From the Department of Cell and Molecular Biology
Karolinska Institutet, Stockholm, Sweden

RNA-BINDING PROTEINS IN
TRANSCRIPTION AND GENOME
INTEGRITY
Chiara Pederiva

Stockholm 2021

All previously published papers were reproduced with permission from the publisher.
Published by Karolinska Institutet.
Printed by Universitetsservice US-AB, 2021
© Chiara Pederiva, 2021
ISBN 978-91-8016-422-1
Cover illustration: Chiara Pederiva

RNA-BINDING PROTEINS IN TRANSCRIPTION AND
GENOME INTEGRITY
THESIS FOR DOCTORAL DEGREE (Ph.D.)
By

Chiara Pederiva

The thesis will be defended in public at
Eva and Georg Klein lecture hall, Biomedicum, Karolinska Institutet Solna
On December 15th, 2021, at 9 AM

Principal Supervisor:
Assoc. Prof. Marianne Farnebo
Karolinska Institutet
Department of Cell and Molecular Biology
Department of Biosciences and Nutrition

Opponent:
Prof. Nicholas J. Proudfoot
University of Oxford
Sir William Dunn School of Pathology

Co-supervisor:
Prof. Neus Visa
Stockholms Universitet
Department of Molecular Biosciences
The Wenner-Gren Institute

Examination Board:
Assoc. Prof. Mikael Lindström
Karolinska Institutet
Department of Medical Biochemistry and
Biophysics
Division of Genome Biology
Prof. Camilla Björkegren
Karolinska Institutet
Department of Cell and Molecular Biology
Department of Biosciences and Nutrition
Prof. Bo Stenerlöw
Uppsala Universitet
Department of Immunology, Genetics and
Pathology

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 cotranscriptionally, 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.

1

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 7methylguanosine (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. Promoterproximal 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
3

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
4

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 ribonucleoproteins (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
5

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).

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.

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
6

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.

Schematic representation of two sets of the H/ACA complex bound to a guide RNA.

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
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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 diseaseassociated 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 cancerassociated 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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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.

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, XRay 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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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 53BP1mediated 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 longrange 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 doublestrand 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 (NonPOU 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.

Schematic representation of the
WRAP53/TP53
locus
on
chromosome 17, and the three
products of the WRAP53 gene.

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
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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 ubiquitindependent 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 fourfold 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 proteincoding 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.

30

6 ACKNOWLEDGEMENTS
First of all, I would like to deeply thank my supervisor Marianne Farnebo for taking me in
her lab and allowing me to become the scientist I am today. Thank you for giving me the
opportunity to go off on a tangent and explore my scientific interests, for supporting and
helping me through all of these years, and for pushing me towards this goal. Your passion
and drive for science are hard to come by!
Thank you also to my co-supervisor Neus Visa, for listening patiently to my results and
sharing with me your knowledge on these intricate research fields.
I am also grateful to the examination board members, Mikael Lindström, Camilla
Björkegren and Bo Stenerlöw, for accepting this task and for spending time reading this
thesis and discussing it during my defense. A special thanks goes to Nicholas Proudfoot, for
the honor of being my opponent. When learning about transcription, I would have never
imagined that I would get to discuss my results with you.
Another heartfelt thank you goes to Laura Baranello, for accepting to be the chairperson for
my defense and for being the greatest unofficial mentor around. Thank you for all the help
with ChIP, for the scientific discussions, the guidance and the support during the past three
years. Thank yous are also due to all her lab members, for sharing reagents and protocols, and
for the time-filling chats during the endless sonication sessions.
Thank you Jernej for welcoming me in the Ule lab to learn iCLIP, for finding the time to
discuss my results and for being such an inspiring scientist and person. Many thanks also to
the members of the Ule lab, in particular Patrick, Flora, Federica, Charlotte and Nobby,
for helping with iCLIP, but also for all the great times during my London visits.
To all the members of the Farnebo lab, past and present, thank you for making the lab a nice
place to be! Steffi, Hanif, Elisabeth, Dominika, for helping me out in the beginning, when
everything felt uphill. Soniya, for the endless patience, the help in the lab and the Indian
food. Christos, for teaching me RIP the first day I started, for introducing me to Vigårda, and
for always being there for a talk whenever it was needed. Rosi, for the amazing scientific
discussions, our shared passions and our continuing long-distance friendship. Xabi, for being
an incredibly talented student and for the fantastic year that we spent working together.
Panos, for the good laughs and your incredible tinkering abilities. Kashayp, for helping out
with ChIP-seq. Ale, for the expertise in everything sequencing-related. Birgit, for all the
knowledge about board games. Eleanor, for the great times in and out of the lab and our
common liquid interests. Julienne, for being an exceptional friend, a tea lover and a multifaceted scientist. Dimitra, for the talks about Uppsala and Greece and the precious help in the
lab. Sandro, for the conversations about mouthwatering Swiss food. Linn and Theo, for
adding more Swedish-ness to the lab. Marta, for the help in the last period and for the good
chats about lights and colors. Sofie, for being my Swedish things-explainer, an awesome lab

31

mate and a great mother and friend. Davide, for the massive help with the project, and for the
support and friendship during the last three years.
I would also like to thank my colleagues back at CCK, for the fun times, the pubs, the
dissertation parties on the fifth floor, the kick-offs and the days of the department. Cinzia, my
mentor, for being my initial inspiration. Thank you also to the people in 7A at Biomedicum,
for putting up with the music from the radio and for the good laughs and cell lab
conversations. A special thanks goes to Laura and Tati, for sharing the last three years of
PhD with me, reagents, protocols, knowledge about the system, hopes and dreams.
To friends that made this journey possible in Stockholm. Felix, for being smart and witty and
keeping the passion for science flowing. Ale and Ana, for the science talks, the life talks, and
the food talks (which were inevitably followed by eating said food). Gire, Andrea, Beatrice,
Dennis and Chiara, for being part of the most exciting months of my Stockholm life.
Disagio is only real when shared! Gire, for being there from almost the beginning and for
discovering Sweden with me. Luca and Sara, for the philosophical discussions and for being
fun company. Andrea and Giacomo, for becoming our högtider sällskapet and for the
incredible friendship. Everyone else with whom I’ve spent time inside or outside KI, thank
you for the company, the adventures, the parties, the pubs.
To friends that helped from afar. Saré, for fifteen years of invaluable friendship. Mor, for
sharing with me incredible adventures. Hollerina, for science and EDM music festivals.
Olly, for moving into the same research field in great style. Mitch and Lise, for being always
willing to have me over and for trying to convince me to move to the Netherlands.
To my parents, for growing me in such a stimulating environment, for always trying to give
me the best, and for pushing me to continuously take that further step. If today I am who I
am, it’s all because of you. Thank you, now and forever.
To Fede, my complementary other half. If seven years ago someone had told me that I would
meet my future husband at a conference, I would have rolled my eyes. And yet, here we are!
Thank you for all the patience (a lot of it), the travels, the love. And of course, thank you for
analyzing all the data for the dyskerin project. Life wouldn’t be the same without you, and
having someone so encouraging and supportive by my side is a blessing. I love you!
To little Jack, one of my greatest accomplishments so far. Watching you grow is such a joy,
and it constantly reminds me about the beauty and wonder of learning something new
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.

32

7 REFERENCES
Adamson B, Smogorzewska A, Sigoillot FD, King RW, Elledge SJ. 2012. A genome-wide
homologous recombination screen identifies the RNA-binding protein RBMX as a
component of the DNA-damage response. Nat Cell Biol 14:318–328.
Ahnesorg P, Smith P, Jackson SP. 2006. XLF interacts with the XRCC4-DNA ligase IV
complex to promote DNA nonhomologous end-joining. Cell 124:301–313.
Altmeyer M, Neelsen KJ, Teloni F, Pozdnyakova I, Pellegrino S, Grøfte M, Rask M-BD,
Streicher W, Jungmichel S, Nielsen ML, Lukas J. 2015. Liquid demixing of
intrinsically disordered proteins is seeded by poly(ADP-ribose). Nat Commun 6:8088.
Anantha RW, Alcivar AL, Ma J, Cai H, Simhadri S, Ule J, König J, Xia B. 2013.
Requirement of heterogeneous nuclear ribonucleoprotein C for BRCA gene expression
and homologous recombination. PLoS One 8:e61368.
Anderson MZ, Brewer J, Singh U, Boothroyd JC. 2009. A pseudouridine synthase
homologue is critical to cellular differentiation in Toxoplasma gondii. Eukaryot Cell
8:398–409.
Arnez JG, Steitz TA. 1994. Crystal structure of unmodified tRNA(Gln) complexed with
glutaminyl-tRNA synthetase and ATP suggests a possible role for pseudo-uridines in
stabilization of RNA structure. Biochemistry 33:7560–7567.
Bader AS, Hawley BR, Wilczynska A, Bushell M. 2020. The roles of RNA in DNA
double-strand break repair. British Journal of Cancer. doi:10.1038/s41416-019-0624-1
Ballarino M, Morlando M, Pagano F, Fatica A, Bozzoni I. 2005. The cotranscriptional
assembly of snoRNPs controls the biosynthesis of H/ACA snoRNAs in
Saccharomyces cerevisiae. Mol Cell Biol 25:5396–5403.
Balogh E, Chandler JC, Varga M, Tahoun M, Menyhárd DK, Schay G, Goncalves T,
Hamar R, Légrádi R, Szekeres Á, Gribouval O, Kleta R, Stanescu H, Bockenhauer D,
Kerti A, Williams H, Kinsler V, Di W-L, Curtis D, Kolatsi-Joannou M, Hammid H,
Szőcs A, Perczel K, Maka E, Toldi G, Sava F, Arrondel C, Kardos M, Fintha A,
Hossain A, D’Arco F, Kaliakatsos M, Koeglmeier J, Mifsud W, Moosajee M, Faro A,
Jávorszky E, Rudas G, Saied MH, Marzouk S, Kelen K, Götze J, Reusz G, Tulassay T,
Dragon F, Mollet G, Motameny S, Thiele H, Dorval G, Nürnberg P, Perczel A, Szabó
AJ, Long DA, Tomita K, Antignac C, Waters AM, Tory K. 2020. Pseudouridylation
defect due to DKC1 and NOP10 mutations causes nephrotic syndrome with cataracts,
hearing impairment, and enterocolitis. Proc Natl Acad Sci U S A 117:15137–15147.
Bartek J, Lukas J. 2003. Chk1 and Chk2 kinases in checkpoint control and cancer. Cancer
Cell 3:421–429.
Bartkova J, Horejsí Z, Koed K, Krämer A, Tort F, Zieger K, Guldberg P, Sehested M,
Nesland JM, Lukas C, Ørntoft T, Lukas J, Bartek J. 2005. DNA damage response as a
candidate anti-cancer barrier in early human tumorigenesis. Nature 434:864–870.
Bentley DL. 2014. Coupling mRNA processing with transcription in time and space. Nat
Rev Genet 15:163–175.
Berglund G, Elmstähl S, Janzon L, Larsson SA. 1993. The Malmo Diet and Cancer Study.
Design and feasibility. J Intern Med 233:45–51.
Berglund G, Eriksson KF, Israelsson B, Kjellström T, Lindgärde F, Mattiasson I, Nilsson
JA, Stavenow L. 1996. Cardiovascular risk groups and mortality in an urban swedish
male population: the Malmö Preventive Project. J Intern Med 239:489–497.
Bergstrand S, Böhm S, Malmgren H, Norberg A, Sundin M, Nordgren A, Farnebo M. 2020.
Biallelic mutations in WRAP53 result in dysfunctional telomeres, Cajal bodies and
DNA repair, thereby causing Hoyeraal-Hreidarsson syndrome. Cell Death Dis 11:238.
Bergstrand S, O’Brien EM, Farnebo M. 2019. The Cajal Body Protein WRAP53β Prepares
the Scene for Repair of DNA Double-Strand Breaks by Regulating Local
Ubiquitination. Front Mol Biosci 6:51.
33

Bétermier M, Bertrand P, Lopez BS. 2014. Is non-homologous end-joining really an
inherently error-prone process? PLoS Genet 10:e1004086.
Bizard AH, Hickson ID. 2014. The dissolution of double Holliday junctions. Cold Spring
Harb Perspect Biol 6:a016477.
Bohnsack MT, Sloan KE. 2018. Modifications in small nuclear RNAs and their roles in
spliceosome assembly and function. Biol Chem 399:1265–1276.
Bonath F, Domingo-Prim J, Tarbier M, Friedländer MR, Visa N. 2018. Next-generation
sequencing reveals two populations of damage-induced small RNAs at endogenous
DNA double-strand breaks. Nucleic Acids Res 46:11869–11882.
Borchardt EK, Martinez NM, Gilbert WV. 2020. Regulation and Function of RNA
Pseudouridylation in Human Cells. Annu Rev Genet 54:309–336.
Bouwman P, Aly A, Escandell JM, Pieterse M, Bartkova J, van der Gulden H, Hiddingh S,
Thanasoula M, Kulkarni A, Yang Q, Haffty BG, Tommiska J, Blomqvist C, Drapkin
R, Adams DJ, Nevanlinna H, Bartek J, Tarsounas M, Ganesan S, Jonkers J. 2010.
53BP1 loss rescues BRCA1 deficiency and is associated with triple-negative and
BRCA-mutated breast cancers. Nat Struct Mol Biol.
Bryant HE, Schultz N, Thomas HD, Parker KM, Flower D, Lopez E, Kyle S, Meuth M,
Curtin NJ, Helleday T. 2005. Specific killing of BRCA2-deficient tumours with
inhibitors of poly(ADP-ribose) polymerase. Nature 434:913–917.
Bunting SF, Callén E, Wong N, Chen H-T, Polato F, Gunn A, Bothmer A, Feldhahn N,
Fernandez-Capetillo O, Cao L, Xu X, Deng C-X, Finkel T, Nussenzweig M, Stark JM,
Nussenzweig A. 2010. 53BP1 inhibits homologous recombination in Brca1-deficient
cells by blocking resection of DNA breaks. Cell.
Burger K, Schlackow M, Gullerova M. 2019. Tyrosine kinase c-Abl couples RNA
polymerase II transcription to DNA double-strand breaks. Nucleic Acids Res 47:3467–
3484.
Carter KC, Taneja KL, Lawrence JB. 1991. Discrete nuclear domains of poly(A) RNA and
their relationship to the functional organization of the nucleus. J Cell Biol 115:1191–
1202.
Caton EA, Kelly EK, Kamalampeta R, Kothe U. 2018. Efficient RNA pseudouridylation by
eukaryotic H/ACA ribonucleoproteins requires high affinity binding and correct
positioning of guide RNA. Nucleic Acids Res 46:905–916.
Chahwan R, Gravel S, Matsusaka T, Jackson SP. 2013. RNF8 links nucleosomal and
cytoskeletal ubiquitylation of higher order protein structures. Cell Cycle.
Chapman JR, Sossick AJ, Boulton SJ, Jackson SP. 2012. BRCA1-associated exclusion of
53BP1 from DNA damage sites underlies temporal control of DNA repair. J Cell Sci
125:3529–3534.
Charpentier B, Muller S, Branlant C. 2005. Reconstitution of archaeal H/ACA small
ribonucleoprotein complexes active in pseudouridylation. Nucleic Acids Res 33:3133–
3144.
Chen C, Zhao X, Kierzek R, Yu Y-T. 2010. A flexible RNA backbone within the
polypyrimidine tract is required for U2AF65 binding and pre-mRNA splicing in vivo.
Mol Cell Biol 30:4108–4119.
Chen L, Roake CM, Freund A, Batista PJ, Tian S, Yin YA, Gajera CR, Lin S, Lee B, Pech
MF, Venteicher AS, Das R, Chang HY, Artandi SE. 2018. An Activity Switch in
Human Telomerase Based on RNA Conformation and Shaped by TCAB1. Cell
174:218–230.e13.
Chen Y, Belmont AS. 2019. Genome organization around nuclear speckles. Curr Opin
Genet Dev 55:91–99.
Chen Y, Zhang Y, Wang Y, Zhang L, Brinkman EK, Adam SA, Goldman R, van Steensel
B, Ma J, Belmont AS. 2018. Mapping 3D genome organization relative to nuclear
compartments using TSA-Seq as a cytological ruler. J Cell Biol 217:4025–4048.
34

Ciccia A, Elledge SJ. 2010. The DNA damage response: making it safe to play with knives.
Mol Cell 40:179–204.
Cohen S, Puget N, Lin Y-L, Clouaire T, Aguirrebengoa M, Rocher V, Pasero P, Canitrot Y,
Legube G. 2018. Senataxin resolves RNA:DNA hybrids forming at DNA doublestrand breaks to prevent translocations. Nat Commun 9:533.
Core L, Adelman K. 2019. Promoter-proximal pausing of RNA polymerase II: a nexus of
gene regulation. Genes Dev 33:960–982.
Cortazar MA, Sheridan RM, Erickson B, Fong N, Glover-Cutter K, Brannan K, Bentley
DL. 2019. Control of RNA Pol II Speed by PNUTS-PP1 and Spt5 Dephosphorylation
Facilitates Termination by a “Sitting Duck Torpedo” Mechanism. Mol Cell 76:896–
908.e4.
Coucoravas C, Dhanjal S, Henriksson S, Böhm S, Farnebo M. 2017. Phosphorylation of the
Cajal body protein WRAP53β by ATM promotes its involvement in the DNA damage
response. RNA Biology. doi:10.1080/15476286.2016.1243647
C Quaresma AJ, Bugai A, Barboric M. 2016. Cracking the control of RNA polymerase II
elongation by 7SK snRNP and P-TEFb. Nucleic Acids Res 44:7527–7539.
Czekay DP, Kothe U. 2021. H/ACA Small Ribonucleoproteins: Structural and Functional
Comparison Between Archaea and Eukaryotes. Front Microbiol 12:654370.
Daguenet E, Dujardin G, Valcárcel J. 2015. The pathogenicity of splicing defects:
mechanistic insights into pre-mRNA processing inform novel therapeutic approaches.
EMBO Rep 16:1640–1655.
Darzacq X, Kittur N, Roy S, Shav-Tal Y, Singer RH, Meier UT. 2006. Stepwise RNP
assembly at the site of H/ACA RNA transcription in human cells. J Cell Biol 173:207–
218.
Davis FF, Allen FW. 1957. RIBONUCLEIC ACIDS FROM YEAST WHICH CONTAIN
A FIFTH NUCLEOTIDE. Journal of Biological Chemistry. doi:10.1016/s00219258(18)70770-9
DeBauche DM, Pai GS, Stanley WS. 1990. Enhanced G2 chromatid radiosensitivity in
dyskeratosis congenita fibroblasts. Am J Hum Genet 46:350–357.
DeFazio LG. 2002. Synapsis of DNA ends by DNA-dependent protein kinase. The EMBO
Journal. doi:10.1093/emboj/cdf299
Desrosiers R, Friderici K, Rottman F. 1974. Identification of methylated nucleosides in
messenger RNA from Novikoff hepatoma cells. Proc Natl Acad Sci U S A 71:3971–
3975.
De Zoysa MD, Wu G, Katz R, Yu Y-T. 2018. Guide-substrate base-pairing requirement for
box H/ACA RNA-guided RNA pseudouridylation. RNA 24:1106–1117.
Doil C, Mailand N, Bekker-Jensen S, Menard P, Larsen DH, Pepperkok R, Ellenberg J,
Panier S, Durocher D, Bartek J, Lukas J, Lukas C. 2009. RNF168 binds and amplifies
ubiquitin conjugates on damaged chromosomes to allow accumulation of repair
proteins. Cell 136:435–446.
Dokal I, Bungey J, Williamson P, Oscier D, Hows J, Luzzatto L. 1992. Dyskeratosis
congenita fibroblasts are abnormal and have unbalanced chromosomal rearrangements.
Blood 80:3090–3096.
Domingo-Prim J, Endara-Coll M, Bonath F, Jimeno S, Prados-Carvajal R, Friedländer MR,
Huertas P, Visa N. 2019. EXOSC10 is required for RPA assembly and controlled
DNA end resection at DNA double-strand breaks. Nat Commun 10:2135.
Dou H, Huang C, Singh M, Carpenter PB, Yeh ETH. 2010. Regulation of DNA repair
through deSUMOylation and SUMOylation of replication protein A complex. Mol
Cell 39:333–345.
Dundr M, Misteli T. 2010. Biogenesis of nuclear bodies. Cold Spring Harb Perspect Biol
2:a000711.
Dutertre M, Sanchez G, Barbier J, Corcos L, Auboeuf D. 2011. The emerging role of pre35

messenger RNA splicing in stress responses: sending alternative messages and silent
messengers. RNA Biol 8:740–747.
Dutertre M, Sanchez G, De Cian M-C, Barbier J, Dardenne E, Gratadou L, Dujardin G, Le
Jossic-Corcos C, Corcos L, Auboeuf D. 2010. Cotranscriptional exon skipping in the
genotoxic stress response. Nat Struct Mol Biol 17:1358–1366.
Eaton JD, West S. 2020. Termination of Transcription by RNA Polymerase II: BOOM!
Trends Genet 36:664–675.
Edmond V, Moysan E, Khochbin S, Matthias P, Brambilla C, Brambilla E, Gazzeri S,
Eymin B. 2011. Acetylation and phosphorylation of SRSF2 control cell fate decision
in response to cisplatin. EMBO J 30:510–523.
Eyler DE, Franco MK, Batool Z, Wu MZ, Dubuke ML, Dobosz-Bartoszek M, Jones JD,
Polikanov YS, Roy B, Koutmou KS. 2019. Pseudouridinylation of mRNA coding
sequences alters translation. Proc Natl Acad Sci U S A 116:23068–23074.
Farmer H, McCabe N, Lord CJ, Tutt ANJ, Johnson DA, Richardson TB, Santarosa M,
Dillon KJ, Hickson I, Knights C, Martin NMB, Jackson SP, Smith GCM, Ashworth A.
2005. Targeting the DNA repair defect in BRCA mutant cells as a therapeutic strategy.
Nature 434:917–921.
Fatica A, Dlakić M, Tollervey D. 2002. Naf1p is a box H/ACA snoRNP assembly factor.
RNA 8:1502–1514.
Fei J, Jadaliha M, Harmon TS, Li ITS, Hua B, Hao Q, Holehouse AS, Reyer M, Sun Q,
Freier SM, Pappu RV, Prasanth KV, Ha T. 2017. Quantitative analysis of multilayer
organization of proteins and RNA in nuclear speckles at super resolution. J Cell Sci
130:4180–4192.
Fernández IS, Ng CL, Kelley AC, Wu G, Yu Y-T, Ramakrishnan V. 2013. Unusual base
pairing during the decoding of a stop codon by the ribosome. Nature 500:107–110.
Fong N, Kim H, Zhou Y, Ji X, Qiu J, Saldi T, Diener K, Jones K, Fu X-D, Bentley DL.
2014. Pre-mRNA splicing is facilitated by an optimal RNA polymerase II elongation
rate. Genes Dev 28:2663–2676.
Fradet-Turcotte A, Canny MD, Escribano-Díaz C, Orthwein A, Leung CCY, Huang H,
Landry M-C, Kitevski-LeBlanc J, Noordermeer SM, Sicheri F, Durocher D. 2013.
53BP1 is a reader of the DNA-damage-induced H2A Lys 15 ubiquitin mark. Nature.
doi:10.1038/nature12318
Francia S, Michelini F, Saxena A, Tang D, de Hoon M, Anelli V, Mione M, Carninci P,
d’Adda di Fagagna F. 2012. Site-specific DICER and DROSHA RNA products
control the DNA-damage response. Nature 488:231–235.
Galganski L, Urbanek MO, Krzyzosiak WJ. 2017. Nuclear speckles: molecular
organization, biological function and role in disease. Nucleic Acids Res 45:10350–
10368.
Gall JG. 2003. The centennial of the Cajal body. Nature Reviews Molecular Cell Biology.
doi:10.1038/nrm1262
Galloway A, Cowling VH. 2019. mRNA cap regulation in mammalian cell function and
fate. Biochim Biophys Acta Gene Regul Mech 1862:270–279.
Garcia-Closas M, Kristensen V, Langerød A, Qi Y, Yeager M, Burdett L, Welch R,
Lissowska J, Peplonska B, Brinton L, Gerhard DS, Gram IT, Perou CM, BørresenDale A-L, Chanock S. 2007. Common genetic variation in TP53 and its flanking
genes, WDR79 and ATP1B2, and susceptibility to breast cancer. Int J Cancer
121:2532–2538.
Garus A, Autexier C. 2021. DYSKERIN, AN ESSENTIAL PSEUDOURIDINE
SYNTHASE WITH MULTIFACETED ROLES IN RIBOSOME BIOGENESIS,
SPLICING AND TELOMERE MAINTENANCE. RNA. doi:10.1261/rna.078953.121
Garvin S, Tiefenböck K, Farnebo L, Thunell LK, Farnebo M, Roberg K. 2015. Nuclear
expression of WRAP53β is associated with a positive response to radiotherapy and
36

improved overall survival in patients with head and neck squamous cell carcinoma.
Oral Oncol 51:24–30.
Gaysinskaya V, Stanley SE, Adam S, Armanios M. 2020. Synonymous Mutation in DKC1
Causes Telomerase RNA Insufficiency Manifesting as Familial Pulmonary Fibrosis.
Chest 158:2449–2457.
Gee ME, Faraahi Z, McCormick A, Edmondson RJ. 2018. DNA damage repair in ovarian
cancer: unlocking the heterogeneity. J Ovarian Res 11:50.
Ghanim GE, Fountain AJ, van Roon A-MM, Rangan R, Das R, Collins K, Nguyen THD.
2021. Structure of human telomerase holoenzyme with bound telomeric DNA. Nature
593:449–453.
Girard C, Will CL, Peng J, Makarov EM, Kastner B, Lemm I, Urlaub H, Hartmuth K,
Lührmann R. 2012. Post-transcriptional spliceosomes are retained in nuclear speckles
until splicing completion. Nat Commun 3:994.
Gogola E, Duarte AA, de Ruiter JR, Wiegant WW, Schmid JA, de Bruijn R, James DI,
Llobet SG, Vis DJ, Annunziato S, van den Broek B, Barazas M, Kersbergen A, van de
Ven M, Tarsounas M, Ogilvie DJ, van Vugt M, Wessels LFA, Bartkova J, Gromova I,
Andújar-Sánchez M, Bartek J, Lopes M, van Attikum H, Borst P, Jonkers J,
Rottenberg S. 2019. Selective Loss of PARG Restores PARylation and Counteracts
PARP Inhibitor-Mediated Synthetic Lethality. Cancer Cell 35:950–952.
Gorgoulis VG, Vassiliou L-VF, Karakaidos P, Zacharatos P, Kotsinas A, Liloglou T,
Venere M, Ditullio RA Jr, Kastrinakis NG, Levy B, Kletsas D, Yoneta A, Herlyn M,
Kittas C, Halazonetis TD. 2005. Activation of the DNA damage checkpoint and
genomic instability in human precancerous lesions. Nature 434:907–913.
Grawunder U, Wilm M, Wu X, Kulesza P, Wilson TE, Mann M, Lieber MR. 1997.
Activity of DNA ligase IV stimulated by complex formation with XRCC4 protein in
mammalian cells. Nature 388:492–495.
Gregersen LH, Svejstrup JQ. 2018. The Cellular Response to Transcription-Blocking DNA
Damage. Trends Biochem Sci 43:327–341.
Grill S, Nandakumar J. 2021. Molecular mechanisms of telomere biology disorders. J Biol
Chem 296:100064.
Grozdanov PN, Roy S, Kittur N, Meier UT. 2009. SHQ1 is required prior to NAF1 for
assembly of H/ACA small nucleolar and telomerase RNPs. RNA 15:1188–1197.
Gu B, Fan J, Bessler M, Mason P. 2009. DNA Damage Accumulation, Accelerated
Hematopoietic Stem Cell Aging, and Partial Reversal by Antioxidant Treatment in a
Mouse Model of Dyskeratosis Congenita. Blood. doi:10.1182/blood.v114.22.498.498
Guo YE, Manteiga JC, Henninger JE, Sabari BR, Dall’Agnese A, Hannett NM, Spille J-H,
Afeyan LK, Zamudio AV, Shrinivas K, Abraham BJ, Boija A, Decker T-M, Rimel JK,
Fant CB, Lee TI, Cisse II, Sharp PA, Taatjes DJ, Young RA. 2019. Pol II
phosphorylation regulates a switch between transcriptional and splicing condensates.
Nature 572:543–548.
Halaby M-J, Hakem A, Li L, El Ghamrasni S, Venkatesan S, Hande PM, Sanchez O,
Hakem R. 2013. Synergistic interaction of Rnf8 and p53 in the protection against
genomic instability and tumorigenesis. PLoS Genet 9:e1003259.
Hall LL, Smith KP, Byron M, Lawrence JB. 2006. Molecular anatomy of a speckle. Anat
Rec A Discov Mol Cell Evol Biol 288:664–675.
Hamma T, Ferré-D’Amaré AR. 2006. Pseudouridine Synthases. Chemistry & Biology.
doi:10.1016/j.chembiol.2006.09.009
Harlen KM, Churchman LS. 2017. The code and beyond: transcription regulation by the
RNA polymerase II carboxy-terminal domain. Nat Rev Mol Cell Biol 18:263–273.
Heiss NS, Knight SW, Vulliamy TJ, Klauck SM, Wiemann S, Mason PJ, Poustka A, Dokal
I. 1998. X-linked dyskeratosis congenita is caused by mutations in a highly conserved
gene with putative nucleolar functions. Nat Genet 19:32–38.
37

Henras A, Henry Y, Bousquet-Antonelli C, Noaillac-Depeyre J, Gélugne JP, CaizerguesFerrer M. 1998. Nhp2p and Nop10p are essential for the function of H/ACA snoRNPs.
EMBO J 17:7078–7090.
Henriksson S, Rassoolzadeh H, Hedström E, Coucoravas C, Julner A, Goldstein M, Imreh
G, Zhivotovsky B, Kastan MB, Helleday T, Farnebo M. 2014. The scaffold protein
WRAP53β orchestrates the ubiquitin response critical for DNA double-strand break
repair. Genes Dev 28:2726–2738.
He X, Zhang P. 2015. Serine/arginine-rich splicing factor 3 (SRSF3) regulates homologous
recombination-mediated DNA repair. Molecular Cancer. doi:10.1186/s12943-0150422-1
Hoernes TP, Clementi N, Faserl K, Glasner H, Breuker K, Lindner H, Hüttenhofer A,
Erlacher MD. 2016. Nucleotide modifications within bacterial messenger RNAs
regulate their translation and are able to rewire the genetic code. Nucleic Acids Res
44:852–862.
Hoernes TP, Heimdörfer D, Köstner D, Faserl K, Nußbaumer F, Plangger R, Kreutz C,
Lindner H, Erlacher MD. 2019. Eukaryotic Translation Elongation is Modulated by
Single Natural Nucleotide Derivatives in the Coding Sequences of mRNAs. Genes 10.
doi:10.3390/genes10020084
Huang S, Spector DL. 1992. U1 and U2 small nuclear RNAs are present in nuclear
speckles. Proc Natl Acad Sci U S A 89:305–308.
Huen MSY, Grant R, Manke I, Minn K, Yu X, Yaffe MB, Chen J. 2007. RNF8 transduces
the DNA-damage signal via histone ubiquitylation and checkpoint protein assembly.
Cell 131:901–914.
Hustedt N, Durocher D. 2017. The control of DNA repair by the cell cycle. Nature Cell
Biology. doi:10.1038/ncb3452
Hutchinson JN, Ensminger AW, Clemson CM, Lynch CR, Lawrence JB, Chess A. 2007. A
screen for nuclear transcripts identifies two linked noncoding RNAs associated with
SC35 splicing domains. BMC Genomics 8:39.
Iannelli F, Galbiati A, Capozzo I, Nguyen Q, Magnuson B, Michelini F, D’Alessandro G,
Cabrini M, Roncador M, Francia S, Crosetto N, Ljungman M, Carninci P, d’Adda di
Fagagna F. 2017. A damaged genome’s transcriptional landscape through multilayered
expression profiling around in situ-mapped DNA double-strand breaks. Nat Commun
8:15656.
Jiang W, Crowe JL, Liu X, Nakajima S, Wang Y, Li C, Lee BJ, Dubois RL, Liu C, Yu X,
Lan L, Zha S. 2015. Differential phosphorylation of DNA-PKcs regulates the interplay
between end-processing and end-ligation during nonhomologous end-joining. Mol
Cell 58:172–185.
Jonkhout N, Tran J, Smith MA, Schonrock N, Mattick JS, Novoa EM. 2017. The RNA
modification landscape in human disease. RNA 23:1754–1769.
Kamieniarz-Gdula K, Proudfoot NJ. 2019. Transcriptional Control by Premature
Termination: A Forgotten Mechanism. Trends Genet 35:553–564.
Kan G, Wang Z, Sheng C, Chen G, Yao C, Mao Y, Chen S. 2021. Dual Inhibition of DKC1
and MEK1/2 Synergistically Restrains the Growth of Colorectal Cancer Cells. Adv Sci
8:2004344.
Karijolich J, Yu Y-T. 2011. Converting nonsense codons into sense codons by targeted
pseudouridylation. Nature 474:395–398.
Karikó K, Muramatsu H, Welsh FA, Ludwig J, Kato H, Akira S, Weissman D. 2008.
Incorporation of pseudouridine into mRNA yields superior nonimmunogenic vector
with increased translational capacity and biological stability. Mol Ther 16:1833–1840.
Kelly EK, Czekay DP, Kothe U. 2019. Base-pairing interactions between substrate RNA
and H/ACA guide RNA modulate the kinetics of pseudouridylation, but not the
affinity of substrate binding by H/ACA small nucleolar ribonucleoproteins. RNA
38

25:1393–1404.
Khoddami V, Yerra A, Mosbruger TL, Fleming AM, Burrows CJ, Cairns BR. 2019.
Transcriptome-wide profiling of multiple RNA modifications simultaneously at
single-base resolution. Proc Natl Acad Sci U S A 116:6784–6789.
Kim H, Chen J, Yu X. 2007. Ubiquitin-binding protein RAP80 mediates BRCA1dependent DNA damage response. Science 316:1202–1205.
Kim J, Venkata NC, Hernandez Gonzalez GA, Khanna N, Belmont AS. 2020. Gene
expression amplification by nuclear speckle association Gene expression amplification
by nuclear speckles. J Cell Biol 219.
Kinner A, Wu W, Staudt C, Iliakis G. 2008. Gamma-H2AX in recognition and signaling of
DNA double-strand breaks in the context of chromatin. Nucleic Acids Res 36:5678–
5694.
Kirwan M, Beswick R, Walne AJ, Hossain U, Casimir C, Vulliamy T, Dokal I. 2011.
Dyskeratosis congenita and the DNA damage response. Br J Haematol 153:634–643.
Kolas NK, Chapman JR, Nakada S, Ylanko J, Chahwan R, Sweeney FD, Panier S, Mendez
M, Wildenhain J, Thomson TM, Pelletier L, Jackson SP, Durocher D. 2007.
Orchestration of the DNA-damage response by the RNF8 ubiquitin ligase. Science
318:1637–1640.
Konstantinopoulos PA, Ceccaldi R, Shapiro GI, D’Andrea AD. 2015. Homologous
Recombination Deficiency: Exploiting the Fundamental Vulnerability of Ovarian
Cancer. Cancer Discov 5:1137–1154.
Kotake Y, Sagane K, Owa T, Mimori-Kiyosue Y, Shimizu H, Uesugi M, Ishihama Y, Iwata
M, Mizui Y. 2007. Splicing factor SF3b as a target of the antitumor natural product
pladienolide. Nat Chem Biol 3:570–575.
Krietsch J, Caron M-C, Gagné J-P, Ethier C, Vignard J, Vincent M, Rouleau M, Hendzel
MJ, Poirier GG, Masson J-Y. 2012. PARP activation regulates the RNA-binding
protein NONO in the DNA damage response to DNA double-strand breaks. Nucleic
Acids Res 40:10287–10301.
Lamarche BJ, Orazio NI, Weitzman MD. 2010. The MRN complex in double-strand break
repair and telomere maintenance. FEBS Lett 584:3682–3695.
Lamond AI, Spector DL. 2003. Nuclear speckles: a model for nuclear organelles. Nat Rev
Mol Cell Biol 4:605–612.
Levi O, Arava YS. 2021. Pseudouridine-mediated translation control of mRNA by
methionine aminoacyl tRNA synthetase. Nucleic Acids Res 49:432–443.
Li L, Germain DR, Poon H-Y, Hildebrandt MR, Monckton EA, McDonald D, Hendzel MJ,
Godbout R. 2016. DEAD Box 1 Facilitates Removal of RNA and Homologous
Recombination at DNA Double-Strand Breaks. Mol Cell Biol 36:2794–2810.
Li L, Guturi KKN, Gautreau B, Patel PS, Saad A, Morii M, Mateo F, Palomero L, Barbour
H, Gomez A, Ng D, Kotlyar M, Pastrello C, Jackson HW, Khokha R, Jurisica I, Affar
EB, Raught B, Sanchez O, Alaoui-Jamali M, Pujana MA, Hakem A, Hakem R. 2018.
Ubiquitin ligase RNF8 suppresses Notch signaling to regulate mammary development
and tumorigenesis. J Clin Invest 128:4525–4542.
Li L, Halaby M-J, Hakem A, Cardoso R, El Ghamrasni S, Harding S, Chan N, Bristow R,
Sanchez O, Durocher D, Hakem R. 2010. Rnf8 deficiency impairs class switch
recombination, spermatogenesis, and genomic integrity and predisposes for cancer. J
Exp Med 207:983–997.
Li L, Ye K. 2006. Crystal structure of an H/ACA box ribonucleoprotein particle. Nature
443:302–307.
Lindahl T. 1993. Instability and decay of the primary structure of DNA. Nature 362:709–
715.
Li X, Manley JL. 2005. Inactivation of the SR Protein Splicing Factor ASF/SF2 Results in
Genomic Instability. Cell. doi:10.1016/j.cell.2005.06.008
39

Li Z, Otevrel T, Gao Y, Cheng HL, Seed B, Stamato TD, Taccioli GE, Alt FW. 1995. The
XRCC4 gene encodes a novel protein involved in DNA double-strand break repair and
V(D)J recombination. Cell 83:1079–1089.
Machado-Pinilla R, Liger D, Leulliot N, Meier UT. 2012. Mechanism of the AAA+
ATPases pontin and reptin in the biogenesis of H/ACA RNPs. RNA 18:1833–1845.
Mahmoudi S, Henriksson S, Corcoran M, Méndez-Vidal C, Wiman KG, Farnebo M. 2009.
Wrap53, a natural p53 antisense transcript required for p53 induction upon DNA
damage. Mol Cell 33:462–471.
Mahmoudi S, Henriksson S, Weibrecht I, Smith S, Söderberg O, Strömblad S, Wiman KG,
Farnebo M. 2010. WRAP53 is essential for Cajal body formation and for targeting the
survival of motor neuron complex to Cajal bodies. PLoS Biol 8:e1000521.
Mailand N, Bekker-Jensen S, Faustrup H, Melander F, Bartek J, Lukas C, Lukas J. 2007.
RNF8 ubiquitylates histones at DNA double-strand breaks and promotes assembly of
repair proteins. Cell 131:887–900.
Manguan-Garcia C, Pintado-Berninches L, Carrillo J, Machado-Pinilla R, Sastre L, PérezQuilis C, Esmoris I, Gimeno A, García-Giménez JL, Pallardó FV, Perona R. 2014.
Expression of the genetic suppressor element 24.2 (GSE24.2) decreases DNA damage
and oxidative stress in X-linked dyskeratosis congenita cells. PLoS One 9:e101424.
Mao YS, Zhang B, Spector DL. 2011. Biogenesis and function of nuclear bodies. Trends
Genet 27:295–306.
Maréchal A, Li J-M, Ji XY, Wu C-S, Yazinski SA, Nguyen HD, Liu S, Jiménez AE, Jin J,
Zou L. 2014. PRP19 transforms into a sensor of RPA-ssDNA after DNA damage and
drives ATR activation via a ubiquitin-mediated circuitry. Mol Cell 53:235–246.
Marin-Vicente C, Domingo-Prim J, Eberle AB, Visa N. 2015. RRP6/EXOSC10 is required
for the repair of DNA double-strand breaks by homologous recombination. J Cell Sci
128:1097–1107.
Martinez Campos C, Tsai K, Courtney DG, Bogerd HP, Holley CL, Cullen BR. 2021.
Mapping of pseudouridine residues on viral and cellular transcripts using a novel
antibody-based technique. RNA. doi:10.1261/rna.078940.121
Martinez NM, Su A, Nussbacher JK, Burns MC, Schaening C, Sathe S, Yeo GW, Gilbert
WV. n.d. Pseudouridine synthases modify human pre-mRNA co-transcriptionally and
affect splicing. doi:10.1101/2020.08.29.273565
Martin-Tumasz S, Brow DA. 2015. Saccharomyces cerevisiae Sen1 Helicase Domain
Exhibits 5’- to 3'-Helicase Activity with a Preference for Translocation on DNA
Rather than RNA. J Biol Chem 290:22880–22889.
Massenet S, Bertrand E, Verheggen C. 2017. Assembly and trafficking of box C/D and
H/ACA snoRNPs. RNA Biol 14:680–692.
Matsuoka S, Ballif BA, Smogorzewska A, McDonald ER 3rd, Hurov KE, Luo J, Bakalarski
CE, Zhao Z, Solimini N, Lerenthal Y, Shiloh Y, Gygi SP, Elledge SJ. 2007. ATM and
ATR substrate analysis reveals extensive protein networks responsive to DNA
damage. Science 316:1160–1166.
Mattiroli F, Vissers JHA, van Dijk WJ, Ikpa P, Citterio E, Vermeulen W, Marteijn JA,
Sixma TK. 2012. RNF168 ubiquitinates K13-15 on H2A/H2AX to drive DNA damage
signaling. Cell 150:1182–1195.
Ma Y, Pannicke U, Schwarz K, Lieber MR. 2002. Hairpin opening and overhang
processing by an Artemis/DNA-dependent protein kinase complex in nonhomologous
end joining and V(D)J recombination. Cell 108:781–794.
Mędrek K, Magnowski P, Masojć B, Chudecka-Głaz A, Torbe B, Menkiszak J, Spaczyński
M, Gronwald J, Lubiński J, Górski B. 2013. Association of common WRAP 53 variant
with ovarian cancer risk in the Polish population. Mol Biol Rep 40:2145–2147.
Meyer KD, Jaffrey SR. 2017. Rethinking mA Readers, Writers, and Erasers. Annu Rev Cell
Dev Biol 33:319–342.
40

Michelini F, Pitchiaya S, Vitelli V, Sharma S, Gioia U, Pessina F, Cabrini M, Wang Y,
Capozzo I, Iannelli F, Matti V, Francia S, Shivashankar GV, Walter NG, di Fagagna
FD. 2017. Damage-induced lncRNAs control the DNA damage response through
interaction with DDRNAs at individual double-strand breaks. Nature Cell Biology.
doi:10.1038/ncb3643
Mitchell JR, Wood E, Collins K. 1999. A telomerase component is defective in the human
disease dyskeratosis congenita. Nature 402:551–555.
Moen PT Jr, Johnson CV, Byron M, Shopland LS, de la Serna IL, Imbalzano AN,
Lawrence JB. 2004. Repositioning of muscle-specific genes relative to the periphery
of SC-35 domains during skeletal myogenesis. Mol Biol Cell 15:197–206.
Morozumi Y, Takizawa Y, Takaku M, Kurumizaka H. 2009. Human PSF binds to RAD51
and modulates its homologous-pairing and strand-exchange activities. Nucleic Acids
Res 37:4296–4307.
Muniz L, Nicolas E, Trouche D. 2021. RNA polymerase II speed: a key player in
controlling and adapting transcriptome composition. EMBO J 40:e105740.
Muñoz MJ, Pérez Santangelo MS, Paronetto MP, de la Mata M, Pelisch F, Boireau S,
Glover-Cutter K, Ben-Dov C, Blaustein M, Lozano JJ, Bird G, Bentley D, Bertrand E,
Kornblihtt AR. 2009. DNA damage regulates alternative splicing through inhibition of
RNA polymerase II elongation. Cell 137:708–720.
Myler LR, Gallardo IF, Soniat MM, Deshpande RA, Gonzalez XB, Kim Y, Paull TT,
Finkelstein IJ. 2017. Single-Molecule Imaging Reveals How Mre11-Rad50-Nbs1
Initiates DNA Break Repair. Mol Cell 67:891–898.e4.
Nakagawa S, Ip JY, Shioi G, Tripathi V, Zong X, Hirose T, Prasanth KV. 2012. Malat1 is
not an essential component of nuclear speckles in mice. RNA 18:1487–1499.
Nakamoto MA, Lovejoy AF, Cygan AM, Boothroyd JC. 2017. mRNA pseudouridylation
affects RNA metabolism in the parasite Toxoplasma gondii. RNA 23:1834–1849.
Naro C, Bielli P, Pagliarini V, Sette C. 2015. The interplay between DNA damage response
and RNA processing: the unexpected role of splicing factors as gatekeepers of genome
stability. Frontiers in Genetics. doi:10.3389/fgene.2015.00142
Network TCGAR, The Cancer Genome Atlas Research Network. 2011. Integrated genomic
analyses of ovarian carcinoma. Nature. doi:10.1038/nature10166
Neugebauer KM. 2017. Special focus on the Cajal Body. RNA Biol 14:669–670.
Nilsen TW, Graveley BR. 2010. Expansion of the eukaryotic proteome by alternative
splicing. Nature 463:457–463.
Nojima T, Rebelo K, Gomes T, Grosso AR, Proudfoot NJ, Carmo-Fonseca M. 2018. RNA
Polymerase II Phosphorylated on CTD Serine 5 Interacts with the Spliceosome during
Co-transcriptional Splicing. Mol Cell 72:369–379.e4.
O’Brien K, Matlin AJ, Lowell AM, Moore MJ. 2008. The Biflavonoid Isoginkgetin Is a
General Inhibitor of Pre-mRNA Splicing. Journal of Biological Chemistry.
doi:10.1074/jbc.m805556200
Onyango DO, Lee G, Stark JM. 2017. PRPF8 is important for BRCA1-mediated
homologous recombination. Oncotarget 8:93319–93337.
Pankotai T, Bonhomme C, Chen D, Soutoglou E. 2012. DNAPKcs-dependent arrest of
RNA polymerase II transcription in the presence of DNA breaks. Nat Struct Mol Biol
19:276–282.
Paulsen RD, Soni DV, Wollman R, Hahn AT, Yee M-C, Guan A, Hesley JA, Miller SC,
Cromwell EF, Solow-Cordero DE, Meyer T, Cimprich KA. 2009. A genome-wide
siRNA screen reveals diverse cellular processes and pathways that mediate genome
stability. Mol Cell 35:228–239.
Penzo M, Guerrieri AN, Zacchini F, Treré D, Montanaro L. 2017. RNA Pseudouridylation
in Physiology and Medicine: For Better and for Worse. Genes
8.
doi:10.3390/genes8110301
41

Perry RP, Kelley DE. 1974. Existence of methylated messenger RNA in mouse L cells.
Cell. doi:10.1016/0092-8674(74)90153-6
Pessina F, Giavazzi F, Yin Y, Gioia U, Vitelli V, Galbiati A, Barozzi S, Garre M, Oldani A,
Flaus A, Cerbino R, Parazzoli D, Rothenberg E, di Fagagna FD. 2019. Functional
transcription promoters at DNA double-strand breaks mediate RNA-driven phase
separation of damage-response factors. Nature Cell Biology. doi:10.1038/s41556-0190392-4
Plans V, Guerra-Rebollo M, Thomson TM. 2008. Regulation of mitotic exit by the RNF8
ubiquitin ligase. Oncogene 27:1355–1365.
Polo SE, Blackford AN, Chapman JR, Baskcomb L, Gravel S, Rusch A, Thomas A,
Blundred R, Smith P, Kzhyshkowska J, Dobner T, Taylor AMR, Turnell AS, Stewart
GS, Grand RJ, Jackson SP. 2012. Regulation of DNA-end resection by hnRNPU-like
proteins promotes DNA double-strand break signaling and repair. Mol Cell 45:505–
516.
Porter JR, Fisher BE, Baranello L, Liu JC, Kambach DM, Nie Z, Koh WS, Luo J, Stommel
JM, Levens D, Batchelor E. 2017. Global Inhibition with Specific Activation: How
p53 and MYC Redistribute the Transcriptome in the DNA Double-Strand Break
Response. Mol Cell 67:1013–1025.e9.
Prakash R, Zhang Y, Feng W, Jasin M. 2015. Homologous recombination and human
health: the roles of BRCA1, BRCA2, and associated proteins. Cold Spring Harb
Perspect Biol 7:a016600.
Prasanth KV, Camiolo M, Chan G, Tripathi V, Denis L, Nakamura T, Hübner MR, Spector
DL. 2010. Nuclear organization and dynamics of 7SK RNA in regulating gene
expression. Mol Biol Cell 21:4184–4196.
Rai R, Li J-M, Zheng H, Lok GT-M, Deng Y, Huen MS-Y, Chen J, Jin J, Chang S. 2011.
The E3 ubiquitin ligase Rnf8 stabilizes Tpp1 to promote telomere end protection. Nat
Struct Mol Biol 18:1400–1407.
Rajan KS, Adler K, Madmoni H, Peleg-Chen D, Cohen-Chalamish S, Doniger T, Galili B,
Gerber D, Unger R, Tschudi C, Michaeli S. 2021. Pseudouridines on Trypanosoma
brucei mRNAs are developmentally regulated: Implications to mRNA stability and
protein binding. Mol Microbiol 116:808–826.
Reid BM, Permuth JB, Sellers TA. 2017. Epidemiology of ovarian cancer: a review.
Cancer Biol Med 14:9–32.
Renkawitz J, Lademann CA, Jentsch S. 2014. Mechanisms and principles of homology
search during recombination. Nat Rev Mol Cell Biol 15:369–383.
Richard P, Kiss AM, Darzacq X, Kiss T. 2006. Cotranscriptional Recognition of Human
Intronic Box H/ACA snoRNAs Occurs in a Splicing-Independent Manner. Molecular
and Cellular Biology. doi:10.1128/mcb.26.7.2540-2549.2006
Roundtree IA, Evans ME, Pan T, He C. 2017. Dynamic RNA Modifications in Gene
Expression Regulation. Cell 169:1187–1200.
Sankar S, Navarro MG, Ponthan F, Bomken S, Nakjang S, Grinev V, McNeill H, Zwaan
MC, Vormoor J, Stam RW, Heidenreich O. 2019. The SF3b Splicing Complex
Regulates DNA Damage Response in Acute Lymphoblastic Leukemia. Blood.
doi:10.1182/blood-2019-124787
Savage KI, Gorski JJ, Barros EM, Irwin GW, Manti L, Powell AJ, Pellagatti A,
Lukashchuk N, McCance DJ, McCluggage WG, Schettino G, Salto-Tellez M,
Boultwood J, Richard DJ, McDade SS, Harkin DP. 2014. Identification of a BRCA1mRNA splicing complex required for efficient DNA repair and maintenance of
genomic stability. Mol Cell 54:445–459.
Schier AC, Taatjes DJ. 2020. Structure and mechanism of the RNA polymerase II
transcription machinery. Genes Dev 34:465–488.
Schildkraut JM, Goode EL, Clyde MA, Iversen ES, Moorman PG, Berchuck A, Marks JR,
42

Lissowska J, Brinton L, Peplonska B, Cunningham JM, Vierkant RA, Rider DN,
Chenevix-Trench G, Webb PM, Beesley J, Chen X, Phelan C, Sutphen R, Sellers TA,
Pearce L, Wu AH, Van Den Berg D, Conti D, Elund CK, Anderson R, Goodman MT,
Lurie G, Carney ME, Thompson PJ, Gayther SA, Ramus SJ, Jacobs I, Krüger Kjaer S,
Hogdall E, Blaakaer J, Hogdall C, Easton DF, Song H, Pharoah PDP, Whittemore AS,
McGuire V, Quaye L, Anton-Culver H, Ziogas A, Terry KL, Cramer DW, Hankinson
SE, Tworoger SS, Calingaert B, Chanock S, Sherman M, Garcia-Closas M, Australian
Ovarian Cancer Study Group. 2009. Single nucleotide polymorphisms in the TP53
region and susceptibility to invasive epithelial ovarian cancer. Cancer Res 69:2349–
2357.
Schwartz S, Bernstein DA, Mumbach MR, Jovanovic M, Herbst RH, León-Ricardo BX,
Engreitz JM, Guttman M, Satija R, Lander ES, Fink G, Regev A. 2014.
Transcriptome-wide
mapping
reveals
widespread
dynamic-regulated
pseudouridylation of ncRNA and mRNA. Cell 159:148–162.
Setiaputra D, Durocher D. 2019. Shieldin - the protector of DNA ends. EMBO Rep 20.
doi:10.15252/embr.201847560
Shanbhag NM, Rafalska-Metcalf IU, Balane-Bolivar C, Janicki SM, Greenberg RA. 2010.
ATM-dependent chromatin changes silence transcription in cis to DNA double-strand
breaks. Cell 141:970–981.
Shao Y, Feng S, Huang J, Huo J, You Y, Zheng Y. 2018. A unique homozygous WRAP53
Arg298Trp mutation underlies dyskeratosis congenita in a Chinese Han family. BMC
Med Genet 19:40.
Sharma S, Hicks JK, Chute CL, Brennan JR, Ahn J-Y, Glover TW, Canman CE. 2012.
REV1 and polymerase ζ facilitate homologous recombination repair. Nucleic Acids
Res 40:682–691.
Sheridan RM, Fong N, D’Alessandro A, Bentley DL. 2019. Widespread Backtracking by
RNA Pol II Is a Major Effector of Gene Activation, 5’ Pause Release, Termination,
and Transcription Elongation Rate. Mol Cell 73:107–118.e4.
Shi H, Wei J, He C. 2019. Where, When, and How: Context-Dependent Functions of RNA
Methylation Writers, Readers, and Erasers. Mol Cell 74:640–650.
Shkreta L, Chabot B. 2015. The RNA Splicing Response to DNA Damage. Biomolecules
5:2935–2977.
Shopland LS, Johnson CV, Lawrence JB. 2002. Evidence that all SC-35 domains contain
mRNAs and that transcripts can be structurally constrained within these domains. J
Struct Biol 140:131–139.
Shostak K, Jiang Z, Charloteaux B, Mayer A, Habraken Y, Tharun L, Klein S, Xu X,
Duong HQ, Vislovukh A, Close P, Florin A, Rambow F, Marine J-C, Büttner R,
Chariot A. 2020. The X-linked trichothiodystrophy-causing gene RNF113A links the
spliceosome to cell survival upon DNA damage. Nat Commun 11:1270.
Silva E, Ideker T. 2019. Transcriptional responses to DNA damage. DNA Repair 79:40–
49.
Silwal-Pandit L, Russnes H, Borgen E, Skarpeteig V, Moen Vollan HK, Schlichting E,
Kåresen R, Naume B, Børresen-Dale A-L, Farnebo M, Langerød A. 2015. The SubCellular Localization of WRAP53 Has Prognostic Impact in Breast Cancer. PLoS One
10:e0139965.
Skourti-Stathaki K, Proudfoot NJ. 2014. A double-edged sword: R loops as threats to
genome integrity and powerful regulators of gene expression. Genes Dev 28:1384–
1396.
Skourti-Stathaki K, Proudfoot NJ, Gromak N. 2011. Human senataxin resolves RNA/DNA
hybrids formed at transcriptional pause sites to promote Xrn2-dependent termination.
Mol Cell 42:794–805.
Sleeman JE, Trinkle-Mulcahy L. 2014. Nuclear bodies: new insights into
43

assembly/dynamics and disease relevance. Curr Opin Cell Biol 28:76–83.
Slobodin B, Han R, Calderone V, Vrielink JAFO, Loayza-Puch F, Elkon R, Agami R.
2017. Transcription Impacts the Efficiency of mRNA Translation via Cotranscriptional N6-adenosine Methylation. Cell 169:326–337.e12.
Sobhian B, Shao G, Lilli DR, Culhane AC, Moreau LA, Xia B, Livingston DM, Greenberg
RA. 2007. RAP80 targets BRCA1 to specific ubiquitin structures at DNA damage
sites. Science 316:1198–1202.
Soutourina J. 2018. Transcription regulation by the Mediator complex. Nat Rev Mol Cell
Biol 19:262–274.
Stern JL, Zyner KG, Pickett HA, Cohen SB, Bryan TM. 2012. Telomerase recruitment
requires both TCAB1 and Cajal bodies independently. Mol Cell Biol 32:2384–2395.
Stirnimann CU, Petsalaki E, Russell RB, Müller CW. 2010. WD40 proteins propel cellular
networks. Trends Biochem Sci 35:565–574.
Symington LS, Gautier J. 2011. Double-strand break end resection and repair pathway
choice. Annu Rev Genet 45:247–271.
Tanikawa M, Sanjiv K, Helleday T, Herr P, Mortusewicz O. 2016. The spliceosome U2
snRNP factors promote genome stability through distinct mechanisms; transcription of
repair factors and R-loop processing. Oncogenesis 5:e280.
Thompson LH. 2012. Recognition, signaling, and repair of DNA double-strand breaks
produced by ionizing radiation in mammalian cells: the molecular choreography.
Mutat Res 751:158–246.
Thorslund T, Ripplinger A, Hoffmann S, Wild T, Uckelmann M, Villumsen B, Narita T,
Sixma TK, Choudhary C, Bekker-Jensen S, Mailand N. 2015. Histone H1 couples
initiation and amplification of ubiquitin signalling after DNA damage. Nature
527:389–393.
Tresini M, Warmerdam DO, Kolovos P, Snijder L, Vrouwe MG, Demmers JAA, van
IJcken WFJ, Grosveld FG, Medema RH, Hoeijmakers JHJ, Mullenders LHF,
Vermeulen W, Marteijn JA. 2015. The core spliceosome as target and effector of noncanonical ATM signalling. Nature 523:53–58.
Tripathi E, Smith S. 2017. Cell cycle-regulated ubiquitination of tankyrase 1 by RNF8 and
ABRO1/BRCC36 controls the timing of sister telomere resolution. EMBO J 36:503–
519.
Tripathi V, Ellis JD, Shen Z, Song DY, Pan Q, Watt AT, Freier SM, Bennett CF, Sharma
A, Bubulya PA, Blencowe BJ, Prasanth SG, Prasanth KV. 2010. The nuclear-retained
noncoding RNA MALAT1 regulates alternative splicing by modulating SR splicing
factor phosphorylation. Mol Cell 39:925–938.
Tufegdžić Vidaković A, Mitter R, Kelly GP, Neumann M, Harreman M, RodríguezMartínez M, Herlihy A, Weems JC, Boeing S, Encheva V, Gaul L, Milligan L,
Tollervey D, Conaway RC, Conaway JW, Snijders AP, Stewart A, Svejstrup JQ. 2020.
Regulation of the RNAPII Pool Is Integral to the DNA Damage Response. Cell
180:1245–1261.e21.
Tuttle RL, Bothos J, Summers MK, Luca FC, Halazonetis TD. 2007. Defective in mitotic
arrest 1/ring finger 8 is a checkpoint protein that antagonizes the human mitotic exit
network. Mol Cancer Res 5:1304–1311.
Tycowski KT, Shu M-D, Kukoyi A, Steitz JA. 2009. A conserved WD40 protein binds the
Cajal body localization signal of scaRNP particles. Mol Cell 34:47–57.
Vaidyanathan PP, AlSadhan I, Merriman DK, Al-Hashimi HM, Herschlag D. 2017.
Pseudouridine and -methyladenosine modifications weaken PUF protein/RNA
interactions. RNA 23:611–618.
Venkata Narayanan I, Paulsen MT, Bedi K, Berg N, Ljungman EA, Francia S, Veloso A,
Magnuson B, di Fagagna FD, Wilson TE, Ljungman M. 2017. Transcriptional and
post-transcriptional regulation of the ionizing radiation response by ATM and p53. Sci
44

Rep 7:43598.
Venteicher AS, Abreu EB, Meng Z, McCann KE, Terns RM, Veenstra TD, Terns MP,
Artandi SE. 2009. A human telomerase holoenzyme protein required for Cajal body
localization and telomere synthesis. Science 323:644–648.
Vignard J, Mirey G, Salles B. 2013. Ionizing-radiation induced DNA double-strand breaks:
a direct and indirect lighting up. Radiother Oncol 108:362–369.
Vítor AC, Sridhara SC, Sabino JC, Afonso AI, Grosso AR, Martin RM, de Almeida SF.
2019. Single-molecule imaging of transcription at damaged chromatin. Sci Adv
5:eaau1249.
Walbott H, Machado-Pinilla R, Liger D, Blaud M, Réty S, Grozdanov PN, Godin K, van
Tilbeurgh H, Varani G, Meier UT, Leulliot N. 2011. The H/ACA RNP assembly
factor SHQ1 functions as an RNA mimic. Genes Dev 25:2398–2408.
Wang C, Meier UT. 2004. Architecture and assembly of mammalian H/ACA small
nucleolar and telomerase ribonucleoproteins. EMBO J 23:1857–1867.
Weinrich SL, Pruzan R, Ma L, Ouellette M, Tesmer VM, Holt SE, Bodnar AG, Lichtsteiner
S, Kim NW, Trager JB, Taylor RD, Carlos R, Andrews WH, Wright WE, Shay JW,
Harley CB, Morin GB. 1997. Reconstitution of human telomerase with the template
RNA component hTR and the catalytic protein subunit hTRT. Nat Genet 17:498–502.
Wei W, Ba Z, Gao M, Wu Y, Ma Y, Amiard S, White CI, Rendtlew Danielsen JM, Yang
Y-G, Qi Y. 2012. A role for small RNAs in DNA double-strand break repair. Cell
149:101–112.
Westin ER, Aykin-Burns N, Buckingham EM, Spitz DR, Goldman FD, Klingelhutz AJ.
2011. The p53/p21(WAF/CIP) pathway mediates oxidative stress and senescence in
dyskeratosis congenita cells with telomerase insufficiency. Antioxid Redox Signal
14:985–997.
West JA, Davis CP, Sunwoo H, Simon MD, Sadreyev RI, Wang PI, Tolstorukov MY,
Kingston RE. 2014. The long noncoding RNAs NEAT1 and MALAT1 bind active
chromatin sites. Mol Cell 55:791–802.
Wickramasinghe VO, Venkitaraman AR. 2016. RNA Processing and Genome Stability:
Cause and Consequence. Mol Cell 61:496–505.
Wilkinson ME, Charenton C, Nagai K. 2020. RNA Splicing by the Spliceosome. Annu Rev
Biochem 89:359–388.
Williamson L, Saponaro M, Boeing S, East P, Mitter R, Kantidakis T, Kelly GP, Lobley A,
Walker J, Spencer-Dene B, Howell M, Stewart A, Svejstrup JQ. 2017. UV Irradiation
Induces a Non-coding RNA that Functionally Opposes the Protein Encoded by the
Same Gene. Cell 168:843–855.e13.
Wilusz JE, Freier SM, Spector DL. 2008. 3’ end processing of a long nuclear-retained
noncoding RNA yields a tRNA-like cytoplasmic RNA. Cell 135:919–932.
Wu G, Adachi H, Ge J, Stephenson D, Query CC, Yu Y-T. 2016. Pseudouridines in U2
snRNA stimulate the ATPase activity of Prp5 during spliceosome assembly. EMBO J
35:654–667.
Wu G, Xiao M, Yang C, Yu Y-T. 2011. U2 snRNA is inducibly pseudouridylated at novel
sites by Pus7p and snR81 RNP. EMBO J 30:79–89.
Wyatt HDM, West SC. 2014. Holliday junction resolvases. Cold Spring Harb Perspect Biol
6:a023192.
Yang PK, Hoareau C, Froment C, Monsarrat B, Henry Y, Chanfreau G. 2005.
Cotranscriptional recruitment of the pseudouridylsynthetase Cbf5p and of the RNA
binding protein Naf1p during H/ACA snoRNP assembly. Mol Cell Biol 25:3295–
3304.
Yan J, Kim Y-S, Yang X-P, Li L-P, Liao G, Xia F, Jetten AM. 2007. The ubiquitininteracting motif containing protein RAP80 interacts with BRCA1 and functions in
DNA damage repair response. Cancer Res 67:6647–6656.
45

Yu X, Chen J. 2004. DNA Damage-Induced Cell Cycle Checkpoint Control Requires CtIP,
a Phosphorylation-Dependent Binding Partner of BRCA1 C-Terminal Domains.
Molecular and Cellular Biology. doi:10.1128/mcb.24.21.9478-9486.2004
Zaborowska J, Egloff S, Murphy S. 2016. The pol II CTD: new twists in the tail. Nat Struct
Mol Biol 23:771–777.
Zaccara S, Jaffrey SR. 2020. A Unified Model for the Function of YTHDF Proteins in
Regulating mA-Modified mRNA. Cell 181:1582–1595.e18.
Zaccara S, Ries RJ, Jaffrey SR. 2019. Reading, writing and erasing mRNA methylation.
Nat Rev Mol Cell Biol 20:608–624.
Zhang B, Arun G, Mao YS, Lazar Z, Hung G, Bhattacharjee G, Xiao X, Booth CJ, Wu J,
Zhang C, Spector DL. 2012. The lncRNA Malat1 is dispensable for mouse
development but its transcription plays a cis-regulatory role in the adult. Cell Rep
2:111–123.
Zhang H, Wang D-W, Adell G, Sun X-F. 2012. WRAP53 is an independent prognostic
factor in rectal cancer- a study of Swedish clinical trial of preoperative radiotherapy in
rectal cancer patients. BMC Cancer 12:294.
Zhao DY, Gish G, Braunschweig U, Li Y, Ni Z, Schmitges FW, Zhong G, Liu K, Li W,
Moffat J, Vedadi M, Min J, Pawson TJ, Blencowe BJ, Greenblatt JF. 2016. SMN and
symmetric arginine dimethylation of RNA polymerase II C-terminal domain control
termination. Nature 529:48–53.
Zhong F, Savage SA, Shkreli M, Giri N, Jessop L, Myers T, Chen R, Alter BP, Artandi SE.
2011. Disruption of telomerase trafficking by TCAB1 mutation causes dyskeratosis
congenita. Genes Dev 25:11–16.

46

