were the cells infected independently with either the 

sgRNA1 or the sgRNA2 cloned in the lentiCRISPRv2 vector. I harvested the cells one, four 

and eight days after the infection and I proceeded straight with RNA fractioning to avoid the 

disruption of the cellular membranes due to the freezing of the pellets. This allows better 

analysis RNA subcellular distribution and transcriptional dynamics. I collected first the 

cytoplasmic RNA fraction to enrich for RNAs that have been exported into the cytoplasm to 

be translated. I reverse-transcribed the RNA with random priming and then I performed the 

RT-qPCR with two primers targeting the 3’UTR of the gene to be sure of being detecting 

the full-length transcript (Figure 35A). The result, summarized in the graph of Figure 35B, 

revealed that one day after the infection no induction of HIC1 RNA was detected in any 

condition, which is consistent with what I have already observed in both the reporter gene-

based systems. Following day four from the infection, I observed an increased HIC1 

transcription in both the samples with the DSB induced within the promoter of the gene 

compared with the scramble sgRNAs infected control samples. Then, eight days after the 

infection the induction decreases but it is still present, when the values are plotted relative 

to the scramble sgRNA infected sample at each timepoint. 

Again, I tested if the RNA detected in the cytoplasm upon DSB induction at the TSS of the 

gene, was also spliced. The same cytoplasmic RNA fraction of the timepoint with the best 

RNA induction, day four, was reverse-transcribed with random priming and tested for the 

presence of the spliced form using a Fw primer targeting the first exon of the gene and the 

Rev primers targeting the beginning of the second one, as represented by the scheme in 

Figure 28A. As the primers flank a long intron, the amplification can occur only on the 

spliced shorter from of the mature transcript, as the short extension time is not sufficient to 

amplify the unprocessed pre-mRNA. The result of the RT-qPCR revealed that, two-fold 

induction was detected in both the samples infected with the two sgRNAs targeting HIC1 

promoter (Figure 35C), although, also in this case, the expression levels are not comparable 

to those of BJ hTERT positive control. Nevertheless, this result further confirmed that, not 

only a DSB is able to activate the expression of a silent gene also when it is induced far away 
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from the TSS, but it triggers the synthesis of a transcript which is processed and exported in 

the cytoplasm as a canonical mRNA. 

 

Figure 35. HIC1 RNA detection upon DSB.  
(A) Schematic representation of HIC1 locus and the sites of DSB induction in the promoter of the gene. The 
scheme also represents the primers used for the RT-qPCR to detect the mRNA in the cytoplasm (HIC1 Fw and 
Rev). (B) RT-qPCR on cytoplasmic RNA fraction, reverse-transcribed using random priming, shows a 
significant HIC1 RNA induction four days after CRISPR/Cas9 infection, for the sample infected with the 
sgRNA1. Cells infected with a scramble Cas9 sgRNA (scr-C9) were used as negative control. The values were 
normalized to the RPLP0 housekeeping gene and relative to scr-C9 sample at each timepoint. They are relative 
to four independent experiments for the timepoints day 1 and 4 and two independent experiments for day 8. 
The error bars indicate S.E.M.; P values were calculated using two-way ANOVA test, ∗∗∗∗ P < 0.0001. (C) 
RT-qPCR with two intron spanning primers, as in Figure 28A, on the cytoplasmic RNA fraction, reverse-
transcribed by random priming, shows an induction of the spliced form of the RNA in the samples with the 
damage in the promoter region four days after CRISPR/Cas9 infection. The values were normalized to the 
RPLP0 housekeeping gene and relative to scr-C9 sample. They are representative of a single experiment and 
the error bars indicate the SD among qPCR technical triplicates. 
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5.1 DSB-induced transcription: RNA joins the DNA damage world  

For years, DDR has been considered a proteins-only signaling cascade. However, recently, 

evidence supporting a role of RNA in this process has emerged. In 2012 our group and others 

reported the generation of small ncRNAs upon DSB, with the sequence of the damaged locus 

(Francia et al., 2012; Wei et al., 2012). These RNA species, named DDRNAs, were reported 

to be involved in DDR signaling (Francia et al., 2016; Francia et al., 2012). Such damage-

induced small ncRNAs generation was reported to require RNAi proteins-mediated nuclease 

activities, thus suggesting the existence of a longer precursor transcript. 

The affinity of RNAPII for DNA ends was known for several years (Dynan and Burgess, 

1981), but no physiological relevance was attributed to this observation. However, our lab 

demonstrated in different in vivo and in vitro systems that the apical DDR protein complex 

MRN contributes to the recruitment of the transcriptionally active RNAPII to exposed DNA 

ends upon damage (Michelini et al., 2017; Pessina et al., 2019; Sharma et al., 2021).  

RNAPII transcribes bidirectionally, from and towards the broken DNA ends, giving rise to 

two RNA species, named dilncRNAs from and dilncRNAs to, respectively, the latter 

generally transcribed at a lower extent compared to the former (see Figure 2). Then, 

dilncRNAs are processed by DROSHA and DICER to generate DDRNAs whose 

localization is mediated by their binding to the unprocessed complementary dilncRNAs, via 

RNA:RNA interaction. Our lab demonstrated that DDRNAs promote DDR at least in part 

by associating with 53BP1 and mediating its recruitment to the damaged locus (Michelini et 

al., 2017). However, how RNA contributes to the secondary recruitment of DDR factors, 

remained unclear until another recent discovery from our lab demonstrated that RNA favors 

liquid-liquid phase separation (LLPS) of the DDR foci component 53BP1. Indeed, it creates 

at the site of damage a sort of web of multivalent low-specificity interactions, thus, 

promoting DNA-damage signaling and repair events by controlling diffusion and 

concentration of DDR factors in DSB proximity (Pessina et al., 2019). This set of data 

confirmed the crucial role of transcription at the site of DNA damage.  

5.1.1 A new role of DSB in re-activating gene expression 

Although the impact of DNA damage on transcribed regions has been associated mainly 

with transcription repression (Adam and Polo, 2014; Callegari, 2016; Iannelli et al., 2017; 

Svejstrup, 2010), an increasing amount of evidence suggests that, under certain 

circumstances, DNA damage could instead lead to the activation of transcribed elements in 

the cell, suggesting that the crosstalk between DDR and transcription is more multifaceted 

and layered than previously thought (Capozzo et al., 2017), opening up new research 
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possibilities. It is plausible that DSB-induced de novo transcription and transcriptional 

silencing are temporally regulated: the first is an early event in DDR and, by promoting 

ATM activation, may even contribute to RNAPII exclusion from sites of damage, thus 

causing transcriptional silencing.  

Nevertheless, evidence of DSB-induced transcription come from publications in which an 

accumulation of TOP2B was observed at the b-estradiol-sensitive pS2 promoter after 

hormone stimulation, associated with DDR proteins (Ju et al., 2006). A further link between 

DSB generation and the synthesis of functional RNAs is consistent with observations that 

neuronal activity induces TOP2-dependent DSB accumulation within promoter regions of 

early-response genes required for transcription induction and crucial for experience-driven 

synaptic changes associated with learning and memory (Madabhushi et al., 2015). A 

bidirectional DSB-induced transcription was also observed by Sergio De Almeida’s group 

in Lisbon. They established a reporter system, based on two-color labelled transcripts, that 

allows the visualization of individual nascent RNAs with high temporal and spatial 

resolution (Vitor et al., 2019). Their data suggest that broken DNA ends are competent to 

drive bidirectional transcription initiation both in their reporter genes and widespread across 

the human genome. They also observed that the recovery of transcription is different 

according to the position of the DSB in the genome. These data support the hypothesis that 

a DSB could be a driver mechanism of transcription activation. This led us to investigate if 

a DSB, induced at the TSS of a silent gene, could activate the transcription of an RNA that, 

through the incorporation of the signals proper of an mRNA, can be translated into a 

functional protein. 

5.2 A reporter gene-based approach to demonstrate DSB-induced gene 

expression 

5.2.1 HeLa GFP∆Promoter system: a proof of principle for fluorescence induction 

upon DSB  

The first system I exploited to test the hypothesis that a DSB specifically placed at the TSS 

of a silent gene is able to trigger transcription of an mRNA, was the HeLa GFP∆Promoter 

system. I generated this system to have the possibility to control the number of GFP 

integrations in the cells: the more GFP was available to be activated upon damage, the more 

gene expression I would have observed upon CRISPR/Cas9 DSB induction. This choice was 

also supported by the fact that, as the Cas9 was integrated in the genome by transduction 

with a lentiviral vector and thus constitutively active, the presence of only one or few copies 
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of the GFP∆Promoter construct would have increased the probability to lose the Cas9 

consensus site at the TSS of the EGFP, leading us to underestimate the potentiality of the 

DSB in inducing gene expression.  

This system is a very powerful tool for the purpose it was created: the possibility to observe 

the activation of gene expression by imaging. Indeed, performing the experiment multiple 

times, I always observed EGFP fluorescence re-activation upon damage in a very consistent 

and reliable fashion. This fluorescence induction was also blindly and independently 

evaluated at the microscope by other senior researchers of the lab. However, the GFP signal 

was significantly weaker compared to that expressed by the original lentiviral plasmid, 

although clearly detectable, even by eye, compared to the negative controls. As it has been 

demonstrated that DROSHA and DICER are involved in the processing of dilncRNAs and 

in the generation of the shorter DDRNAs (Francia et al., 2012; Michelini et al., 2017), it 

could be that some of the transcripts arising from the broken DNA ends, also in this system, 

are processed and only few of them are exported in the cytoplasm and translated. Therefore, 

in the future I will test the impact of DROSHA and DICER knockdown by siRNAs 

transfection in my system. Unfortunately, the LTR-driven constitutive background 

transcription prevented investigation and characterization by RT-qPCR of the differential 

expression of the EGFP transcripts synthesized at the site of the damage. To overcome this 

pitfall, we took advantage of Oxford Nanopore Technology which allows the sequencing of 

full-length transcripts and also avoids PCR amplification steps. This approach confirmed the 

presence of LTR-driven preexisting transcription and allowed its removal computationally, 

thus, unmasking the presence of transcripts induced from the DSB. These are promising 

results although they suggested the necessity to find a better way to more demonstrate that 

RNA synthesis induction does indeed occur at the site of DNA damage.  

5.2.2 MEFs R26 L-S-L EYFP system: a tool to study DSB induced gene expression 

To improve the detection of the RNA rising from the broken DNA ends, I exploited a 

different reporter gene-based system. In particular, I opted for an immortalized cell line of 

murine embryonic fibroblasts (MEFs) with a silent EYFP integrated by homologous 

recombination in the Rosa26 genomic locus. The EYFP expression was silent because of the 

presence of a transcriptional STOP cassette flanked by loxP sites. Only upon CRE 

recombinase activity, can the cassette be removed and EYFP expression restored. As with 

the GFP∆Promoter system, this was a reporter gene-based system which allows the 

expression of a functional protein to be monitored by imaging. Its sequence differs by only 

few nucleotides from the EGFP, but with the further advantage of the presence of a bGH 
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Poly(A) signal immediately after the coding sequence, as a canonical gene unit. Unlike the 

HeLa GFP∆Promoter system, the integration by HR of a single copy of the construct in the 

genome, not only avoids the LTR-driven background transcriptional noise, helping in this 

way the detection of de novo RNA synthesis from the broken DNA ends, but it also 

recapitulates better the physiological context of an endogenous silent gene to be reactivated 

upon DNA damage. 

Indeed, fluorescence microscopy analysis on the cells infected with a Cas9 targeting the TSS 

of the silent reporter gene confirmed what was already observed in the HeLa GFP∆Promoter 

system: a consistent increase of EYFP positive cells compared with all the negative control 

samples. This demonstrated that neither the Cas9 infection itself (scr-C9), nor a DSB 

induced in a distinct sequence of the genome (CCR5-C9), or even the binding without 

cleavage of the Cas9 upstream the silent gene (sg-dC9) are all insufficient to induce the re-

activation of EYFP expression. Only the DSB at the TSS of the gene has an activatory effect. 

Even so in this case, the fluorescence signal induced upon DNA damage is low; nevertheless, 

it is always reliable among the experiments.  

The main improvement of this system is that, unlike the GFP∆Promoter, it allows also the 

detection of the EYFP transcript synthetized upon DNA damage by RT-qPCR, thanks to the 

absence of pre-existing LTR-driven background transcription. Indeed, I observed a 

consistent induction of the EYFP transcripts in the cytoplasmic fraction. Even more relevant 

was the fact that the RT-qPCR on the same cytoplasmic RNA fraction reverse-transcribed 

with oligo dT primers shows the same induction of EYFP transcripts only in the sample with 

the DSB at the 5’ of the gene at all the timepoints starting from day 4 post Cas9 infection. 

This result reveals that the transcripts generated upon DNA damage are transcribed from the 

break to the end of the coding sequence where RNAPII senses the PAS, which triggers the 

polyadenylation of the transcripts. This evidence was confirmed by direct cDNA sequencing 

with ONT on a GridION 5X device, which gave us the possibility to sequence in parallel all 

the damaged sample collected at the different timepoints. By this approach, we detected the 

increase of the EYFP transcripts in the damaged samples compared with the undamaged 

negative control, at the same timepoints of fluorescence detection by imaging and 

cytoplasmic RNA induction by RT-qPCR. Of course, the number of reads belonging to the 

de novo transcripts remains low, as they are underrepresented within the whole 

transcriptome; which, in turn, makes this result even more relevant.  

Another noteworthy aspect is that the EYFP RNA and fluorescence detection reflect the 

same trend of DSB enrichment observed by qPCR in the BLESS library. This highlights the 

fact, that, 12 days after the infection, both transcription and fluorescence seem to be 

maintained even in the absence of DSB induction, due probably to the disruption of the Cas9 
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target consensus sequence. This is a result that needs to be confirmed by further experiments 

but one may speculate that a positive loop may be established fueling transcription even after 

DSB has been repaired. 

Nevertheless, these data sets confirmed that a DSB, if appropriately positioned at the TSS 

of a silent reporter gene, is able to activate the transcription of RNAs that are polyadenylated, 

exported in the cytoplasm and translated into a functional protein.  

5.3 DSB-induced expression of an endogenous tumor suppressor 

The promising results obtained with the previous systems led us to test the same hypothesis 

in a physiological system, inducing damage in the promoter of an endogenous gene, actively 

silenced by methylation in cancer. I chose HIC1 (Hypermethylated in Cancer 1) that, as its 

name implies, was originally isolated as a candidate tumor suppressor gene located at 

17p13.3 where it resides a CpG island that is hypermethylated in many types of human 

cancers. This makes it the ideal candidate to test my hypothesis: indeed, its coding sequence 

remains unmutated, thus giving the possibility to re-activate its expression upon DSB 

induction.  

Therefore, I first induced the DSB at the TSS of the gene, consistent with the previous 

experimental settings with the reporter gene-based systems. I designed two different 

CRISPR/Cas9 sgRNA targeting the two HIC1 transcript variants. The result from the RT-

qPCR experiments was not only the detection of the induction of HIC1 transcripts in the 

cytoplasm for the samples with the damage at the TSS of the gene’s coding sequence, but 

also the increase of its spliced form for both the isoforms at late timepoints from the 

infection. This is an important observation, as it is already known that the assembly of the 

spliceosome occurs co-transcriptionally and the phosphorylation status of RNAPII CTD acts 

as landing pad for numerous splicing factors (Hsin and Manley, 2012), finely tuning gene 

expression.  

This prompted us to determine whether the RNA was also translated into a protein. 

Strikingly, by immunofluorescence, I observed HIC1 positive cells only upon DNA damage 

at the TSS of both the transcript variants, compared with the negative control samples at all 

the timepoints. Nevertheless, also in this case, the low expression prevents the detection of 

the protein by immunoblot.   

The presence of a canonical promoter silenced by methylation allowed me to further 

investigate the complexity of the system, by determining also the effect on transcription of 

a DSB within the physiological promoter region of a silenced gene; i.e., testing if a DSB, 

induced further upstream to the TSS of the gene, is able to trigger a positive feedback loop 
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of chromatin relaxation and gene expression. Therefore, I designed two individual sgRNAs 

targeting the promoter of the gene 500bp upstream the coding sequence and I collected the 

cytoplasmic RNA fraction at the same three timepoints, initially investigating gene 

expression only at the level of RNA synthesis. These results show that, also in this case, the 

DSB is able to trigger transcription, with a peak of induction four days after the infection, 

that decreases at day 8. The RT-qPCR with oligo(dT) primers unveils that those cytoplasmic 

transcripts four days after the infection are also polyadenylated.  

Again, these data confirmed that a DSB is able itself to activate the transcription of RNAs 

that, when placed in a position that allows transcripts to incorporate proper mRNA signals 

that can behave as a canonical transcript, undergoing processing – including splicing and 

polyadenylation –, translocation in the cytoplasm and eventually translation. Nevertheless, 

the DSB-induced expression levels are not comparable with the canonical HIC1 levels. 

However, it is a very promising result that can be improved to obtain higher expression, 

paving the way for many translational applications. 

5.3.1 Translational implications  

These experiments, demonstrating the possibility to re-activate an endogenous silenced 

tumor suppressor, are potentially important for their therapeutical value. Indeed, an intra-

tumoral Cas9 injection could be exploited for the conditional re-activation of a silent tumor 

suppressor in vivo, through DSB induction within the promoter of the gene. To this end, a 

doxycycline-inducible CRISPR/Cas9 lentiviral vector could be used to generate a MDA MB 

231 stable cell line, cloning in parallel the sgRNA targeting HIC1 promoter region in an 

adeno-associated virus (AAV), a common tool for gene therapy (Liao et al., 2017). The 

subcutaneous injection of MDA MB 231-Cas9 cell line in the two opposite sides of nude 

mice flanks, would induce tumoral growth, that, once achieved a palpable size, could be 

injected with AAVs carrying the sgRNAs in one of the two mice flanks, followed by 

doxycycline administration in mice’s drinking water to induce CRIPSR/Cas9 expression. 

The reduction of the tumor mass, monitored over a period of time, would provide proof that 

the DSB induction in the promoter of a silent tumor suppressor triggers the expression of the 

gene with subsequent tumor shrinkage. However, the high mutation rate of cancer cells can 

make the therapeutic effect of the gene re-expression only transient. Therefore, more in 

general, this approach, if appropriately implemented to get high protein expression levels, 

could find application also as an alternative gene therapy, to activate genes silenced in 

genetic diseases. Indeed, in this context even lower protein expression levels, or even if 

restricted to a subpopulation of cells only, can exert a beneficial effect. 
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Moreover, it is known that human tumors exploit many different mechanisms of 

immunosuppression to prevent immune cells from exercising their antitumor activities. 

These mechanisms enable the tumor to escape from the host immune system and to progress. 

Over the past few years, numerous studies have demonstrated that a high mutational load is 

generally associated with improved responses of cancer patients to immune checkpoint 

blockade (ICB) therapy (Giannakis et al., 2016; Le et al., 2017; Rizvi et al., 2015; Snyder et 

al., 2014). This therapeutic strategy is based on the inhibition of immune checkpoint 

receptors, expressed by T cells to maintain self-tolerance and co-opted by cancer to evade 

immune rejection. The production of neoantigens occurs when the genes with somatic 

mutations are translated at sufficient levels that they are degraded by the proteasome, 

generating peptides which bind with high affinity to major histocompatibility complex class 

I (MHC-I) molecules. Neoantigens are known to be often highly immunogenic and represent 

key targets for T cells (Schumacher and Schreiber, 2015). Therefore, DSB-induced gene 

expression can also be exploited to create neoantigens within the tumor, converting it into 

an in-situ vaccine, where the priming of tumor-specific T cells occurs, inducing responses 

in otherwise ICB-resistant tumors. 

5.4 Future perspectives 

Taken together, my experiments identify a new potential role of a DSB to act as a functional 

promoter recruiting RNAPII and activating transcription of an otherwise silent genetic unit. 

This, tested in vitro and in vivo, may represent a viable therapeutic option for cancer 

treatment or alternative gene therapy. 

Nevertheless, a further characterization of the features of these damage induced transcripts 

is required such as how they may differ from a canonical transcript and, eventually, if they 

also undergo RNA modifications. For instance, a 5’ RNA Ligase Mediated Rapid 

Amplification of cDNA Ends (RLM-RACE) would help to determine if they have a 7-

methylguanosine cap at the 5’-end; whereas ONT could be a valuable strategy to identify 

base modifications, as it is the only sequencing approach that allows the direct sequencing 

of RNA molecules, avoiding reverse-transcription and amplification steps (see section 

2.5.1).  

Another aspect to be unveiled is whether, once the damage is induced, the transcription is 

kept active even in the absence of constant DSB generation. This can be studied by using a 

lentiviral vector that allows a doxycycline-inducible CRISPR/Cas9 activation (Barger et al., 

2019), that can be switched off by doxycycline withdrawal. Hence, after doxycycline 

administration to the inducible CRISPR/Cas9 infected stable cell lines, a time course 
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analysis would help to determine for how long EGFP/EYFP or HIC1 expression persists 

after the repair of the damage. However, since doxycycline has the shortcoming to be 

difficult to remove completely, resulting in leaky persistent activation, we could also try to 

achieve the same transient effect taking advantage of a purified Cas9 protein to be combined 

with sgRNAs transfection, to form a ribonucleoprotein (RNP) complex, delivered to the cells 

by transfection, for rapid and highly efficient break induction. The advantage of this system 

is that it is very fast, as the ribonucleoprotein complex already assembled is transduced in 

the cells, avoiding the delay due to the integration, transcription and protein synthesis of a 

lentiviral plasmid. This would enable further assessment of the effect of a break a few 

minutes after its induction. Moreover, the physiological protein degradation process makes 

the catalytic activity of the protein limited to a short time window, reducing the probability 

of mutations, insertion or deletions of the target sequence, and also the ATM-mediated gene 

silencing of a constantly damaged region. The second implication is that it will definitively 

address the hypothesis that, if induced in the right position of a transcriptional unit, a DSB 

can trigger a positive feedback loop of gene expression, that persists even in the absence of 

further damage. 

Moreover, to make this system useful for translational applications, it needs to be improved 

in terms of expression levels. One reason that could reduce the translation efficiency of 

mRNAs generated upon DSB is that damage-induced transcript termination could occur 

before RNAPII reach the end of the gene’s coding sequence. Therefore, as DGCR8 is already 

known to be involved in transcription termination of non-polyadenylated lncRNAs (Dhir et 

al., 2015), including dilncRNAs (see section 2.3.3.4), its knockdown could prevent the 

premature termination of RNAs arising from the broken DNA ends, thus improving its 

translation though the incorporation of the PAS.  

Furthermore, we already demonstrated that dilncRNAs are the precursors of DDRNAs, 

processed at the site of the break in a DROSHA- and DICER-dependent manner. Therefore, 

the knockdown of these two endoribonucleases could inhibit the processing of the RNAs 

induced upon damage upstream a silent gene, thus increasing its abundance and gene 

expression. 

Another issue that could prevent the generation of a functional mRNA upon DSB is the 

ATM-dependent transcriptional silencing program that occurs in cis upon DSB (Shanbhag 

et al., 2010). To overcome this, ATM could be pharmacologically inhibited to contrast its 

inhibitory effect on transcription.  

A further strategy to implement the detection of gene expression levels is to exploit the same 

Rosa26 L-S-L system, that gives the best result, replacing the EYFP with the luciferase 

reporter gene. Luciferase assays are generally performed to identify transcriptional 
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regulatory elements (in promoters, enhancers, or untranslated regions), or to examine 

changes in the activity of a particular transcription factor/nuclear receptor upon treatment 

with specific stimuli (de Wet et al., 1987), as the level of detected protein is directly 

proportional to the level of mRNA transcribed. Luciferase can be accurately detected with 

an enzymatic reaction which makes it more sensitive with less background noise.  

Moreover, luciferase is more unstable than the GFP: it is rapidly degraded and it does not 

accumulate in the cytoplasm of the cells, making it more responsive to transcriptional 

activation. 

These additional experiments may further confirm that the RNAs generated upon DSB, 

synthesized by RNAPII, can become messenger RNAs if the template incorporates 

appropriate signals, like Kozak sequence, splicing or polyadenylation signals. In effect this 

would blur the difference between dilncRNAs and mRNAs.  
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6.1 Telomeres transcription  

The detection of dilncRNAs and DDRNA synthesis upon DNA damage has been recently 

extended also to an endogenous physiological locus (Rossiello et al., 2017). Telomeres are 

nucleoprotein structures at the end of linear eukaryotic chromosomes. In mammals, they are 

made up of tandem TTAGGG DNA sequences protected by a six-proteins complex (TRF1, 

TRF2, POT1, RAP1, TIN2, and TPP1), known as Shelterin (de Lange, 2005), acting to 

prevent telomeres from being recognized as damaged DNA, thus activating DDR pathways. 

Telomeres play a central role in the control of cellular senescence and organismal ageing by 

shortening 50-150 base pairs during each S phase of the cell cycle in most somatic cells 

(Griffith et al., 1999). The progressive loss of telomeric DNA determines the exposure of 

the DNA ends, ultimately to the activation of DDR and cellular senescence establishment 

(d'Adda di Fagagna et al., 2003). This phenomenon, known as replicative senescence and 

caused by a persistent telomeric DDR, is triggered by a few telomeres sufficiently short to 

elicit a DDR that activates a senescence-initiating signal (Hemann et al., 2001; Herbig et al., 

2004). This is mediated by the activation of the apical kinases, ATM and ATR, which block 

cell-cycle progression through stabilization of p53 transcription factor and subsequent 

transcriptional activation of the cyclin-dependent kinase inhibitor p21.  

For a long time, it was believed that chromosome ends were transcriptionally silent. On the 

contrary, from yeast to humans, telomeres were found to be transcribed into TElomeric 

Repeat-containing RNA (TERRA), transcripts with emerging roles in telomere maintenance 

and genome stability (Bettin et al., 2019; Cusanelli et al., 2013). In S. pombe a C-rich 

telomeric transcript known as ARIA has been also reported (Bah et al., 2012). Our group 

recently reported that uncapped/damaged telomeres, induced by TRF2 removal or functional 

impairment, induce the synthesis, accumulation, and processing of transcripts arising from 

telomeric DNA ends (Nguyen et al., 2018; Rossiello et al., 2017) in a manner similar to the 

transcription phenomena reported at DSBs (Michelini et al., 2017). These de novo 

transcribed RNAs, named telomeric damage-induced long ncRNAs (tdilncRNAs), arise 

from the transcription of both G-rich and C-rich strands of dysfunctional telomeres of 

mammalian cells, and are processed by the endoribonucleases DROSHA and DICER to 

produce short RNAs, termed telomeric DNA damage response RNAs (tDDRNAs). In turn, 

tDDRNAs pair with nascent unprocessed single-stranded dilncRNAs to allow the 

recruitment of DDR proteins, such as 53BP1, into DDR foci. This whole process is essential 

for the full activation of DDR signalling at dysfunctional telomeres and promotes repair 

(Figure 36). Several studies have investigated the role of ncRNAs in degenerative ageing-

related telomere disorders (Armanios and Blackburn, 2012). These clinical conditions 
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display accelerated telomere shortening and/or dysfunction. An example is the Hutchinson-

Gilford progeria syndrome (HGPS), a premature ageing disorder caused by mutations in the 

Lamin A (LMNA) gene, which results in the translation of a truncated lamin A protein called 

progerin (De Sandre-Giovannoli et al., 2003; Eriksson et al., 2003), which induces 

chromosomal instability (Liu et al., 2005). Our laboratory recently reported a direct role for 

telomere dysfunction in driving HGPS pathology (Aguado et al., 2019), demonstrating that 

HGPS patient fibroblasts and an in vivo HGPS skin mouse model is characterized by 

telomeric dysfunction, DDR activation and elevated levels of tdilncRNAs and tDDRNAs 

accumulation. The inhibition of their functions using ASOs with an anti-telomeric sequence 

blocks DDR activation at telomeres and attenuates the detrimental progerin-driven 

proliferative defects in vitro and cellular senescence (Figure 36). Even more relevant was 

their effect in vivo, where telomeric ASOs treatment increase the proliferative capacity of 

HGPS patients’ fibroblasts, improve tissue homeostasis and reduce inflammation, 

significantly extending the lifespan of the HGPS mice. This approach demonstrated that 

tdilncRNAs and tDDRNAs are key modulators of DDR at telomeres and highlighted a 

method to efficiently turn off telomere DDR signalling, leaving TERRA levels unaltered 

(Aguado et al., 2019).  
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Figure 36. Proposed model for generation, processing and inhibition of tncRNAs upon telomere 
disfunction.  
The Shelterin complex stabilizes the end of the chromosomes creating a lasso-like structure, which prevents 
recognition of telomeres as DSBs. Upon loss of Shelterin, the t-loop is disrupted, and telomeres become 
exposed to the DDR machinery. RNA polymerase II is recruited at dysfunctional telomeres where it highly 
transcribes TERRA from subtelomeric regions, and tdilncRNAs in both directions within the telomeric DNA 
closest to the chromosome end. High levels of paired or folded G-rich and C-rich tdilncRNAsare then processed 
by DROSHA and DICER, generating tDDRNAs, which in turn pair with nascent unprocessed single-stranded 
dilncRNAs. Together, DDRNAs and dilncRNAs bind to secondary DDR factors, including 53BP1, and fuel 
DDR focus formation and signalling. Telomeric antisense oligonucleotides (tASOs) interfere with the binding 
between tdilncRNAs and tDDRNAs, thus inhibiting DDR activation at dysfunctional telomeres. This prevents 
the onset of senescence and apoptotic processes and the formation of chromosome end-to-end fusions.  

  

adapted from Aguado et al., 2020 
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6.1.1 Telomeric DDR inhibition to rescue ageing-related phenotypes  

However, besides genetic mutations and pathological conditions, telomeres can accumulate 

DNA damage also in the absence of telomere shortening and thus in non-proliferating cells 

during physiological aging (Fumagalli et al., 2012; Hewitt et al., 2012). This is because the 

same evolutionary constrains that prevent telomere fusions (a form of repair between 

chromosomes) also prevent repair of DSBs within telomeric repeats. Thus, with time, 

unrepaired DSBs accumulate within telomeric repeats and fuel persistent DDR activation 

and cellular senescence as we observed both in cultured cells and in vivo in primate tissues 

(Fumagalli et al., 2012; Rossiello et al., 2014). As observed at genomic DSBs, telomeric 

dilncRNAs and DDRNAs (collectively named telomeric ncRNAs, tncRNAs) are induced 

upon telomere dysfunction and their inhibition by sequence-specific telomeric antisense 

oligonucleotides (tASOs) against either the C- or the G-rich tncRNAs (anti-Telo C and anti-

Telo G, respectively) prevents DDR activation at dysfunctional telomeres in cultured cells 

and in vivo in mice (Rossiello et al., 2017).   

For almost two years of my Ph.D., I also covered the maternity leave of a senior researcher 

of the lab and I was involved, nearly full-time, in an in vivo project running in the laboratory. 

This was possible thanks to my experience in mouse handling previously acquired during 

my Master thesis at San Raffaele Hospital in the laboratory of Dr. Andrea Brendolan, where 

I worked on an in vivo mouse model of lineage tracing to map the fate of embryonic 

lymphoid progenitors in adult lymph nodes. 

The aim of this project was to test tASOs treatement in a mouse model of accelerated ageing, 

which recapitulates many age-related conditions, like pulmonary fibrosis and anemia, related 

to critically short or damaged telomeres (Jaskelioff et al., 2011). 

The mouse model consists in a third generation (G3) of mice genetically lacking Terc, the 

RNA component of telomerase (Blasco et al., 1997), a large ribonucleoprotein DNA 

polymerase, that elongates telomeres by de novo addition of TTAGGG DNA repeats onto 

chromosome ends (Greider and Blackburn, 1985). Therefore, these mice have progressively 

shorter telomeres at each generation.  

In order to inhibit telomeric DDR, I systemically treated Terc-/- G3 mice at 2 months of age 

with a peritoneal injection of tASOs, or an ASO with a control sequence, two times a week 

for one month (Figure 37A, top). Mice were then sacrificed at 12 months of age, and their 

organs were collected for analyses (Figure 37A, bottom). In particular, I was in charge of 

the Terc-/- G3 colony maintenance, genotyping, injections and, 9 months later, dissection of 

the mice, followed by the collection of 18 different tissues, which were fixed and stored for 

RNA extraction (flash freezing), histological analysis (paraffin embedding) and 
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immunofluorescence staining (OCT embedding). For the histological analysis, the tissues 

were processed, embedded, stained and analyzed by our collaborator, Prof. Claudio Tripodo, 

a pathologist at the University of Palermo and head of the histopathology unit in our Institute. 

The Terc-/- G3 tissues from tASOs-treated mice sacrificed at 12 months of age, were 

compared with both the aged-compromised organs of mice treated with control-ASOs, and 

with a wild type mouse of the same age. 

 
 
Figure 37. Schematic representation of G3 Terc-/- mice treatment and tissue collection. 
(A) The third generation (G3) of Terc-/- mice, lacking of the RNA component of the telomerase, have been used 
as a premature ageing mouse model. They were systemically treated by peritoneal injection two times a week 
for one month, at two months of age. Then, after 9 months they were sacrificed and their tissues collected for 
histological analysis.  
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6.1.1.1 tASOs to ameliorates pulmonary fibrosis phenotype  

Among the numerous tissues collected, so far, we have focused our attention on the analysis 

of the lungs, bone marrow and spleen, as these mice recapitulate several features of human 

ageing and of individuals affected by telomere biology disorders, including pulmonary 

fibrosis and anemia.  

The histochemical analysis on lung sections, revealed that the control ASO-treated mice are 

characterized by increased markers of DNA damage, as gH2AX and 53BP1, and DDR 

activation, as the ATM substrate pKap1 (Figure 38A). The treatment with tASOs leaves 

unaltered gH2AX accumulation but causes a significant decrease of 53BP1 and pKap1, 

bringing their levels similar to those observed in wild type control animals, as shown in 

Figure 38A. Then, we performed hematoxylin-eosin staining to study the tissue morphology 

and architecture in the different experimental groups (Figure 38B). Compared to wt mice, 

the lung structure of control ASOs-treated mice was characterized by inter-alveolar septa 

thickening and the presence of interstitial and intra-alveolar inflammatory infiltration, 

mainly composed of granulocytes and lymphocytes, together with erythrocytes 

extravasation. These parameters are scored in the graph of Figure 38B (right) as phenotypes 

associated with fibrotic lungs. The inflammatory environment compromises the alveolar 

architecture and, thus, the pulmonary capacity. What we observed upon tASOs treatment is 

an evident increase of intra-alveolar air spaces (quantified in the graph of Figure 38B) and a 

better-preserved alveolar architecture, although the presence of inflammatory cells in the 

parenchyma is still higher than a normal lung. To evaluate the collagen deposition in the 

inter-alveolar septa responsible of lung fibrosis, tissues were stained with a Masson’s 

Trichrome protocol. From the images the presence of light-blue stained collagen fibers in 

control ASOs-treated mice is clearly evident, with very few air spaces, which are instead 

improved in the tASOs-treated animals, with a parenchymal architecture more similar to that 

of a wt animal (Figure 38C). These results revealed that tASOs represent a successful 

treatment that, through the inhibition of tncRNAs and the impairment of DDR pathway 

activation, ameliorates the pulmonary fibrosis phenotype associated with ageing.   
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Figure 38. Histopathological analysis of DNA damage and fibrosis in lung of G3 Terc-/- mice.  
(A) Histochemical staining for DDR markers was performed on lung sections from a wt mouse or G3 Terc-/- 
mice treated with a control ASO or with tASOs (anti-TeloG and anti-TeloC). The images show a higher level 
of gH2AX, 53BP1 and pKap1 in the Terc-/- control ASO-treated animal compared with the wt. Upon treatment 
with tASOs the levels of DNA damage and DDR activation decrease as shown by the graphs. (B) Hematoxylin-
eosin staining on lung sections from G3 Terc-/- mice revealed inter-alveolar septa thickening and the presence 
of interstitial and intra-alveolar granulocytes and lymphocytes infiltration, together with erythrocytes 
extravasation. Upon tASOs treatment intra-alveolar air spaces increases and the alveolar architecture is better-
preserved, although the presence of inflammatory cells in the parenchyma is still higher than a normal lung. 
The graphs represent a semi-quantitative score of the detrimental ageing-related phenotypes: the higher is the 
score, the worse are the phenotypes. The score decreases with tASOs treatment, in parallel with the increase 
of the number of air spaces. (C) Masson’s trichrome staining of lung sections from a wt mouse or G3 Terc-/- 
ASOs-treated mice, to evaluate collagen deposition (light-blue) typical of fibrotic lung. From the images is 
evident that the lungs of tASOs treated mice are less fibrotic compared to the control ASO-treated one.  
 

6.1.1.2 tASOs for anemia treatment  

The Terc-/- G3 mouse model is also characterized by peripheral blood anemia. This 

phenotype recapitulates aplastic anemia (AA) and bone marrow failure, which are the main 

manifestation of dyskeratosis congenita (DC) patients and the principal cause of their 

premature mortality. In particular, among AA patients, those with short telomeres have a 

worse survival (Stuart et al., 2014). Therefore, we performed histopathological analysis on 

the bone marrow (BM) from control ASO-treated G3 Terc-/- mice compared with the tASOs-

treated ones. The images revealed that the hematopoietic parenchyma was characterized by 

a moderate to severe expansion of the granulopoietic lineage with increase of 

morphologically immature myeloid precursors associated with marked contraction of 

erythroid colonies and signs of dysmegakaryopoiesis and increased 

hemocatheresis/eythrophagocytosis (Figure 39A). Consistently, the fraction of interstitial 

bone marrow lymphoid B cells was decreased and paralleled by the emergence of B cells 

inside dilated sinuses. Also in this organ, tASO treatments variably restored the normal 

myeloid-to-erythroid ratio predominantly limiting the expansion of morphologically 

immature granulocytic cells and reverted alterations in megakaryopoiesis and B-cell 

lymphopoiesis. 

Due to BM failure and the consequent extramedullary hematopoiesis, spleens from control 

ASOs-treated G3 Terc-/- mice, compared with wild type animals, are characterized by the 

multifocal-to-diffuse expansion of the red pulp associated with variable degree of white pulp 

regressive changes, an increased density of myelopoietic and erythropoietic foci, and a 

variable degree of megakaryocytic hyperplasia and clustering. The white pulp regression 

varied from focal and restricted to peri-vascular T-cell areas, to diffuse with effacement of 

the B-cell follicular architecture and marginal zone disruption. Differently, treatments with 
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tASOs resulted in a lower degree of red pulp hyperplasia and by preserved white pulp 

architecture with maintenance of neat white pulp/red pulp interfaces (Figure 39B).  

To obtain a semi-quantitative measure of the differences observed in the bone marrow and 

spleen morphology, the total scoring system evaluates several parameters: erythroid colonies 

contraction, myeloid cells expansion, megakaryocyte clustering and pleiomorphism, 

erythro/hemophagocytosis, for bone marrow; and white pulp effacement, red pulp 

hyperplasia, myeloid/erythroid precursor increase, megakaryocyte hyperplasia and 

clustering, hemosiderin-laden macrophages are evaluated for the spleen and schematized in 

the two graphs of Figure 39 A and B (bottom). This evaluation allowed us to conclude that 

tASOs treatments are effective in reducing the impact of telomere dysfunction. 
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Figure 39. Histopathological analysis of bone marrow and spleen of tASO treated G3 Terc-/- mice.  
(A) Hematoxylin-eosin staining on bone marrow sections from G3 Terc-/- mice revealed a reduced 
hematopoiesis in the bone marrow of control ASOs treated mice, with very few erythroid cells marked by dark 
stained nuclei and a lot of myeloid precursors. In mice treated with tASOs there is a significant rescue of 
medullary hematopoiesis with an increased number of dark purple-stained nuclei. The graph represents the 
total score evaluated on the base of the following parameters: erythroid colonies contraction, myeloid cells 
expansion, megakaryocyte clustering and pleiomorphism, erythro/hemophagocytosi. The higher is the score, 
the worse are the detrimental phenotypes associated with ageing. (B) Hematoxylin-eosin staining on spleen 
sections from G3 Terc-/- mice revealed that the impairment of BM hematopoiesis implies an exacerbated extra-
medullary hematopoiesis in the spleen, characterized by a great expansion of the red pulp at the expense of the 
white pulp that almost completely disappear. In tASOs treated mice we observed a spleen architecture 
recovery, with a ratio between the two different compartments very similar to a wt mouse. The white pulp 
effacement, red pulp hyperplasia, myeloid/erythroid precursor increase, megakaryocyte hyperplasia and 
clustering, hemosiderin-laden macrophages are the parameters scored by the graph.  

 

6.1.2 Conclusions  

Telomere shortening and dysfunction have long been defined as ageing hallmarks, 

characterized by the accumulation of unrepaired DSBs within telomeric repeats, which fuels 

persistent DDR activation and cellular senescence. This telomeric DNA damage is, in turn, 

associated with the synthesis of telomeric dilncRNAs and DDRNAs as already observed in 

HGPS mouse models. Indeed, telomere dysfunction appears to represent a shared hallmark 

among normal ageing and a number of progeroid syndromes. This highlights that telomeric 

ncRNAs are, not only, attractive biomarkers for a wide range of telomere dysfunction-driven 

pathologies such as idiopathic pulmonary fibrosis and dyskeratosis congenita, as well as for 

tissue diagnosis of replicative senescent cells in the context of human ageing; but also 

potential targets for ameliorating the detrimental phenotypes arising from dysfunctional 

telomeres. In the past decade, oligonucleotide-based tools for the selective modulation of 

telomeric transcripts have been developed, including chemically-modified telomere-

sequence ASOs that allow increased binding affinity and specificity (Hagedorn et al., 2017). 

Noteworthy, ASO is now a FDA-approved class of drugs (Stein and Castanotto, 2017). The 

development of tASOs as serotherapeutic agents for HGPS (Aguado et al., 2019), pave the 

way for their application in the treatment of potentially any pathology associated with 

telomere dysfunction. Indeed, from our experiments we can conclude that tASOs treatment 

is effective in the recovery of different phenotypes related to tissues ageing in Terc-/- G3 

mouse model of premature ageing. tdilncRNAa and tDDRNAs inhibition by tASOs against 

either the C- or the G-rich tncRNAs (anti-TeloC and anti-TeloG) prevents not only DDR 

activation at dysfunctional telomeres – as shown by the DDR markers staining in the lungs 

of tASOs-treated mice, compared with the control ASO-treated ones – but also the structural 

degeneration and inflammation of the tissues associated with ageing, ameliorating the 
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phenotype of both pulmonary fibrosis and peripheral blood anemia. Therefore, the main role 

of telomeres in senescence and ageing, makes tASOs a powerful therapeutic tool for the 

treatment of human ageing and age-related pathologies, due to their high sequence-

specificity in targeting tncRNAs.  
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