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Lo duca e io per quel cammino ascoso 
intrammo a ritornar nel chiaro mondo; 

e sanza cura aver d’alcun riposo, 
 

salimmo sù, el primo e io secondo, 
tanto ch’i’ vidi de le cose belle 

che porta ’l ciel, per un pertugio tondo. 
 

E quindi uscimmo a riveder le stelle. 

 

 

Dante Alighieri 

Inferno, Canto XXXIV, v. 135-139 

  



 

 



 

 

POPULAR SCIENCE SUMMARY OF THE THESIS 
DNA is the master book of our genetic information. All of the physical characteristics and 
components of the human body can be found in this extremely long stretch of a four-letter 
sequence. The color of your eyes? Yup. The particles contained in the blood that is 
pumping in your veins right now? You got it. Just like a book in a foreign language sitting 
in a library, the code is copied into RNA and translated into proteins, which then do the job 
of keeping us alive and well. But what happens if one of the letters in this book gets 
changed? Most of the time nothing, while sometimes its result is something tangible, but 
harmless (like tasting dishwashing soap instead of coriander). Unfortunately, however, it 
can happen that the mutation of only one among these three billion letters can lead to 
disease; the most notorious of which is undoubtedly cancer. Changes in DNA can happen 
through different mechanisms and can have different causes, most commonly exposure to 
the sun and its UV rays. Cells of course contain several emergency lines to be activated 
when DNA gets damaged, in order to repair it and prevent potentially harmful effects for 
the whole body.  
 
When analyzing tumor samples from epithelial ovarian carcinoma patients, we found that 
they had inadequate levels of an RNA-binding protein called WRAP53β, and because of 
this the mechanisms that cells have to repair their DNA were not functioning properly. 
Unfortunately, low levels of WRAP53β correlated with worse prognoses for the patients. 
Nevertheless, our discovery gives us hope that, now that we know what the consequences 
are at the cellular level, we will be able to use the right drugs with the right patients, 
potentially increasing their life expectancy.  
 
Researchers working in the DNA damage response field have noticed that there appears to 
be a correlation between the efficiency of DNA repair and a very basic cellular process 
called splicing, in which parts of RNA that do not need to be translated into proteins are 
removed. We observed that when splicing was blocked by using two different drugs, and 
cells were subjected to ionizing radiation to induce DNA damage, they were less capable to 
repair DNA breaks, when compared to untreated cells. We then found out that when 
splicing is inhibited, the production of some proteins that are fundamental for the repair 
mechanisms is insufficient, leaving cells with damaged DNA. We obtained the same results 
when some of the proteins involved in splicing were removed from cells. Several of them 
are often not working properly in cancer, and our discovery sheds light on faulty DNA 
repair as a possible consequence of this, which is known to allow cancer cells to grow faster 
and be more aggressive. 
 
Sometimes people are born with mutations in the DNA, which give rise to genetic diseases.  
Among these, there is dyskeratosis congenita, a rare childhood syndrome that significantly 
shortens life expectancy, often resulting in premature death. To better explain the cellular 
mechanisms that are disrupted in this condition, we studied the protein factors whose 
mutations are responsible for this disease, namely dyskerin and the H/ACA complex. These 
proteins have well-established roles inside cells, but we uncovered a new mechanism that 
involves modification of RNAs that are translated into proteins. We found that this 



modification is crucial to limit protein production, because when it is removed from RNA 
more proteins are produced.  
 
In summary, our research findings point towards a very important role for RNA and 
proteins that bind to RNA in maintaining cells healthy, which motivates us to pursue our 
research even further. Hopefully, this increased knowledge will allow us to better 
understand different diseases and treat them more adequately.    
  



 

 

ABSTRACT 
For decades, it was believed that RNA was merely an intermediate step between DNA and 
protein effectors. It is now appreciated that RNA is an extremely versatile molecule that 
affects almost every aspect inside a cell. Most often RNA exerts its functions together with 
RNA binding proteins, or RBPs, in a partnership that promotes different behaviors 
according to the situation. Given their critical role in maintaining cell homeostasis, it is not 
surprising that RBPs malfunction underlies the onset of many diseases.  
 
In paper I, we find that WRAP53β, an RBP involved in telomere biogenesis, Cajal body 
formation and DNA repair, is downregulated in epithelial ovarian cancers, and that this 
correlates with poor prognosis of the patients. At the molecular level, this results in 
defective DNA damage signaling and repair, establishing WRAP53β expression as a 
potential biomarker for the prediction of drug response of epithelial ovarian cancer. 
 
In paper II, we show that ongoing splicing is required for proper DNA damage signaling and 
repair. Using small molecules to block spliceosome assembly, or by knocking-down various 
splicing factors, we demonstrate that the mechanism underlying the regulation of DNA repair 
by splicing involves downregulation of the E3 ubiquitin ligase RNF8. Re-introduction of this 
protein into splicing-deficient cells completely restores DNA repair signaling. Accordingly, 
altered DNA repair may be the underlying cause of various diseases associated with 
deregulation of splicing factors. 
 
In paper III, we show that dyskerin and the associated H/ACA complex localize to splicing 
speckles and associate with RNAPII-transcribed genes genome-wide. Moreover, we 
demonstrate that this complex carries out pseudouridylation of mRNAs co-
transcriptionally, affecting their translation efficiency in cells.   
 
Collectively, the results presented in this thesis corroborate the pervasive involvement of 
RBPs and RNA metabolism in gene expression and DNA repair, and, moreover, highlight 
new targets and possibilities for treating disease.  
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1 INTRODUCTION 
At a first glance, the contents of this thesis may appear very broad and disparate. How did 
we jump from DNA damage to splicing and then to mRNA modification? The answer to 
this question is that everything is interconnected, and that it is difficult to explain one 
mechanism without considering its context. Of course this makes modern research 
challenging, but also more enjoyable, because it allows us to roam between different topics, 
learning unfamiliar techniques and meeting new colleagues that can help us solve the 
question at our hands. This thesis (and all the results that did not make it in here) is the 
example of how, starting from one protein, we ended up studying related processes and 
factors that led us into novel horizons. It took us a great deal of time and effort, we ended 
up in many dead-ends, we are still learning as we go, but hey, it was worth every second.    
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2 LITERATURE REVIEW 

2.1 RNA TRANSCRIPTION AND MODIFICATION 
 
Proper regulation of gene expression is fundamental in all phases of an organism’s life. The 
cycling through developmental steps, the response to variation in the environment, the 
reaction to exogenous and endogenous insults, all require considerable changes in gene 
expression. These transitions involve adjusting the amount of RNA expression, its 
processing, modification, cytoplasmic export and translation, in a series of tightly regulated 
events that lead to the desired outcome.  
 

2.1.1 RNAPII-dependent transcription 
 
The process by which RNA polymerases synthesize RNA from a DNA template is called 
transcription. In eukaryotes, there are three RNA polymerases: RNAPI, which transcribes 
rRNA; RNAPIII, which transcribes rRNA, tRNA and other small RNAs; and RNAPII, 
which transcribes mRNA, snRNA, lncRNA, miRNA, and other families of non-coding 
RNAs. Being the one that synthesizes all mRNA, RNAPII has been extensively studied, 
providing a detailed description of its structure and mechanism of action. RNAPII is a 
multiprotein complex composed of 12 subunits (RPB1-12). RPB1, the largest subunit of 
RNAPII, contains a C-terminal domain (CTD) that comprises multiple repeats of the heptad 
Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7. The reversible modifications of these residues 
during the transcription cycle represent a code that is read by CTD-binding factors 
(Zaborowska et al., 2016). RNAPII-dependent transcription can be divided into four steps, 
namely initiation, promoter-proximal pausing, elongation, and termination (Muniz et al., 
2021).  
 
Transcription initiation begins with the assembly at gene promoters of the pre-initiation 
complex (PIC), a macromolecular complex composed of RNAPII and general transcription 
factors. This assembly is promoted by Mediator, a macromolecular complex with high 
affinity for the unphosphorylated CTD that acts as a bridge between specific transcription 
factors and RNAPII (Soutourina, 2018). Eukaryotic promoters contain DNA motifs that are 
bound by different transcription factors, which aid the correct assembly of the PIC before 
transcription starts. Once the PIC is bound to the promoter, it opens the DNA double helix, 
the CTD gets phosphorylated on Ser5 and Ser7, and transcription can begin (Harlen and 
Churchman, 2017; Schier and Taatjes, 2020). As soon as the 5’ end of the nascent RNA 
emerges from RNAPII, RNA capping enzymes are recruited to the CTD and add a 7-
methylguanosine (m7G) cap to protect the 5’ end of the RNA from exonucleases (Galloway 
and Cowling, 2019).  
 
Soon after transcription initiation, RNAPII pauses at the promoter-proximal site, waiting 
for further signals before entering the gene body and the elongation phase. Promoter-
proximal pausing is a major limiting step of the transcription cycle, making it a regulatory 
checkpoint for gene expression. Several factors contribute to the pausing of RNAPII. As 
transcription begins, nascent RNA forms an RNA:DNA hybrid with the template DNA. At 
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pausing sites, these hybrids are GC-rich and extremely stable, hence blocking the 
advancement of RNAPII (Sheridan et al., 2019). The association with RNAPII by NELF 
(Negative Elongation Factor) through the SPT5 (Transcription elongation factor SPT5) 
subunit of DSIF (DRB Sensitivity Inducing Factor) stabilizes and extends the lifespan of 
paused RNAPII (Core and Adelman, 2019). The release from this DSIF/NELF-mediated 
paused state is induced by P-TEFb (Positive Transcription Elongation Factor), and in 
particular by the kinase activity of its subunit CDK9 (Cyclin-Dependent Kinase 9). Targets 
of CDK9 include NELF, which dissociates from RNAPII; SPT5, which converts into a 
positive elongation factor; and Ser2 on the CTD, a marker of productive elongation (Core 
and Adelman, 2019).       
 
After being released from the promoter-proximal pausing site, RNAPII enters the step of 
productive elongation. During this phase, the CTD acts as a docking platform for a myriad 
of factors involved in transcription elongation, RNA processing and histone modification. 
The elongation step depends on two variables: RNAPII processivity and speed. Processivity 
indicates the ability of RNAPII to arrive at the end of the gene, thus producing full-length 
transcripts. It is now appreciated that premature termination is an additional means to 
control gene expression, as it can produce transcripts that are stabilized or degraded 
according to the context (Kamieniarz-Gdula and Proudfoot, 2019). RNAPII speed, or the 
amount of nucleotides synthesized per unit of time, depends on a series of factors, including 
histone modifications, chromatin remodelers, DNA sequence, RNAPII modifications and 
associated factors. In turn, RNAPII speed influences many co-transcriptional processes, 
such as constitutive and alternative splicing, RNA modification, alternative 
polyadenylation, and transcriptional termination (Muniz et al., 2021).  
 
When RNAPII reaches the end of a gene, it enters into the termination phase of 
transcription, a process that depends on the recognition of the polyadenylation site (PAS) 
by the CPA (cleavage and polyadenylation) complex (Eaton and West, 2020). The 
interaction of CPA with RNAPII induces a conformational change that slows down 
RNAPII, a mechanism mediated by the dephosphorylation of SPT5, which reverts to a 
negative elongation factor. Recognition of the PAS also triggers the cleavage of the nascent 
RNA, which then gets polyadenylated. The unprotected 5’ end of the RNA still being 
transcribed from RNAPII is a substrate for the exonuclease XRN2 (5'-3' Exoribonuclease 
2), which degrades the RNA until it catches up with RNAPII and contributes to its 
dislodging from DNA (Cortazar et al., 2019; Eaton and West, 2020). Similar to their role at 
proximal-pausing sites, RNA:DNA hybrids contribute to the pausing of RNAPII after the 
PAS. To be available for XRN2 degradation, RNA engaged in hybrids must be unwound by 
the helicase Senataxin (Skourti-Stathaki et al., 2011). Senataxin is recruited by SMN 
(Survival of Motor Neuron), which in turn recognizes symmetric dimethylation of Arg1810 
on the CTD (Zhao et al., 2016). 
 

2.1.2 mRNA splicing 
 
Transcribed pre-mRNA usually contains introns, which are sequences that need to be 
removed because they are not part of the mature mRNA product. Splicing, the process that 
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removes introns from pre-mRNA, is a central and conserved step during gene expression. 
Defects in splicing, either caused by mutations in the DNA template or by impaired splicing 
factors, are associated with an increasing amount of diseases (Daguenet et al., 2015).  
 
Introns contain specific sequences that allow their recognition and excision by the 
spliceosome, a specialized macromolecular complex composed of five small nuclear ribo-
nucleoproteins (snRNPs) and several accessory proteins. Splicing consists in a series of 
steps that ensure the correct positioning of factors and the proper functioning of the whole 
procedure. At first the U1 snRNP binds to the 5’ splice site, and SF1 (Splicing factor 1) and 
U2AF (U2 Auxiliary Factor) interact with the polypyrimidine tract and the branch point. 
Next, the U2 snRNP evicts SF1 and binds to the branch point. This conformation is referred 
to as the A complex. Afterwards, the U4/U6.U5 tri-snRNP tethers to U1 and U2 to form 
complex B, a large pre-catalytic intermediate of the spliceosome. Following the removal of 
U1 and U4, and various spatial and protein rearrangements, the spliceosome becomes 
active (B*) and carries out the first transesterification reaction. The resulting C complex 
gets activated and catalyzes the second reaction, leading to the excision of the intron lariat 
and ligation of the neighboring exons (Wilkinson et al., 2020). 
 
The majority of human mRNA splicing occurs co-transcriptionally, and there is an 
extensive crosstalk between the two processes (Bentley, 2014). The CTD domain in 
RNAPII acts as a binding platform for splicing factors, and phosphorylation of Ser5 in the 
CTD is strongly associated with spliceosomes (Nojima et al., 2018). Additionally, 
transcriptional speed can affect splice site selection, thus influencing exon inclusion or 
skipping (Fong et al., 2014). The concerted effects of transcriptional speed variation and 
differential protein recruitment on the pre-mRNA allow the production of more than one 
single mRNA species from a gene. This process, known as alternative splicing, contributes 
to transcript diversity and, ultimately, to a varied proteome (Nilsen and Graveley, 2010).  
 

2.1.3 Splicing speckles 
 
Mammalian cell nuclei are compartmentalized into various membraneless subnuclear 
structures, including nucleoli, Cajal bodies, promyelocitic leukemia (PML) bodies, nuclear 
speckles and paraspeckles (Dundr and Misteli, 2010). These nuclear bodies cluster different 
genomic regions and specific proteins and RNAs, enhancing the interactions required for 
the distinct roles of each nuclear body (Mao et al., 2011; Sleeman and Trinkle-Mulcahy, 
2014). Nuclear speckles, also known as splicing speckles or interchromatin granule 
clusters, have long been considered to be just storage sites for pre-mRNA splicing factors 
(Lamond and Spector, 2003). However, it is now apparent that also proteins involved in 
transcription, mRNA modification and export, and chromatin modification localize inside 
nuclear speckles, indicating that these condensates function as hubs for the integration of 
RNAPII-dependent transcription (Galganski et al., 2017). Moreover, several studies 
revealed the presence of different classes of RNAs in nuclear speckles, including poly(A)+ 
RNAs and non-coding (nc)RNAs (Carter et al., 1991; Shopland et al., 2002). Among these 
ncRNAs there are spliceosomal snRNAs, which are found in nuclear speckles in association 
with spliceosomal proteins (Huang and Spector, 1992), the 7SK RNA, a short ncRNA 
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involved in regulating the elongation phase of RNAPII transcription (C Quaresma et al., 
2016; Prasanth et al., 2010), and the lncRNA metastasis-associated lung carcinoma 
transcript 1 (MALAT1) (Hutchinson et al., 2007). Despite being non-essential for 
development in mouse, the highly-conserved MALAT1 RNA was shown to regulate 
alternative splicing by affecting splicing factor localization in human cells (Nakagawa et 
al., 2012; Tripathi et al., 2010; Wilusz et al., 2008; B. Zhang et al., 2012). 
 
Investigations using super-resolution microscopy allowed the observation that nuclear 
speckles are organized in layers, with core proteins (SON and SRRM2 - Serine/arginine 
repetitive matrix protein 2) residing in the center, and poly(A)+ RNAs and ncRNAs 
accumulating at the periphery (Fei et al., 2017). Additionally, pre-mRNAs transcribed from 
speckle-associated genes are found either at the periphery or within speckles, as are active 
spliceosomes (Girard et al., 2012; Hall et al., 2006; Shopland et al., 2002). Recently, it was 
also shown that there is a non-random association of certain chromosome domains with 
nuclear speckles, and that this proximity enhances transcriptional and splicing rates of 
speckle-proximal genes (Y. Chen et al., 2018; Kim et al., 2020; Moen et al., 2004). 
Altogether, these findings indicate that nuclear speckles are not merely storage sites, but 
have an active function in regulating transcription and splicing (Chen and Belmont, 2019).  

 

2.1.4 RNA post-transcriptional modifications 
 
The existence of RNA modifications has been known for more than 60 years, and now 
more than 100 different types of modifications have been shown to be present on RNA. 
Because of their abundance in rRNA and tRNA, RNA modifications were first identified 
there, but it is now clear that all species of RNA undergo dynamic modification, including 

Schematic representation of a 
splicing speckle. In red SON and 
SRRM2, the core proteins of splicing 
speckles; in yellow splicing factors, 
residing at the periphery of speckles, 
together with poly(A)+ RNA (red) and 
the long non-coding RNA MALAT1 
(purple). In the proximity of the speckle 
there is on-going transcription by 
RNAPII (in blue, with the CTD in 
black), which recruits splicing-factors 
co-transcriptionally. 
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mRNAs (Roundtree et al., 2017). This discovery led to the realization that the landscape of 
RNA modifications, or the epitranscriptome, has profound functional consequences in 
cellular physiology. Accordingly, approximately half of the currently known RNA 
modification enzymes are found mutated in a variety of human diseases, including genetic 
birth defects, neurological disorders, metabolic diseases and cancer (Jonkhout et al., 2017). 
 
Since its discovery in the 1970s, N6-methyladenosine (m6A) has been identified as the most 
abundant modification in eukaryotic mRNA (Desrosiers et al., 1974; Perry and Kelley, 
1974). The recent advances in sequencing techniques that allow the detection of m6A 
genome-wide promoted the understanding of the functional significance of this 
modification and the mechanisms that govern its deposition or removal (Zaccara et al., 
2019). Interestingly, a subset of m6A sites appears to be dynamically introduced in mRNA 
in response to stimuli and stress (Shi et al., 2019). m6A is mainly added co-transcriptionally 
by a complex containing METTL3 (Methyltransferase 3), and the amount deposited on 
mRNA inversely correlates with transcriptional speed (Meyer and Jaffrey, 2017; Slobodin 
et al., 2017). Once exported into the cytoplasm, m6A is recognized by three reader proteins, 
YTHDF1/2/3 (YTH N6-Methyladenosine RNA Binding Protein), which mediate the 
degradation of m6A-containing transcripts (Zaccara and Jaffrey, 2020). In accordance with 
the view that m6A has a negative impact on gene expression, increased amounts of m6A in 
mRNAs impair their translation (Slobodin et al., 2017).  
 
When considering all cellular RNA, not only mRNA, pseudouridine (Ψ) is by far the most 
abundant modification, to the point that, when it was discovered in the 1950s, it was 
initially denominated the ‘fifth nucleotide’ (Davis and Allen, 1957). Ψ is the result of C-C 
glycosidic isomerization of uridine, and its presence improves base stacking by allowing 
the formation of additional hydrogen bonds with water through its extra imino group 
(Arnez and Steitz, 1994). Ψ is found on almost all ncRNAs. On tRNAs, Ψ maintains 
structure and stability, while on rRNA it affects ribosome biogenesis, translational 
efficiency and fidelity, and IRES (Internal Ribosomal Entry Site)-dependent translation 
initiation (Penzo et al., 2017). Pseudouridylation of snRNAs is required for snRNP 
biogenesis, spliceosome assembly and pre-mRNA splicing (Bohnsack and Sloan, 2018). 
The recent development of genome-wide sequencing techniques to map Ψ established the 
presence of this modification in eukaryotic mRNA (Borchardt et al., 2020). Different 
functions have been attributed to Ψ in mRNA, including splicing (Chen et al., 2010; 
Martinez et al., n.d.), stability (Kan et al., 2021), translation fidelity (Karijolich and Yu, 
2011) and translation rates (Eyler et al., 2019; Karikó et al., 2008).  
 
In human cells, there are thirteen PUSs (pseudouridine synthases) divided into five families 
(TruA, TruB, TruD, RluA, PUS10), depending on the similarity of their catalytic domain to 
the prokaryotic counterpart. One PUS, dyskerin, forms an RNP to guide the modification of 
its substrates. On the other hand, twelve of these enzymes are considered ‘stand-alone’, 
indicating that they recognize target RNAs without the aid of auxiliary factors. Instead, 
target binding and modification is achieved through the recognition of specific sequences 
and/or structural features of the RNA. Stand-alone PUSs often target tRNAs, but have more 
recently also been shown to pseudouridylate mRNAs (Borchardt et al., 2020). Despite the 
plethora of enzymes known to pseudouridylate RNA, no erasers of this modification have 
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been identified to date. Only very recently, one reader of this modification has been 
uncovered in yeast, where it influences the translation of specific mRNAs (Levi and Arava, 
2021).   
 

2.1.5 Dyskerin and the H/ACA complex 
 
Dyskerin is an evolutionary conserved 58 kDa protein that plays a role in different cellular 
processes, such as RNA pseudouridylation and telomere maintenance. Similar to its 
orthologs in other organisms (Cbf5p in yeast, Nop60B in Drosophila, and NAP57 in rat), 
dyskerin belongs to the TruB class of PUSs (Hamma and Ferré-D’Amaré, 2006). Dyskerin 
recognizes target RNAs and the exact nucleotide to be modified with the help of a guide 
RNA, called H/ACA RNA. H/ACA RNAs have a conserved hairpin-hinge-hairpin 
structure, with an H (ANANNA) or ACA box following each hairpin. The recognition and 
the modification of target RNAs is performed in the pseudouridylation pocket, which 
consists of an internal loop contained inside the hairpins. Through base complementarity, 
guide RNA and target RNA bind at the sides of the target uridine, which is then inserted 
into the active site of dyskerin for modification (Czekay and Kothe, 2021). Different classes 
of H/ACA guide RNAs confer dyskerin the ability to catalyze the isomerization of uridines 
in different target RNAs. These include snoRNAs, which guide pseudouridylation of 
rRNAs, and scaRNAs, that guide pseudouridylation of snRNAs. 

 
To exert its enzymatic activity, dyskerin forms an RNP complex with three highly 
conserved proteins: NOP10 (nucleolar protein 10), NHP2 (non-histone protein 2) and 
GAR1 (glycine–arginine-rich protein 1) (Henras et al., 1998). Although a minimal 
pseudouridylation activity is achieved by the particle composed by only dyskerin and 
NOP10, enzymatic efficiency is enhanced when NHP2 and GAR1 are also present 
(Charpentier et al., 2005). Accessory H/ACA RNP proteins also have a role in facilitating 
RNA conformational changes and stabilizing RNA structure. Dyskerin, NOP10 and NHP2 

Schematic representation of two sets of the H/ACA complex bound to a guide RNA. 
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form a protein trimer that then associates with the RNA (Wang and Meier, 2004), and all 
three proteins bind directly to the H/ACA RNA (Li and Ye, 2006).  
 
The biogenesis of H/ACA RNPs is a multi-step process (Massenet et al., 2017). First, the 
chaperone SHQ1 (Protein SHQ1 homolog) binds dyskerin to promote its stability and to 
prevent binding to unspecific RNAs (Grozdanov et al., 2009; Walbott et al., 2011). Then, 
upon the release of SHQ1, NOP10, NHP2 and the assembly factor NAF1 (H/ACA 
ribonucleoprotein complex non-core subunit NAF1) come together and the complex is 
recruited to the sites of sno/scaRNA transcription, allowing for the incorporation of a 
ncRNA into the RNP (Ballarino et al., 2005; Darzacq et al., 2006; Fatica et al., 2002; 
Machado-Pinilla et al., 2012; Richard et al., 2006; Yang et al., 2005). Finally, the complex 
is activated when NAF1 is exchanged for GAR1, a process that is thought to occur inside 
Cajal bodies (Massenet et al., 2017). 
 
The H/ACA RNP is also an essential component of telomerase, the holoenzyme that 
maintains telomere length through the reverse transcription of a repeat sequence at the 3’ 
end of telomeres. The catalytic component of telomerase is composed of the telomerase 
reverse transcriptase (TERT), and telomerase RNA (TERC or TR), the latter belonging to 
the H/ACA scaRNA family (Mitchell et al., 1999). Although these two components are 
necessary and sufficient for telomere elongation in vitro (Weinrich et al., 1997), in vivo the 
telomerase holoenzyme also contains two sets of dyskerin, NOP10, GAR1 and NHP2 
(Ghanim et al., 2021). In addition to the H/ACA RNP proteins, telomerase includes 
WRAP53β (WD40 repeat-containing antisense to TP53), which recruits telomerase to Cajal 
bodies for final assembly and maturation, and then to telomeres (Venteicher et al., 2009). 
  
Dyskerin was initially identified to be the product of DKC1, the gene mutated in X-linked 
dyskeratosis congenita (DC) (Heiss et al., 1998). This disease, of which the prevalence in 
the general population is unknown, is clinically characterized by abnormal skin 
pigmentation, nail dystrophy and mucosal leukoplakia, together with bone marrow failure, 
premature aging and increased susceptibility to cancer. While 25% of patients with DC 
carry mutations in DKC1, other forms of the disease, including its more severe form 
Hoyeraal Hreidarsson syndrome (HHS), are caused by missense mutations in ACD, CTC1, 
NHP2, NOP10, PARN, RTEL1, TERC, TERT, TINF2 and WRAP53 (Grill and Nandakumar, 
2021). Recently, mutations in DKC1 and NOP10 were reported to cause nephrotic 
syndrome with cataracts, hearing impairment, and enterocolitis (Balogh et al., 2020). 
Moreover, one patient with idiopathic pulmonary fibrosis (IPF) was found to have a 
synonymous mutation in DKC1, which caused nonsense-mediated decay of the dyskerin 
mRNA, leading to dyskerin deficiency (Gaysinskaya et al., 2020). The reason for the 
phenotypic differences observed may reside in the location of the mutations. The crystal 
structure of human telomerase revealed that most of the mutations found in DC and HHS 
disrupt dyskerin-dyskerin interaction, and thus telomere biogenesis. The remaining disease-
associated mutations are found in other protein-protein and protein-RNA interfaces 
important for telomerase (Ghanim et al., 2021). On the other hand, the two mutations 
described to be associated with nephrotic syndrome disrupt the catalytic pseudouridylation 
site by impairing the dyskerin-NOP10 interaction, resulting in defective ribosomal 
biogenesis (Balogh et al., 2020). Finally, the hypomorphic mutations affecting dyskerin 
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levels in IPF may tend to present in adults, as opposed to missense mutations which 
primarily manifest in children as DC (Gaysinskaya et al., 2020). In addition to genetic 
diseases, dyskerin is associated with various types of cancer, where its overexpression has 
been correlated to poor prognosis (Garus and Autexier, 2021).  
 
Because of its function in telomere homeostasis, dyskerin was also linked to the DNA 
damage response, although with contradictory results. Fibroblasts from DC patients show 
an increased radiosensitivity (DeBauche et al., 1990) and unbalanced chromosomal 
rearrangements (Dokal et al., 1992), pointing to a role for chromosomal instability in the 
pathogenesis of DC. Male mouse embryonic fibroblasts from a mouse model mimicking a 
mutation that causes DC in an X-linked family (Dkc1Δ15) were shown to present more 
γH2AX foci after etoposide treatment (Gu et al., 2009). Other studies showed that X-linked 
DC fibroblasts have higher basal and induced DNA damage responses (Manguan-Garcia et 
al., 2014; Westin et al., 2011). However, an increase in telomeric DNA damage in 
lymphocytes and higher basal levels of DNA damage in fibroblasts from DC patients was 
reported, albeit with no increased response to DNA damaging agents (Kirwan et al., 2011). 
These results indicate that dyskerin might play a role also in genome integrity maintenance 
through still unknown mechanisms. 
 

2.2 DNA DAMAGE AND REPAIR 
 
Endogenous and environmental factors constantly induce damage to DNA. To counteract 
this threat and preserve functional genetic information, cells have evolved a number of 
mechanisms collectively referred to as DNA damage response. These include sensing, 
signaling and repair of DNA damage, as well as cell cycle checkpoints to prevent cellular 
proliferation before the repair is completed. Depending on the type of DNA lesion, distinct 
repair pathways operate. The extent of damage is also important and determines the 
activation level of the DNA damage response and subsequently cell fate. While complete 
repair of DNA lesions allows growth resumption, persistent DNA damage response 
signaling can result in cellular senescence or apoptosis (Ciccia and Elledge, 2010). As a 
consequence, these responses need to be tightly regulated and coordinated in normal 
healthy cells to avoid potentially detrimental outcomes, like cancer. Indeed, DNA repair 
mechanisms are often defective in cancer, neurodegenerative diseases and premature aging, 
so understanding these processes in detail is of high significance. 
 
There are five main mechanisms to repair damaged in DNA - mismatch repair (MMR), 
base excision repair (BER), nucleotide excision repair (NER), homologous recombination 
(HR) and non-homologous end joining (NHEJ) – whose action depends on cell cycle 
phases or type of DNA damage. However, several additional pathways exist to repair more 
specific lesions, such as inter-strand crosslink (ICL) repair, microhomology-mediated end 
joining (MMEJ), and single strand annealing (SSA).  
  
The most deleterious forms of DNA damage are DNA double-strand breaks, where the 
DNA backbone on both strands is physically cleaved. Double-strand breaks can occur as a 
result of exposure to ionizing radiation (IR), during the processing of inter-strand crosslinks 
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caused by ultraviolet radiation (UV), or following replication fork collapse, but are also a 
required step for physiological processes such as V(D)J recombination in developing 
lymphocytes and meiosis recombination in germ cells. Up to 105 double-strand breaks per 
cell per day can be formed upon exposure to radiation from sunlight (Ciccia and Elledge, 
2010; Lindahl, 1993). Additionally, IR and several other DNA damaging agents, such as 
cisplatin and etoposide, are routinely used as treatments in cancer therapy. 
 

2.2.1 DNA damage signaling 
  
To initiate repair, cells must first sense the DNA break and activate a signaling cascade that 
results in the triggering of the correct DNA repair pathway. This process relies on a 
complex series of post-translational modifications, including phosphorylation, 
ubiquitination, PARylation, and SUMOylation, that act as binding triggers and platforms 
for the accumulation of downstream signaling and effector proteins.  
 
Canonical DNA damage response signaling is initiated when the sensor MRN complex, 
consisting of MRE11 (Meiotic Recombination 11), RAD50 (Rad50 homolog) and NBS1 
(Nijmegen Breakage Syndrome 1), detects a double-strand break (Myler et al., 2017). This 
complex mediates spatial juxtaposition of DNA molecules, both between the two ends of a 
double-strand break and two DNA molecules, and promotes the recruitment of the kinase 
ATM (Ataxia Telangiectasia Mutated) to the site of damage (Lamarche et al., 2010). ATM 
phosphorylates the core histone variant H2AX at serine 139 to create γH2AX, which 
amplifies the signal for damaged DNA several kilobases away from the actual break 
(Kinner et al., 2008; Lamarche et al., 2010). This phosphorylation of H2AX enables the 
recruitment of the mediator protein MDC1 (Mediator of DNA Damage Checkpoint 1), 
which in turn attracts a number of scaffold and signal-amplifying molecules.  
 
One such scaffold molecule is the WD40 domain-containing WRAP53β protein, which 
targets the E3 ubiquitin-ligase RNF8 (Ring Finger protein 8) to DNA damage sites by 
facilitating the interaction between RNF8 and MDC1 (Henriksson et al., 2014). At the 
DNA damage site, RNF8 ubiquitylates histone H1, creating the docking site for RNF168 
(Ring Finger protein 168), another E3 ubiquitin-ligase that in turn ubiquitylates H2A (Doil 
et al., 2009; Huen et al., 2007; Kolas et al., 2007; Mailand et al., 2007; Mattiroli et al., 
2012; Thorslund et al., 2015). Ubiquitylation of histones at damaged chromatin allows the 
recruitment of downstream proteins, like 53BP1 (p53 Binding Protein 1) and RAP80 
(Receptor-Associated Protein 80), the latter of which carries along the breast cancer-
associated tumor suppressor BRCA1 (Breast Cancer 1) (Fradet-Turcotte et al., 2013; Kim 
et al., 2007; Sobhian et al., 2007; Yan et al., 2007). 53BP1 also recognizes methylated 
histones (H4K20me2) at DNA breaks. 
  
Subsequently, DNA damage response signaling leads to downstream activation of protein 
kinases, CHK1 and CHK2 (Checkpoint Kinase 1 and 2), that propagate the phosphorylation 
cascade away from the site of damage and trigger cellular stress responses, such as p53 
(Cellular tumor antigen p53) activation, cell cycle arrest, apoptosis or senescence (Bartek 
and Lukas, 2003). 
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2.2.2 Non-homologous end joining and homologous recombination 
  
The actual repair of DNA double-strand breaks occurs mainly through two major 
mechanisms: NHEJ and HR.  
 
NHEJ is active throughout the cell cycle, as it does not require a template DNA to carry out 
the repair. Despite being considered an intrinsically error-prone mechanism due to the lack 
of a template, the classical NHEJ machinery actually constitutes a quite conservative repair 
pathway (Bétermier et al., 2014). Initially, the Ku70/Ku80 (also known as XRCC6/5, X-
Ray Repair Cross-Complementing protein 6/5) heterodimer binds to DNA ends at the 
damaged site, followed by recruitment and activation of DNA-PKcs (DNA-dependent 
Protein Kinase Catalytic Subunit) (Ciccia and Elledge, 2010). This DNA-PK complex 
holds the DNA ends together (DeFazio, 2002) and undergoes a conformational change 
triggered by an autophosphorylation that allows the recruitment and activation of factors 
that mediate the ligation of DNA, including XRCC4 (X-ray Repair Cross-Complementing 
protein 4), XLF (XRCC4-Like Factor), and LIG4 (DNA ligase IV) (Ahnesorg et al., 2006; 
Grawunder et al., 1997; Li et al., 1995). Depending on the type of break, different proteins, 
such as nucleases and DNA polymerases, can be involved in the reaction to process DNA 
ends before ligation (Vignard et al., 2013). For example, in the presence of hairpins or 
overhangs, DNA-PKcs recruits the endonuclease Artemis to blunt the DNA ends before 
their ligation (Jiang et al., 2015; Ma et al., 2002).  
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Schematic representation of ATM-dependent DNA double-strand break signaling. The MRN complex 
recognizes the break, and recruits ATM, which phosphorylates several targets, including histone H2AX. 
This modification allows the docking of MDC1, WRAP53β and RNF8. Ubiquitylation of histone H1 by 
RNF8 attracts RNF168, which in turn ubiquitylates histones H2A and H2AX. This and additional signals 
allow the recruitment of down-stream effector proteins, such as BRCA1, which favors homologous 
recombination, or 53BP1, which promotes non-homologous end joining. 
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Contrarily to NHEJ, HR is restricted to the late S and G2 phases of the cell cycle, when 
sister chromatids are available as templates for repair. The first step of HR involves the 
creation of long stretches of single-stranded DNA (ssDNA) through a mechanism called 
resection. This process is initiated by the endo- and exonuclease activities of MRE11 and 
CtIP (CtBP-Interacting Protein), and is aided by a series of other factors, including BLM 
(Bloom Syndrome RecQ-Like Helicase), EXO1 (Exonuclease 1) and DNA2 (DNA 
Replication Helicase/Nuclease 2) (Symington and Gautier, 2011). ssDNA is coated by the 
protective RPA (Replication protein A) protein complex, which prevents the formation of 
DNA secondary structures and serves as a scaffold for ATRIP (ATR Interacting Protein) 
and TopBP1 (Topoisomerase II Binding Protein 1) binding. ATRIP and TopBP1 in turn 
activate ATR (Ataxia telangiectasia and Rad3-related protein) (Thompson, 2012). RPA is 
then exchanged for the DNA recombinase RAD51 (Rad51 recombinase homolog) (Dou et 
al., 2010; Thompson, 2012) and this loading of RAD51 on ssDNA is mediated by BRCA2 
(Breast Cancer 2), which locates to the break site by binding PALB2 (Partner And 
Localizer Of BRCA2) and BRCA1 (Prakash et al., 2015). The RAD51 helical 
nucleoprotein filaments then locate the homologous DNA sequence and catalyze strand 
invasion (Renkawitz et al., 2014). After annealing, the missing strand is synthesized 
(Sharma et al., 2012), forming a Holliday junction that is either dissolved or cleaved, 
resulting in a crossover (Bizard and Hickson, 2014; Wyatt and West, 2014). 
  
The balance between HR and NHEJ is tightly regulated, and the choice of pathway is 
influenced by several mechanisms. The most prominent involves the presence of either 
BRCA1 or 53BP1 at the break site; the former promotes DNA end resection, while the 
latter inhibits it (Bouwman et al., 2010; Bunting et al., 2010). During the G1 and early S 
phases of the cell cycle, 53BP1 binds to chromatin and recruits the effector protein RIF1 
(Replication Timing Regulatory Factor 1) and shieldin, a complex formed of REV7 
(Mitotic spindle assembly checkpoint protein MAD2B) and three SHLD1/2/3 (Shieldin 
complex subunit 1/2/3) proteins, which prevents end resection (Setiaputra and Durocher, 
2019). For cells to activate DNA end resection in S/G2 phase, they must reduce 53BP1-
mediated end protection. The increasing levels of CDKs (cyclin-dependent kinases) during 
the S phase allow the progressive phosphorylation of a series of factors that promote end 
resection, including CtIP (Hustedt and Durocher, 2017). Phosphorylation of CtIP stimulates 
accumulation of BRCA1 at the damage site (Yu and Chen, 2004), which in turn displaces 
53BP1 from chromatin (Chapman et al., 2012), thus releasing this block and favoring long-
range resection.   
 

2.3 THE CROSSTALK BETWEEN DNA REPAIR AND RNA METABOLISM 
 
Apart from the local reaction to DNA damage, cells propagate the signaling to orchestrate a 
unified response that can successfully allow them to navigate unscathed through the DNA 
repair process. Damaged cells enforce a broad rearrangement of gene expression patterns, 
mainly directed towards the expression of genes related to the DNA damage response and 
the preservation of genome and transcript integrity. Splicing regulation plays a major role 
in this reprogramming, and several splicing factors are modulated during the DNA damage 
response, through changes in their expression, localization or modification, to affect 
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splicing outcomes (Dutertre et al., 2011; Naro et al., 2015). Interestingly, studies in the past 
decade revealed splicing-independent roles for many splicing factors and, more in general, 
RBPs. Additionally, a number of well-established DNA repair proteins has been shown to 
be able to bind RNA. These discoveries also led to the finding that RNA itself is directly 
involved in the DNA damage response, with the amount of new examples of mechanisms 
of mRNAs and ncRNAs implicated in genome integrity maintenance being on the rise 
(Bader et al., 2020). After having long been considered a protein-exclusive pathway, the 
DNA damage response is now gaining additional layers of complexity with the addition of 
RNA and RNA-binding proteins. 
 

2.3.1 Transcriptional regulation by DNA damage 
  
When encountering a DNA lesion, RNAPII may stall at the break or bypass it, with the 
potential risk of producing aberrant transcripts and blocking the access to repair proteins. In 
order to prevent this, cells have developed mechanisms to transiently inhibit RNA synthesis 
and remove RNAPII from the sites of damage. UV-induced DNA damage, which mainly 
produces bulky adducts, promotes both the blocking of RNAPII at the site of damage and 
the global shutdown of transcription (Gregersen and Svejstrup, 2018). On the other hand, 
double-strand breaks predominantly result in local transcriptional inhibition, which is 
mediated by ATM- and DNA-PK-dependent phosphorylation of RNAPII (Iannelli et al., 
2017; Pankotai et al., 2012; Shanbhag et al., 2010). ATM activation leads to the 
downstream stabilization of the tumor suppressor p53, a transcription factor that 
orchestrates half of the transcriptional response to ionizing radiation (Silva and Ideker, 
2019). p53 directs the transcription of its own target genes, but also reduces MYC 
expression, leading to the general suppression of transcription (Porter et al., 2017; Venkata 
Narayanan et al., 2017).  
 
Despite the well-documented transcriptional shutdown in response to DNA damage, recent 
evidence shows that there is an active transcriptional response associated with double-
strand breaks. Damage-induced transcription is independent of promoter activity (Vítor et 
al., 2019), and results in the production of long and short ncRNAs that have been proven to 
be required for the repair of breaks (Bonath et al., 2018; Burger et al., 2019; Francia et al., 
2012; Michelini et al., 2017; Pessina et al., 2019; Wei et al., 2012). Even though there have 
been significant advances in the field of RNA-mediated DNA repair, further studies are 
required to understand how RNA acts during the DNA damage response and contributes to 
its fine-tuning. 
 

2.3.2 Splicing regulation in DNA repair 
 
Alternative splicing of mRNAs has been proposed as a key event in the response to DNA 
damage, both to induce the production of functional alternative spliced transcripts and to 
promote exon skipping and subsequent nonsense-mediated decay of other mRNAs 
(Wickramasinghe and Venkitaraman, 2016). Notable examples include the alternative 
splicing of a subset of transcripts coding for genome maintenance factors mediated by 
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RNA-binding protein EWS (Ewing sarcoma RNA-binding protein), and the alternative 
splicing of the p53-targeting E3 ubiquitin ligase MDM2 (Mouse double minute 2) (Dutertre 
et al., 2010). Additionally, BRCA1 was found to be involved in the processing of mRNA 
by associating with BCLAF1 (BCL2 Associated Transcription Factor 1) and other key 
components of the spliceosome to promote the splicing and stability of genes involved in 
the DNA damage response (Savage et al., 2014).  
 
The spliceosome itself was recently proposed to be a target and effector of ATM signaling. 
Upon DNA damage, RNAPII pausing induces the displacement of late stage spliceosomes 
and the formation of RNA:DNA hybrids that in turn activate ATM, which leads to more 
spliceosome eviction and genome-wide alternative splicing (Tresini et al., 2015).  
 
Given the tight relationship between transcription and splicing, it is not surprising that the 
effects of the DNA damage response on the former also fall on the latter. In fact, before the 
global shutdown of transcription, UV irradiation induces a reduction in the RNAPII 
transcription elongation rate, causing increased inclusion of alternative last exons, leading 
to the expression of shorter isoforms, and the production of short UV-responsive genes 
(which include immediate-early genes and oncogenes) (Muñoz et al., 2009; Tufegdžić 
Vidaković et al., 2020; Williamson et al., 2017).  
 

2.3.3 RNA-binding proteins in the DNA damage response 
  
The relationship between the DNA damage response and RNA metabolism is further 
strengthened by the finding that an ever increasing amount of RNA-binding proteins is 
involved in DNA repair. The extent of this crosstalk was first uncovered by multiple 
genome-wide screens and proteomics analyses (Adamson et al., 2012; Matsuoka et al., 
2007; Paulsen et al., 2009). Many of the identified RNA-binding proteins are well-known 
splicing factors. For example, proteins of the serine-arginine (SR) family, involved in 
canonical and alternative splicing, prevent RNA:DNA hybrids-induced genome instability, 
influence cell fate and promote the expression of HR genes (Edmond et al., 2011; He and 
Zhang, 2015; Li and Manley, 2005), while hnRNPs (heteronuclear ribonuclear particles) 
are components of the BRCA1-PALB2-BRCA2 and MRN complexes (Anantha et al., 
2013; Polo et al., 2012). The RNA-binding protein PSF (Splicing Factor Proline And 
Glutamine Rich) binds to RAD51 and enhances its homologous strand pairing potential in 
HR (Morozumi et al., 2009), while its highly homologous binding partner NONO (Non-
POU Domain Containing, Octamer-Binding) promotes NHEJ and inhibits HR (Krietsch et 
al., 2012).  
 
Several members of the DEAD-box helicase family, including DDX1 (ATP-dependent 
RNA helicase DDX1), DHX9 (ATP-dependent RNA helicase A) and senataxin, also have 
roles in DNA repair, where they stimulate HR (Cohen et al., 2018; Li et al., 2016). Their 
main role is to unwind RNA, but they have also been linked to the unwinding of DNA and 
RNA:DNA hybrids (Martin-Tumasz and Brow, 2015). Importantly, they promote the 
formation of and bind to RNA:DNA hybrids, confirming the importance of these structures 
around the break sites (Bader et al., 2020). 
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Other classes of RNA-binding proteins have been implicated in the DNA damage response, 
including exosome subunits such as EXOSC10 (Exosome Component 10) (Domingo-Prim 
et al., 2019; Marin-Vicente et al., 2015), and FET family proteins, comprised of FUS 
(Fused in Sarcoma), EWS and TAF15 (TATA-Box Binding Protein Associated Factor 15) 
(Altmeyer et al., 2015). However, the list of RNA-binding proteins and splicing factors 
involved in the maintenance of genome stability and the repair of DNA damage is still far 
from complete, calling for further efforts to define a clearer picture of the molecular 
mechanisms that lead to DNA repair. 
  

2.3.4 WRAP53β 
 
The WRAP53 (WD40-encoding RNA antisense to p53) gene was originally identified in 
our lab as antisense to the TP53 gene (Mahmoudi et al., 2009). WRAP53 has three 
alternative transcription start sites, which give rise to different products. The first, termed 
WRAP53α, is an antisense transcript that binds to and stabilizes the mRNA of the tumor 
suppressor p53, and is required for the induction of p53 upon DNA damage (Mahmoudi et 
al., 2009). The second product, termed WRAP53β, is an mRNA that encodes for an 
evolutionary conserved protein (known as WRAP53β, TCAB1 or WDR79) that, through its 
seven WD40 domains, is able to act as a scaffold for multiple molecules simultaneously 
(Henriksson et al., 2014; Stirnimann et al., 2010). The function of the third RNA, named 
WRAP53γ, remains elusive.  
 

 
The WRAP53β protein is found both in the nucleus and in the cytoplasm, but mainly 
localizes to Cajal bodies, subnuclear organelles described for the first time by the Spanish 
neurobiologist Santiago Ramon y Cajal (Gall, 2003). Cajal bodies are enriched in RNPs, 
such as snRNPs, snoRNPs, scaRNPs, and the telomerase complex, and act as hubs for their 
maturation (Neugebauer, 2017). Importantly, WRAP53β is essential for the maintenance of 
Cajal bodies, as its depletion leads to the disappearance of these organelles (Mahmoudi et 
al., 2010). Additionally, WRAP53β targets several proteins and RNAs to Cajal bodies, and 
its loss results in their accumulation in nucleoli (Mahmoudi et al., 2010). For example, by 
facilitating its interaction with the Cajal bodies marker protein coilin, WRAP53β directs 

Schematic representation of the 
WRAP53/TP53 locus on 
chromosome 17, and the three 
products of the WRAP53 gene. 
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SMN to these organelles. Likewise, scaRNAs require WRAP53β for their localization to 
Cajal bodies, a process that depends on the binding of this protein to their CAB (Cajal 
bodies localization signal) box (Tycowski et al., 2009).  
 
WRAP53β also plays a central role in the trafficking of the telomerase complex. The 
telomerase RNA component, TERC, is a scaRNA, and contains a CAB box that is bound 
by WRAP53β. This interaction promotes the localization of the whole telomerase to Cajal 
bodies and subsequently to telomeres (Stern et al., 2012; Venteicher et al., 2009). Loss of 
WRAP53β results in the accumulation of telomerase to nucleoli and the shortening of 
telomeres (Venteicher et al., 2009). In addition to its localization, WRAP53β binding to 
TERC also affects the enzymatic activity of telomerase, as cells depleted for WRAP53β 
show a reduction in telomerase catalysis dependent on the unfolding of a region of TERC 
critical for its binding to the telomerase reverse-transcriptase (TERT) (L. Chen et al., 2018).  
 
Recent findings from our group highlighted the involvement of WRAP53β in the DNA 
damage response. Upon DNA damage, WRAP53β is phosphorylated by the protein kinase 
ATM and rapidly recruited to γH2AX, where it promotes the recruitment of RNF8 to 
MDC1 by binding both proteins at the same time through its WD40 domains (Coucoravas 
et al., 2017; Henriksson et al., 2014). Depletion of WRAP53β abolishes the ubiquitin-
dependent DNA damage signaling, resulting in diminished recruitment of downstream 
factors and a G2/M cell cycle phase arrest due to impaired double-strand break repair.  
 
SNPs (single nucleotide polymorphisms) in the WRAP53 gene or reduced expression of the 
protein in the nucleus have been linked to increased risk of sporadic cancers, 
radioresistance of tumors and poor survival of cancer patients (Garcia-Closas et al., 2007; 
Garvin et al., 2015). Mutations in the WRAP53 gene can also cause the genetic disease 
dyskeratosis congenita and its severe form Hoyeraal-Hreidarsson syndrome (Bergstrand et 
al., 2020; Shao et al., 2018; Zhong et al., 2011). All the mutations identified up to now 
localize in the WD40 domains of the protein, and cause the disruption of WRAP53β 
interaction with telomerase, Cajal bodies proteins and DNA repair factors, highlighting the 
complex pathogenesis of these diseases. 
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3 RESEARCH AIMS 
The focus of this thesis was to investigate the involvement of RNA-binding proteins and 
RNA metabolism in DNA damage repair and gene expression. 
 
The specific aims for each paper were the following: 
 
Paper I - assess the prognostic significance and cellular effects of altered WRAP53β 
expression in epithelial ovarian cancer.   
 
Paper II - examine how ongoing splicing influences repair of DNA double-strand breaks. 
 
Paper III - explore the connection between the H/ACA complex and RNAPII-dependent 
transcription, and whether pseudouridylation of RNA affects gene expression.   
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4 ETHICAL CONSIDERATIONS 
Paper I includes results obtained from tumor material derived from epithelial ovarian 
cancer patients (cohort II). This cohort is a merge of all epithelial ovarian cancer cases in 
two prospective, population-based cohorts, the Malmö Diet and Cancer Study (Berglund et 
al., 1993) and the Malmö Preventive Medicine Study (Berglund et al., 1996). All data were 
analyzed retrospectively, and therefore did not affect patient management. The study was 
performed in compliance with the ethical requirements from the Declaration of Helsinki 
and approved by the Swedish Ethical Review Authority (Regionala Etikprövningsnämnden 
in Lund, Dnr 445/2007, Dnr 35/2008, Dnr 530/2008). Cohorts I, III and IV comprised 
publicly available data from the Gene Expression Omnibus (GEO) and The Cancer 
Genome Atlas (TCGA), and therefore no ethical review was required. Commercially 
available cell lines were also used in this paper. 
 
The experiments in papers II and III, were performed exclusively in commercially 
available cell lines. 
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5 RESULTS AND DISCUSSION 

5.1 PAPER I 
 
Downregulation of the cancer susceptibility protein WRAP53β in epithelial ovarian cancer 
leads to defective DNA repair and poor clinical outcome 
 
WRAP53β is deleted or mutated in several cancers (Bergstrand et al., 2019) and single 
nucleotide polymorphisms in the WRAP53 gene are associated with an increased risk of 
breast and ovarian cancer development (Mędrek et al., 2013; Schildkraut et al., 2009; 
Silwal-Pandit et al., 2015). Here, we wanted to determine if WRAP53β could have a 
prognostic significance in epithelial ovarian cancer. 
 
Examination of the mRNA expression of WRAP53β in cohort I (consisting of publicly 
available microarray data for 1581 patients) revealed that low WRAP53β mRNA 
expression was associated with shorter progression-free survival and poorer overall 
survival. To assess protein levels, a tissue microarray comprising 151 tumor samples (from 
the Malmö Diet and Cancer Study (Berglund et al., 1993) and the Malmö Preventive 
Medicine Study (Berglund et al., 1996)) was constructed, and stained with an antibody 
targeting WRAP53β. As for mRNA expression, low levels of WRAP53β protein in the 
nucleus correlated with reduced survival of patients with ovarian cancer, conferring a four-
fold higher risk of dying from this type of tumor.  
 
To elucidate the cellular processes involved, we performed a gene set enrichment analysis 
of two independent epithelial ovarian cancer cohorts. This revealed that high levels of 
WRAP53β correlated with high expression of mRNAs encoding proteins involved in DNA 
repair, chromatin architecture and binding, and histone modification, suggesting that an 
impaired DNA damage response may underlie the enhanced tumor progression in ovarian 
cancer patients with low WRAP53β expression. 
 
To characterize the function of WRAP53β at a molecular level, we analyzed the 
recruitment of this protein to DNA breaks in two ovarian cancer cell lines: SKOV-3 and 
A2780. This showed accumulation of WRAP53β in ionizing radiation-induced foci (IRIF) 
at the sites of DNA double-strand breaks after IR exposure. Following depletion of 
WRAP53β through siRNAs, DNA repair was greatly impaired, as marked by the presence 
of residual γH2AX IRIF even 24 hours after IR. Decreased levels of WRAP53β also 
reduced the accumulation of ubiquitin-signals and DNA repair factors, including BRCA1, 
RAD51 and 53BP1, on damaged chromatin, leading to ineffective double-strand break 
repair in ovarian cancer cells, as previously observed by us in osteosarcoma cells 
(Henriksson et al., 2014), 
 
Ovarian cancer is the seventh most commonly diagnosed cancer among women worldwide, 
with the highest rates seen in Central and Eastern Europe (Reid et al., 2017). Due to the 
lack of early symptoms, the diagnosis is usually performed at a late stage of the cancer, 
leading to a general poor prognosis. Epithelial ovarian cancers can be divided into five 
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different subtypes, namely high-grade serous, low-grade serous, clear cell, endometrioid, 
and mucinous, of which high grade serous is the most common (Gee et al., 2018). 
Mutations in TP53, BRCA1 and BRCA2 are found in ovarian cancer patients, as well as 
hypermethylation of BRCA1 and RAD51C, are found in approximately half of high-grade 
serous ovarian cancers, highlighting a role for homologous recombination defects in 
ovarian cancer onset and progression (Network and The Cancer Genome Atlas Research 
Network, 2011). These defects in HR sensitize cells to PARP (poly [ADP-ribose] 
polymerase) inhibitors, a class of molecules that targets the PARP enzyme family. By 
inducing persistent single-strand breaks, PARP inhibitors lead to the accumulation of 
double-strand breaks that can be repaired through HR. However, in cells lacking the HR 
factors BRCA1 or BRCA2, these double-strand breaks cannot be repaired, thus causing cell 
death (Bryant et al., 2005; Farmer et al., 2005). PARP inhibition also promotes NHEJ, 
leading to genomic rearrangements, and PARP trapping on DNA, which inhibits DNA 
repair (Konstantinopoulos et al., 2015). Importantly, however, the restoration of HR or the 
inactivation of NHEJ in cancer cells causes resistance to PARP inhibitors, significantly 
hampering anticancer therapy (Gogola et al., 2019). Our finding that WRAP53β expression 
is decreased in ovarian cancer and impairs both HR and NHEJ suggests that reduced 
expression of WRAP53β could cause resistance to PARP inhibitors. It remains to be shown 
how the status of WRAP53β expression in ovarian cancers may help the choice of drug 
treatment. 
 
Not only ovarian cancers, but also breast and head and neck cancers present lower levels or 
loss of WRAP53β protein expression (Garvin et al., 2015; Silwal-Pandit et al., 2015). 
Furthermore, poor expression of this protein correlates with a negative response to 
radiotherapy for patients with head and neck and metastatic rectal cancer (Garvin et al., 
2015; H. Zhang et al., 2012). On the other hand, WRAP53β is overexpressed in several 
cancer cell lines and primary tumors (lung, head and neck, and colorectal cancers) and its 
downregulation results in apoptosis and reduced proliferation of cancer cell lines and 
xenografts (Bergstrand et al., 2019). Such contrasting observations may be reconciled by 
considering the connection between WRAP53β and DNA damage repair. In early cancer 
lesions, DNA damage pathways are overly activated in response to replication stress, in an 
attempt to block unrestricted cell proliferation by inducing cell cycle arrest and apoptosis 
(Bartkova et al., 2005; Gorgoulis et al., 2005). To overcome this barrier, cancer cells are 
under selection pressure for the inactivation of either p53 or components of the DNA 
damage response pathway (Bartkova et al., 2005; Gorgoulis et al., 2005). In light of this, 
WRAP53β may be overexpressed in early stages of cancer, as part of the DNA damage 
response, and later downregulated to favor hyperproliferation of genetically unstable cells. 
Our results from paper I support this model, since stage 1 ovarian cancers express higher 
levels of WRAP53β compared to cancers from more advanced stages, where instead its 
expression is drastically reduced. High levels of WRAP53β mRNA also correlated with an 
active DNA damage response signature, further supporting this view.  
 
In conclusion, our results from paper I demonstrate that epithelial ovarian tumors 
expressing low WRAP53β levels have defective DNA repair, resulting in a poor prognosis 
for the patients.  
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5.2 PAPER II 
 
Splicing controls the ubiquitin response during DNA double-strand break repair 
 
About ten years ago it became apparent that there is a link between RNA metabolism and 
DNA damage repair. The magnitude of this crosstalk was highlighted by several different 
genome-wide screens and proteomics analyses, showing that proteins involved in RNA 
post-transcriptional modification are required for genome stability and are directly 
phosphorylated by ATM and ATR (Adamson et al., 2012; Matsuoka et al., 2007; Paulsen et 
al., 2009). While some reports uncovered the direct involvement of these proteins in the 
repair of double-strand breaks through homologous recombination (Maréchal et al., 2014; 
Polo et al., 2012), the reasons underlying such an over-representation of RNA processing 
factors in these screens remained largely unknown. 
  
To pursue these observations, in paper II we decided to study whether ongoing splicing is 
required for the repair of double strand breaks. Because of the possible side effects of 
prolonged siRNA-mediated depletion of splicing factors, we used two small molecules that 
rapidly and efficiently inhibit the activity of the spliceosome. Pladienolide B, a macrolide 
deriving from Streptomyces platensis, selectively blocks SF3B1 (Splicing factor 3B subunit 
1), a subunit of the U2 snRNP of the spliceosome (Kotake et al., 2007), while the 
biflavonoid isoginkgetin, extracted from the plant Ginkgo biloba, inhibits splicing by 
preventing the U4/U6.U5 tri-snRNP from binding to the A complex (O’Brien et al., 2008). 
Interestingly, pretreatment of human osteosarcoma U2OS cells with these splicing 
inhibitors for 5 hours before a single dose of 6Gy of ionizing radiation severely reduced the 
accumulation of proteins involved in the signaling cascade induced by double-strand 
breaks. However, splicing inhibition did not prevent the formation of γH2AX and MDC1 
foci, indicating that ATM was still able to phosphorylate this histone variant and that the 
initial steps of the signaling cascade were fully functional, excluding a more general effect.  
 
We next evaluated whether reduced protein levels following splicing inhibition were the 
cause of impaired accumulation of DNA damage signaling factors. After assessing both 
mRNA and protein levels, we discovered that the steady-state amounts of mRNA were 
dropping in proportion to the duration of splicing inhibition, while protein levels were more 
varied, depending on the different half-lives. Noticeably, the protein levels of the E3 
ubiquitin-ligase RNF8 were halved already two hours after splicing inhibition, indicating 
that this protein is particularly dependent on the continuous production of its mRNA.  
 
RNF8 is the first ubiquitin-ligase recruited to DNA breaks, where it modifies chromatin to 
allow the accumulation of downstream signaling molecules. Thus, we reasoned that loss of 
RNF8 could be the underlying cause of defective DNA repair after splicing inhibition. To 
test this, we overexpressed tagged-RNF8 in both splicing-deficient U2OS and human 
fibroblasts, and monitored ubiquitylation and accumulation of 53BP1 at the damage sites. 
Strikingly, both these factors were restored after overexpression of RNF8, consistent with 
the importance of RNF8 levels for this signaling at DNA double-strand breaks. 
Furthermore, assessment of HR repair efficiency employing DR-GFP U2OS reporter cells 
showed that reintroduction of RNF8 after splicing inhibition could also restore, at least 
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partially, HR-mediated repair. Collectively, our results demonstrate that production of 
RNF8 is particularly sensitive to splicing inhibition, and that reintroduction of this protein 
can restore the DNA damage response, even in cases where other repair factors are severely 
reduced. 
 
Interestingly, several groups have reported decreased levels of BRCA1 and RAD51 after 
knock-down of splicing factors, stressing their importance for proper HR (Onyango et al., 
2017; Sankar et al., 2019; Shostak et al., 2020; Tanikawa et al., 2016). The loss of BRCA1 
and RAD51, which we also observed following splicing inhibition, may explain why 
overexpression of RNF8 can only partially restore HR, although ubiquitin signaling was 
fully restored. This would indicate that splicing inhibition affects the DNA damage 
response at different levels, both during signaling, with the loss of RNF8, and repair, with 
diminished BRCA1 and RAD51.    
 
Given the presence of several splicing factors among the genome integrity-maintaining 
protein candidates (Adamson et al., 2012; Matsuoka et al., 2007; Paulsen et al., 2009), we 
questioned whether downregulation of RNF8 could be the key event causing these defects. 
To explore this, we selected three splicing factors (SF3B1, RBMX, and PRPF8) among 
those identified as critical for DNA repair, and examined whether overexpression of RNF8 
could restore DNA damage signaling after depletion of these splicing factors. Interestingly, 
RNF8 was significantly downregulated following depletion of SF3B1, RBMX, or PRPF8 
and accumulation of 53BP1 and ubiquitylation at DNA damage sites was restored fully 
when RNF8 was overexpressed, thus indicating that an underlying cause for the appearance 
of many splicing factors in these genome-wide screens could be linked to RNF8 loss. 
 
RNF8 deficient mice show impaired class switch recombination, spermatogenesis, and 
genomic integrity, and are predisposed to carcinogenesis (Li et al., 2018, 2010). Additional 
mutations or knock-out of TP53 increase the levels of genomic instability and 
tumorigenesis, suggesting that RNF8 and p53 function synergistically to suppress cancer 
onset (Halaby et al., 2013; Li et al., 2018). Apart from its role in the DNA damage 
response, RNF8 also participates in the suppression of telomere fusion (Rai et al., 2011; 
Tripathi and Smith, 2017), and in mitosis and cytokinesis (Chahwan et al., 2013; Plans et 
al., 2008; Tuttle et al., 2007). Disruption of any of these mechanisms results in increased 
genome instability, further underlining the importance of RNF8 in the maintenance of 
genome integrity.  
 
The interplay between splicing and the DNA damage response is intricate. After DNA 
damage, BRCA1 forms a complex with BCLAF1 and several splicing factors, including 
SF3B1 and PRPF8, promoting splicing and subsequent expression of many genes encoding 
proteins involved in DNA repair (Savage et al., 2014). Splicing factors are targeted by 
different post-translational modifications in response to DNA damage, most notably 
phosphorylation by the three apical kinases ATM, ATR and DNA-PKcs (Shkreta and 
Chabot, 2015). Various reports also show that down-regulation of splicing factors causes 
genomic instability by inhibiting transcription and increasing the amounts of R-loops. 
RNA:DNA hybrid formation results in a displaced DNA strand, which can be targeted by 
nucleolytic cleavage or can cause collisions between the transcription and replication 
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machinery (Skourti-Stathaki and Proudfoot, 2014). Altogether this demonstrates a 
fundamental role of splicing in the prevention and repair of double-strand breaks, a 
regulation that appears to occur indirectly through the maintenance of repair factors as well 
as directly at site of damage by preventing detrimental structures in DNA. 
 
In paper II we unveiled an unexpected sensitivity to splicing inhibition of RNF8, indicating 
that functional mRNA production is crucial for the DNA damage response. However, the 
reason why the levels of RNF8 appear to be rate limiting for DNA repair remains unclear. 
In the light of our findings, we can also hypothesize that part of the reason for such a strong 
requirement for splicing factors in the preservation of genome integrity is the loss of RNF8 
derived from splicing impairment. Nevertheless, a direct involvement in DNA repair of 
many of these RNA processing factors was reported, so careful studies are required to 
distinguish immediate involvement from secondary effects.  
 

5.3 PAPER III 
 
Co-transcriptional pseudouridylation of mRNAs by the H/ACA complex controls 
translational efficiency 
 
WRAP53β binds to scaRNAs and TERT together with the H/ACA complex. Given the 
involvement of WRAP53β in DNA damage repair, and our observation that scaRNAs are 
also mediators of the DNA damage response (Bergstrand et al., Submitted), we decided to 
evaluate whether also dyskerin and the other proteins of the H/ACA complex have a 
function in this pathway. While performing our studies, we observed that one antibody 
against dyskerin, in addition to the expected signal from nucleoli and Cajal bodies, gave a 
speckled pattern in the nucleoplasm that resembled splicing speckles. Moreover, SMN, 
another protein known to reside in Cajal bodies and bind the H/ACA complex, was shown 
to engage in transcriptional termination, with its loss triggering the generation of DNA 
damage (Zhao et al., 2016). Together with the increasing evidence that RNAPII-dependent 
transcription plays a role at the sites of DNA damage, we reasoned that the H/ACA 
complex could be associated with RNAPII-dependent transcription, and have a role in the 
DNA damage response through this association. 
 
To explore this, we first verified the localization of dyskerin in splicing speckles employing 
different antibodies and different cell types. Additionally, we treated cells with transcription 
and splicing inhibitors, which are known to alter the shape of splicing speckles and result in 
the accumulation of RNAPII transcription-dependent factors inside these bodies (Fei et al., 
2017). This led to increased dyskerin signal from splicing speckles and also allowed 
detection of the other components of the H/ACA complex inside speckles.  
 
ChIP-seq experiments performed in U2OS cells showed that dyskerin associates with 
RNAPII-transcribed genes, mainly within gene bodies and peaking towards the 
transcription end site. Importantly, similar occupancy was reported for the speckle-enriched 
lncRNA MALAT1, as well as other speckles components detected by the SC-35 antibody, 
further supporting that localization of dyskerin in speckles is connected to its function in 
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RNAPII-dependent transcription (Guo et al., 2019; West et al., 2014). Following 
transcriptional inhibition, binding of dyskerin within the gene body emulated that of 
RNAPII, and co-immunoprecipitation experiments showed that dyskerin co-precipitates 
with RNAPII.  
 
Having established that the H/ACA complex travels with RNAPII during transcription, we 
wanted to understand the reason for this association. We then knocked-down dyskerin and 
GAR1 and performed nuclear RNA-seq. We could not find evidence for major changes in 
gene expression, and no indication of alternative splicing, so we concluded that the main 
reason for the H/ACA complex binding to RNAPII lies elsewhere. It is essential to note, 
however, that by RNA-seq we measured steady-state levels of RNAs, so we cannot rule out 
that downregulation of dyskerin or GAR1 triggers variations in transcription that are later 
compensated by the cell through, for example, increased degradation.  
 
The finding that dyskerin associates with gene bodies genome-wide opens the possibility 
that this protein binds to mRNAs. To assess this, we performed iCLIP of both dyskerin and 
GAR1. To our surprise, the majority of reads from the dyskerin iCLIP mapped to protein-
coding regions. Dyskerin and GAR1 were also bound to the same mRNAs, indicating that 
the mature form of the H/ACA complex is involved in this binding. However, GAR1 
showed less iCLIP tags in mRNAs compared to dyskerin, potentially due to a larger 
distance between GAR1 and mRNAs, reducing crosslinking probability. Furthermore, this 
could indicate that mRNAs are bound by the H/ACA complex as target RNAs (like 
snRNAs and rRNAs), rather than guide RNAs, since the crosslinking of GAR1 to known 
guide snoRNAs and scaRNAs was very strong.   
 
Why would the H/ACA complex bind to thousands of mRNAs? Given its enzymatic 
activity, the most reasonable explanation would be that dyskerin pseudouridylates mRNAs. 
Recent application of genome-wide techniques to map Ψ revealed that this modification 
exists inside mRNAs, and few of these modified sites were reported to be introduced by 
dyskerin (Khoddami et al., 2019; Schwartz et al., 2014). To assess whether the mRNAs 
identified through iCLIP of dyskerin are pseudouridylated by this enzyme, we performed 
RIP with an antibody specific for Ψ, recently used to map Ψ genome-wide (Martinez 
Campos et al., 2021). This showed that pseudouridylation of mRNAs was reduced 
following down-regulation of dyskerin, indicating that they are indeed modified by the 
H/ACA complex. Importantly, pseudouridylation of an exogenous mRNA transcribed from 
a reporter locus was also reduced following depletion of dyskerin, suggesting that dyskerin 
does not require a guide RNA with perfect complementarity with the target RNA for such 
modification. Despite the classical view of the perfect complementarity between guide and 
target RNA, it is now becoming more apparent that the H/ACA complex can tolerate a 
certain number of mismatches between its guide and target RNA during pseudouridylation, 
but that this reduces the kinetics of the process (Caton et al., 2018; De Zoysa et al., 2018; 
Kelly et al., 2019; Wu et al., 2011). 
 
The consequences of pseudouridine in mRNA are still unclear and many investigations 
have reported opposing results. Pseudouridylation by dyskerin was shown to increase the 
stability of the mRNAs of selected ribosomal proteins in HCT116 cells (Kan et al., 2021), 
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and pseudouridylation of a subset of mRNAs by Pus7p increased their stability after heat 
shock in yeast (Schwartz et al., 2014). Accordingly, pseudouridylation of synthetic mRNAs 
enhances their stability in vivo (following injection into mammals) (Karikó et al., 2008). On 
the other hand, in the parasite T. brucei pseudouridylation of mRNAs showed either 
stabilizing or destabilizing effects, depending on which protein bound to the mRNA (Rajan 
et al., 2021), and in T. gondi this modification decreased the half-life of the mRNAs 
(Nakamoto et al., 2017). Our preliminary results have not demonstrated large alterations in 
mRNA stability following downregulation of dyskerin.  
 
Ψ presence in mRNA has also been linked to alternative splicing, since Ψ were found 
enriched in splice sites of alternatively spliced exons and to overlap the binding sites of 
several regulatory RBPs (Martinez et al., n.d.). However, our data does not present any 
evidence of differential splicing patterns in U2OS cells after dyskerin knock-down.  
 
Another function ascribed to Ψ is translation regulation. Several studies have tried to assess 
this by inserting one or several Ψ inside mRNAs, but no definitive conclusion has been 
reached on translational effects, since different results were obtained depending on the 
amount and the location of Ψ inserted into mRNAs (Anderson et al., 2009; Eyler et al., 
2019; Hoernes et al., 2019, 2016; Karikó et al., 2008). Additionally, it was proposed that 
including a Ψ inside a codon would induce its miscoding into another amino acid, thus 
expanding the genetic code (Eyler et al., 2019; Fernández et al., 2013; Karijolich and Yu, 
2011). However, this mechanism is still up for debate (Hoernes et al., 2019).  
 
To assess whether mRNA pseudouridylation by dyskerin affects translation, we measured 
puromycin incorporation into peptides in cells depleted of dyskerin. This showed increased 
puromycin incorporation, indicative of higher translation rates in dyskerin-deficient cells. 
Importantly, this increase was rescued by over-expression of wild-type dyskerin, but not by 
a catalytically-dead version, indicating that the enzymatic function of dyskerin is important 
for this mechanism. Enhanced protein production following dyskerin depletion was 
observed from both endogenous and exogenous mRNAs. To exclude the possibility that 
defective ribosomes were the reason for the translational effect, due to reduced 
pseudouridylation of rRNA by dyskerin, we carried out pseudouridylation of a GFP mRNA 
in vitro, and then either translated this mRNA in vitro using a rabbit reticulocyte system or 
by transfection into U2OS. Strikingly, while there was no difference in translation 
efficiency in lysates from rabbit reticulocytes, translation of the modified GFP mRNA 
inside cells recapitulated our initial results, thus suggesting that a higher presence of Ψ 
inside mRNAs decreases their translation efficiency.  
 
Our finding that translation of the same mRNA in vitro or in cellulo gives different results 
elicits a clear question about the reason why. While additional experiments are required to 
answer this question, we can speculate that 1) either the rabbit reticulocyte system lacks a 
factor, most likely an RBP, that recognizes Ψ and modulates the translatability of the 
mRNA, or 2) the mRNA translated in cellulo acquires a Ψ-dependent secondary structure 
or obtains other features that has an impact on translation, or 3) a combination of the two. 
Regarding the first hypothesis, it was recently reported that, in yeast, Pus6 pseudouridylates 
a specific site in the YEF3 mRNA, and that MetRS (methionine aminoacyl tRNAMet 
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synthetase) recognizes this modification. When Pus6 is deleted, the binding of MetRS to 
the YEF3 mRNA is lost, and its translation increased (Levi and Arava, 2021). This is the 
first example of a Ψ reader on mRNA in a physiological context.  
 
Previously it was shown, again in yeast, that the RNA helicase Prp5 binds with increased 
affinity to Ψ42 and Ψ44 in snRNA U2, and that disruption of these two modifications 
impairs Prp5 activity and spliceosome assembly (Wu et al., 2016). Additionally, the 
systematic insertion of Ψ into the RNA motif recognized by Pumilio 2 weakens the 
interaction between this protein and its substrate by two-three fold per Ψ inserted, 
suggesting that pseudouridylation of RNA motifs bound by proteins may fine-tune the 
complex landscape of protein:RNA interactions (Vaidyanathan et al., 2017). On this line of 
thought, pseudouridylation may interfere with the binding of the translation initiation 
complex, and thus fine-tune translation efficiency. Alternatively, modified mRNAs could 
be differentially bound by regulatory RBPs, which may affect mRNA localization or 
translation. 
 
In conclusion, we have uncovered that dyskerin is involved in widespread mRNA 
pseudouridylation, and that this plays a role in translation regulation. While more 
experiments are needed to thoroughly clarify this mechanism and its functional implications 
in relation to stimuli, we believe that paper III adds an important piece to the puzzle of 
epitranscriptomics.   
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everyday. I love you so much.  

And finally, to you two. Despite the distance, you still mean everything to me. I’m so proud 
of what we achieved, and I can’t wait to see where life will bring us. Whatever happens, there 
will always be time for stargazing together. I promise. 
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