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1. Current limitations in the RNA-sequencing field
The expression of coding RNA molecules is a complex process regulated not only at transcriptional and 
post-transcriptional level, but also during and after translation. To fully characterize this process on 
a genome-wide scale and at a nucleotide level, numerous high-throughput RNA profiling sequencing 
methods have been developed (Chapter 1, section 2). The use of a combination of these approaches 
focusing at transcriptional, post-transcriptional and translational level is helping to comprehensively 
characterize gene expression regulation.

RNA-seq technologies are elucidating the mechanisms that expand the genome's coding 
capacity and are quickly redefining the concept of gene expression regulation. Although there is a 
continuing increase in the number of transcripts identified, and in the understanding of the molecular 
mechanisms that coordinate their formation during transcription and mRNA processing, we still face 
technical limitations due to the short read length of next-generation sequencing data and reliance 
on statistical and computational approaches to reconstruct transcript structure. This represents an 
obstacle when trying to link different events occurring in the same RNA molecule.

The determination of the actual structure of a transcript cannot be achieved without capturing 
different processing and regulatory events occurring in the same transcript. Capturing these events 
by combining different complementary methods comes with limitations, due to the uncertainty 
associated with transcript reconstruction. The only way to specifically determine the exact transcript 
structure for each detected RNA molecule is the sequencing of full-length RNAs.

From a technological point of view, it is already possible to sequence full-length cDNA molecules 
on the PacBio RS sequencing platform (Pacific Bioscience). This option is currently becoming more 
feasible (Au et al., 2013;Sharon et al., 2013) and is opening a new era in the field of RNA-seq.

Full-length transcript sequencing helps defining any coupling between the different layers of 
regulation of gene expression (Chapter 5) and leads to a better understanding of the complexity of 
the transcriptome and its expression, even though future improvements in the production of cDNA 
molecules are still required to fully investigate the exact structure of each transcript variant. cDNA 
generation per se may preclude the determination of long transcripts, as only minor improvements in 
cDNA length have been observed in recent cDNA synthesis methods available, and the majority of the 
cDNA molecules produced reach a read length of ~2kb (Chapter 1, section 2.3). Improvements are 
also necessary in the PacBio RS sequencing platform, which current yield does not allow an accurate 
quantitative analysis of high and low abundant transcripts.

Direct use of RNA as a template for sequencing will further reduce biases introduced in the sample 
preparation procedure. Since a proof of principle for direct RNA sequencing on the PacBio RS platform 
has already been demonstrated (Chapter 1, section 2), it is expected that this option will become 
available in the near future.
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2. Additional regulatory mechanism shaping gene and protein 
expression
The final outcome of gene expression cannot be fully characterized without considering the full 
set of regulatory mechanisms. Alternative transcription initiation (Chapter 1, section 1.1; Chapter 
4), alternative splicing (Chapter 1, section 1.2), alternative polyadenylation (Chapter 1, section 
1.3; Chapter 2; Chapter 3), and alternative translation initiation (Chapter 1, section 1.4; Chapter 
4) represent only a portion of the known mechanisms which affect gene and protein expression in 
eukaryotes. Many more processes need to be considered when trying to elucidate the underlying 
regulatory mechanisms which determine protein levels, thus leading to specific phenotypes.

Regulatory mechanisms arising from transcription, RNA processing and translation
Regulation of gene expression starts at DNA level through epigenetic marks, such as DNA methylation 
and histone proteins modifications. Epigenetic marks shape the chromatin structure influencing its 
accessibility, leading to silencing or activation of specific DNA regions. Changes in the epigenome can 
be re-established, after clearance of the existing marks, or inherited. Inheritance can occur during 
mitosis, but also during meiosis, a phenomenon known as transgenerational epigenetic inheritance 
(Daxinger and Whitelaw, 2010). Some epigenetic marks can be influenced by the environment, 
therefore environmental event in one generation can affect the phenotype in subsequent generations. 

Once a gene is transcribed, its structure can be influenced not only during the initiation of 
transcription (Chapter 1, section 1.1), but also during the elongation and termination processes. The 
speed of transcription elongation and termination can affect alternative splicing and polyadenylation 
(Chapter 1, section 1.5), with consequent impact on mRNA stability, localization and function.

Processed mRNAs are then transported to the cytoplasm, prior their translation. The processes 
of mRNA transport and mRNA localization can be tightly regulated to ensure when and where to 
translate an mRNA, a phenomenon called spatially controlled translation. This control is performed 
through the interaction with RNA binding proteins (RBPs), which localize the mRNAs but can also 
repress its translation in a reversible way (Rodriguez et al., 2008).

mRNA molecules are indeed never bared molecules, but molecules packed with RBPs to form 
messenger ribonucleoprotein (mRNP) complexes. Examples of mRNP complexes are the polysomes, 
the RNA particles and RNA granules, the stress granules, and the processing bodies (P-bodies). 
Whereas polysomes, in the majority of the cases, represent sites of active translation (with the 
exception of ribosome stalling events, see further), RNA particles and RNA granules represent two 
transport complexes which are sites of translation repression. mRNAs packed in these transport 
complexes are protected from degradation and temporary translationally repressed, to allow their 
transport in specific cellular regions and their local translation. The only difference between RNA 
particles and RNA granules is the absence or presence of ribosomes, respectively: RNA granules 
contain polysome-associated mRNAs whose translation is temporary repressed, whereas mRNAs 
contained in RNA particles are not yet engaged by the translational apparatus.

Stress granules represent also sites of temporary translation repression, with the exception that 
the mRNAs are not transported in different cellular regions, but are temporary protected from 
degradation during cellular stress. On the contrary, P-bodies are mainly defined as sites of degradation 
for translationally repressed mRNAs, even though some mRNAs can leave the P-bodies and re-
associate with the translational apparatus.

The process of translation itself is controlled at multiple levels. Part of the regulation occurs during 
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the initiation process (Chapter 1, section 1.4; Chapter 4), and part occurs during the elongation, 
even though correlation between gene length and translation efficiency, or between codon usage 
and translation efficiency, remains a controversial subject. According to some studies (Ingolia et al., 
2009;Ingolia et al., 2011), the speed of translation is independent of the length of the transcript, the 
abundance of the transcript and the codon usage, whereas others affirm that shorter genes are more 
efficiently translated (Arava et al., 2003) and that translation elongation speed seem to be affected by 
codons within the ORF, local mRNA folding, and amino acids charges. The latter leads to the theory 
that the speed of translation is not similar between transcripts (Dana and Tuller, 2012), and that codon 
usage is one of the causes leading to poor correlation between protein and mRNA levels (Olivares-
Hernandez et al., 2011). 

Pauses during elongation can also regulate synthesis, folding and localization of a protein (Darnell 
et al., 2011;Mariappan et al., 2010;Zhang et al., 2009). These pauses, known as ribosome stalling 
(Chapter 4), represent a mechanism which can regulate the speed of elongation in order to maintain 
protein homeostasis (Liu et al., 2013), and is a major component of the cellular stress response (Shalgi 
et al., 2013). Ribosome stalling can also lead to a complete block of translation, when ribosomes 
permanently stop moving during the elongation process, and eventually lead to degradation, an event 
which commonly occurs when polysomes associate with the MicroRNA-loaded RISC (miRISC) complex 
(Houseley and Tollervey, 2009).

In addition to the regulation of translation initiation and elongation, the genetic code can be read 
in alternative ways, leading to frameshifting, hopping, stop codon read-through and recoding (Atkins 
JF, 2010).

Frameshifting is caused by insertions or deletions in the coding region of a DNA sequence. When 
the number of nucleotides added or removed is not divisible by three, the reading frame is changed, 
leading to the translation of a complete different protein. This can lead to the premature inclusion of 
stop-codons, which will ultimately bring to degradation through NMD.

Many different human diseases are caused by indel mutations leading to frameshifting (Iannuzzi 
et al., 1991;Chung et al., 2011;Truong et al., 2010;Myerowitz, 1997). Interestingly, these alternative 
ways of translating an mRNA may also be used to restore protein translation. The codon read-
through mechanism has been often used as therapeutic approach in diseases caused by premature 
termination codons, through the use of drugs that induce the ribosome to bypass the premature stop 
codon (Bidou et al., 2012).

The last regulatory control in the life of an mRNA is represented by degradation. mRNA degradation 
allows regulated turnover, and occurs when a mRNA is not needed in the cell anymore. Degradation also 
occurs if an mRNA is defective, such as misprocessed or misfolded. Defective mRNAs are recognized 
through a mechanism known as mRNA surveillance. Different mRNA surveillance pathways (Houseley 
and Tollervey, 2009) are known, as degradation of an mRNA can occur through endonucleases that cut 
the mRNA internally, or through exonucleases that degrade the mRNA from the 5’ end or the 3’ end.

The most observed degradation pathway is the nonsense mediated decay (NMD). The NMD 
is activated after the first round of translation and leads to the degradation of mRNAs containing 
premature stop codons, preventing the formation of truncated proteins (Kervestin and Jacobson, 
2012). This mechanism is usually generated by defective alternative splicing, representing therefore 
a surveillance mechanism.

The coupling between alternative splicing and NMD is also used as an autoregulatory negative 
feedback loop by many splicing factors. Splicing factors can bind their own transcripts and appositely 
program a defective splicing, leading to the inclusion of alternative exons containing premature 
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stop codons. This autoregulatory negative feedback loop has been observed in many SR and hnRNP 
proteins (Lareau et al., 2007;Ni et al., 2007;Saltzman et al., 2008) as common self-limiting mechanism, 
through which splicing factors regulate its own splicing and production of its own protein.

These feedback loops can consist of complex interplays between different regulatory layers. An 
example is the autoregulation of the splicing factor TDP-43 (Avendano-Vazquez et al., 2012), which 
involves interplay between transcription, splicing and polyadenylation. In the presence of high levels 
of TDP-43, an alternative spliced and polyadenylated transcript is formed. The switch in splicing and 
APA pattern is autoregulated by the binding of the TDP-43 on its own 3’-UTR, and lead to the formation 
of a transcript which is retained in the nucleus, thus leading to a decrease of available protein. The 
control of gene and protein expression by negative feedback loops is observed not only for splicing 
factors, but also for translation factors (Betney et al., 2010;Betney et al., 2012). An example of such 
negative feedback is the autoregulatory repression of the eukaryotic translation initiation factor 1 
(eIF1), upon its overexpression (Ivanov et al., 2010).

Regulatory mechanisms arising from changes in the nucleotide sequence of an mRNA
Next to regulatory mechanisms arising from transcription, RNA processing and translation, other 
regulatory mechanisms have been described, which are caused by post-transcriptional changes in 
the nucleotide sequence of the mRNA, which do not reflect changes at DNA level. To date, more than 
hundred different RNA chemical modifications have been reported (Machnicka et al., 2013), but the 
function of most of them remains unknown. Nonetheless, for some of them, fundamental biological 
aspects been discovered.

An example of chemical modification which is known to affect gene expression is RNA editing. 
The most common type of RNA editing involves deamination of adenosine (A) to create inosine 
(I) (Nishikura, 2010). The result is that splicing and translational machineries recognize inosine as 
guanosine. A-to-I RNA editing occurs mainly within Alu repetitive elements, or within introns and 
UTRs, whereas only a small percentage occurs in coding sequences (Park et al., 2012;Daniel et al., 
2014;Levanon et al., 2005). Even though the frequency of an A-to-I editing event is low, the effects 
reported so far are numerous, from alteration of the amino acid sequence and RNA folding, through 
changes in the coding sequence of the translated exons, to alternative splicing (Farajollahi and Maas, 
2010) through creation or disruption of splice sites.

Altered editing has been linked to human disorders, such as amyotrophic lateral sclerosis, epilepsy, 
and brain tumors (Maas et al., 2006;Paz et al., 2007;Kawahara et al., 2004).

The list of chemical modifications that regulate gene expression has been recently enlarged, after 
the discovery that methylation of internal adenosines (m6A) (Jia et al., 2011), the most prevalent 
internal chemical modification of all higher eukaryotes, is a reversible mechanism, which resembles 
DNA methylation.

Similarly to DNA methylation, and unlike A-to-I RNA editing, m6A does not alter the coding capacity 
of a transcript, therefore it does not lead to proteins with different amino acid sequences. Due to 
its reversible nature, m6A might represent a novel fundamental mechanism controlling protein 
expression.

The effects of m6A on biochemical, physiological and developmental processes are still poorly 
understood. mRNAs are methylated at internal adenosines by the methyltransferase complex 
(including METTL3, METTL14 (Liu et al., 2014) and WTAP (Ping et al., 2014)) and they are dynamically 
demethylated by two different enzymes, FTO (Jia et al., 2011) and ALKBH5 (Zheng et al., 2013). m6A is 
the most common internal mRNA modification, affecting more than 7000 human genes (Dominissini 



CHAPTER 6

160

et al., 2012;Meyer et al., 2012), and it is conserved amongst eukaryotes, from yeast to humans 
(Rottman et al., 1976;Schwartz et al., 2013). Deletion, over-expression, or mutations in components 
of the methyltransferase complex or the demethylases appear to have dramatic effects in mouse and 
human, ranging from developmental defects, postnatal retardation, malformations to obesity (Boissel 
et al., 2009;Church et al., 2010;Dina et al., 2007;Fischer et al., 2009;Frayling et al., 2007;Rottman et 
al., 1976;Scuteri et al., 2007). However, a direct link of these diseases with RNA methylation still needs 
to be established.

Pioneering studies are suggesting broad biological roles at cellular level, including a possible 
interplay between RNA methylation and splicing (Dominissini et al., 2012), nuclear export (Fustin 
et al., 2013), and mRNA stability (Wang et al., 2014), with an emerging role for m6A as negative 
regulator of gene expression. Whereas methylation at long internal exons seems to be associated 
with alternative splicing, methylation in the 3'-UTRs affects binding of the YTHDF2 and ELAV1 proteins 
(Dominissini et al., 2012), both influencing mRNA stability. YTHDF2 is able to partially re-localize its 
target mRNAs from translating ribosomes to cytoplasmic foci (P-bodies), with possible negative effect 
on gene expression (Wang et al., 2014).

We currently lack knowledge of the molecular mechanisms through which m6A affects gene 
expression, and we do not understand why certain adenosines get methylated and others not.
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3. Connecting fundamental research in the RNA field to clinical 
care
The recent findings in the RNA field and the understanding of alternative modes that regulate gene 
expression at transcriptional, post-transcriptional and translational level, represent a wealth of 
information useful to elucidate disease-related regulatory events and inspire new diagnostic and 
therapeutic approaches.

Currently, RNA-based analysis is being used in diagnostic mainly for gene expression-based patient 
stratification. Breast cancer arrays are an example of such application. An increase or decrease in 
mRNA levels could be caused by the presence of a variant which activates NMD, aberrant splicing, 
aberrant polyadenylation or aberrant translation. The gene expression-based patient stratification 
method currently used might be improved if the effect of a disease-causing variant is predicted, and 
the mechanism leading to disease is more specifically targeted and treated. The increased knowledge 
achieved to date allows more refined applications, both for diagnostic, prognostic and therapeutic 
purposes, which will lead towards personalized medicine.

This final section will discuss some of the applications and approaches currently in development. 
The first part will show an example of how alternative regulatory events could be used for diagnostic 
and prognostic purposes, whereas the second part will highlight how alternative regulatory 
mechanisms  could be used as targets for personalized medicine. 

Signatures from alternative regulatory events can be used as molecular biomarkers for diagnostic 
and prognostic purposes.
Currently, an example of such application is the use of APA profiles as potential molecular biomarker 
for cancer diagnostic. Widespread alteration of APA profile has been observed in many different 
cancer types, where shortening of 3′-UTRs has been linked to extensive upregulation and activation of 
oncogenes (Chapter 1, section 1.3). Lymphoma tumor subtypes with various survival characteristics 
can be distinguished based on their APA profile, even when the tumors are histologically identical 
(Singh et al., 2009). Prostate cancers can be stratified into subtypes with different risk of relapse based 
on APA profile (Li et al., 2014). APA profiles can also be used as molecular biomarker with prognostic 
potential for breast and lung cancer (Lembo et al., 2012) and to monitor progression of colorectal 
cancer (Morris et al., 2012). Shorter 3’-UTRs from specific mRNAs seem to correlate with tumor 
aggressiveness and poor prognosis in breast and lung cancer, therefore APA profile may be used to 
stratify patients in different risk classes (Lembo et al., 2012).  

Nevertheless, the use of APA profile as potential molecular biomarker for cancer diagnostic, 
prognostic, and treatment comes with some limitations: APA profiles observed in cancer cell lines do 
not always overlap with what is observed in cancers from patients, suggesting that cancer cells might 
not be the best environment to study APA changes in cancer (Lembo et al., 2012);  cancer cells do not 
always associated with 3’-UTRs shortening, but lengthening has also been observed, for example in 
MB231 breast cancer cell line (Fu et al., 2011), where APA profile is opposite to what is observed in 
MCF7 breast cancer cell line; 3’-UTR shortening is not a specific cancer signature.

Considering that transcriptome-wide alterations of APA profile have been observed in different 
contexts, both physiological (Chapter 1, section 1.3) and disease-related (Chapter 2, Chapter 3), it is 
essential to exclude possible alternative causes of APA before an APA-based diagnosis is established.
Precautions need to be taken also when comparing APA profiles in the presence of an age-effect. Even 
though there are no studies describing widespread changes in APA during aging in human, and age 
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effect on the length of the 3’-UTRs has been observed in C. elegans, where the length of the 3’UTRs 
inversely correlates with the age of the animal (Mangone et al., 2010). The PABPN1 protein seems 
also to decrease during aging in human skeletal muscles (Anvar et al., 2013). This suggests a possible 
interplay between APA and aging, which need to be considered prior a APA-based diagnosis.

Alternative regulatory mechanisms can be used as targets for personalized medicine. 
Many therapeutic approaches that entered clinical trials aim to control gene expression at the pre-
mRNA level. These methods try to modulate mRNA production to interfere with processes leading to 
diseases.

Recent proof-of-concept studies have shown how artificial modulation of APA events can be used 
as therapeutic approach (Figure 1a). The choice for a specific polyadenylation site can be manipulated 
in order to (i) activate polyadenylation sites which are normally not used or (ii) inhibit correct 
polyadenylation, leading to degradation of the transcript variant.

The first case (a) has been applied to genes potentially coding for transcript variants whose 
localization strictly depends on the activation or suppression of intronic polyadenylation sites. Pre-
mRNAs of different receptor tyrosine kinases and the vascular endothelial growth factor receptor 
2 (VEGFR2) have been recently targeted with a novel antisense-based strategy, consisting in the 
inhibition of U1 small ribonucleoprotein particle, which normally suppresses intronic polyadenylation 
(Vorlova et al., 2011). Antisense oligonucleotides  (AONs) are used to target the 5’ splice site and 
inhibit binding of U1. In absence of splicing, intronic polyadenylation occurs, leading to the formation 
of transcript variants lacking trans-membrane domains. In the absence of these domains, the protein 
becomes anti-tumorigenic. In the second case (b), a method known as U1 small nuclear interference 
(U1i) is used. Different oncogenes have been targeted so far with this approach (pim-1 kinase, 
metabotropic glutamate receptor 1 and B-cell lymphoma 2), resulting in reduced tumor growth 
(Goraczniak et al., 2013;Weirauch et al., 2013). U1i makes use of artificial U1 adapters, consisting of 
oligonucleotides able to bind the terminal exon of a target pre-mRNA, and the U1 snRNA, recruiting 
the snRNP complex. The snRNP complex competes with the polyadenylation machinery, blocking 
correct polyadenylation, and leading to degradation of the pre-mRNA.

In cases where the disease is caused by erroneous activation of alternative polyadenylation sites, 
antisense-based strategies can be used to avoid the recognition of the alternative polyadenylation 
sites and reconstitute correct polyadenylation at the canonical polyadenylation site (Raz et al., 2014). 
This strategy may be used to target genomic variants that regulate gene expression levels by affecting 
the usage of alternative polyadenylation sites (Chapter 3). Variants localized within existing or newly 
created polyadenylation signals might influence the expression levels of single transcript variants 
leading to diseases such as islet autoimmunity in type I diabetes (Shin et al., 2007),  mantle cell 
lymphoma (Wiestner et al., 2007), and systemic lupus erythematosus (Graham et al., 2007). In Chapter 
3, novel causative SNPs affecting alternative polyadenylation by changes in the polyadenylation signal 
have been reported, seven of which have been also are reported in the GWAS catalog as associated 
with diseases. These loci might represent candidate therapeutic targets. In vitro studies on gastric 
cancer metastasis (Lai et al., 2015) have already shown that mRNAs with altered APA could represent 
novel targets for metastasis prevention.

These kind of targeted therapies are difficult to apply when APA changes occur transcriptome-
wide. In Chapter 2 we showed widespread 3'-UTR shortening in skeletal muscles of mice expressing 
a mutant form of the Poly(A) binding protein nuclear 1 (PABPN1), and proposed a novel role for the 
PABPN1 protein in poly(A) site selection. Due to the widespread effects, a therapeutic alternative 
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would be to target the mutated protein to modulate the activity of the polyadenylation machinery 
itself, instead of targeting the affected transcripts. A way to target the mutated protein is by using 
antisense-based strategies to modulate alternative splicing (Spitali and Aartsma-Rus, 2012).

Artificial modulation of alternative splicing through antisense mediated exon skipping (Figure 
1b) represent a promising therapeutic tool through which targeted exon are hidden from the 

(b) Arti�cial modulation of alternative splicing

(c) Arti�cial modulation of alternative translation initiation
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Figure 1. Schematic overview of RNA-based theraupetic approaches currently in development. (a) Modulation 
of APA through the use of an AON (i) which masks the 5’ splice site, inhibiting correct splicing and leading to 
intronic PAS,  or (ii) through the use of an oligonucleotide which binds the terminal exon and U1, recruiting the 
snRNP complex, and causing a block of correct polyadenylation,  leading to degradation of the pre-mRNA, or (iii) 
through the use on an OAN which masks non-canonical polyadenylation signals, to restore polyadenylation at 
canonical sites (or viceversa). (b) Modulation of splicing through the use of (i) an AON targeting an exon in a non-
allele specific approach (the AON will target both alleles) or (ii) through the use of an AON targeting an expansion 
mutation within an exon in an allele-specific approach (the AON will preferentially bind to the exon containing an 
equal amount of repeats). (c) Modulation of translation initiation, through AON-mediated alternative splicing in 
the DMD gene. The skipping of exon 2 leads to a premature stop codon, which pushes the translation machinery 
to recognize an IRES and start translation from exon 6.          
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splicing machinery and not included in the mRNA. This strategy aims to restore protein function in 
monogenetic disorders where a gene is affected by mutations that lead to truncated non-functional 
proteins, such as Duchenne muscular dystrophy (DMD) (Aartsma-Rus et al., 2004). A similar antisense-
based approach has been tested also to modify protein toxicity in polyglutamine disorders, such as 
Spinocerebellar ataxia type 3 (SCA3), where the protein toxicity is reduced by removing the toxic 
polyglutamine repeat from the ataxin-3 protein (Evers et al., 2013).

Since the mutant PABPN1 is caused by an expansion mutation in the polyalanine repeat in the 
N-terminus of the protein, a similar approach could be used to skip the repeat and restore a reading 
frame that would code for a functional truncated protein. The advantage of this method, over a 
common exon skipping approach, is that only the mutated mRNA is targeted, whereas the functional 
allele produces the endogenous protein. This allele specificity is missing in commonly exon skipping 
approach, where both alleles are targeted and affected by the therapy.

Antisense oligonucleotide-based strategies can also be used to artificially modulate translation. 
Antisense oligonucleotides can be used to block the translation initiation complex, and lead to natural 
degradation of the targeted mRNAs. Ideally, uORFs and aORFs used in a physiological (Chapter 4) and/
or disease context could therefore also represent a target for antisense-based strategies, to reduce 
protein production or allow the translation of truncated functional isoforms.

Next to modulating mRNA production, protein expression can also be modulated with similar 
approaches (Figure 1c). Artificial modulation of alternative translation initiation can therefore also 
be used to interfere with disease mechanisms. Wein et al. (Wein et al., 2014) have shown that, by 
inducing an out-of-frame exon skipping, it is possible to generate a premature stop codon which 
leads to the activation of an internal ribosome entry site (IRES) driving the expression of an aORF. 
This therapeutic approach was shown to produce truncated but functional dystrophin and correct 
muscle injury in DMD mice. Interestingly, activation of the IRES can also be achieved by glucocorticoids 
treatment, which represent a standard treatment in DMD patients (Manzur et al., 2008), even though 
the molecular mechanism is not clear.

Even though the approaches discussed here are promising, there are some limitations faced in the use 
of antisense oligonucleotides to interfere with RNA processing machineries and/or the translational 
apparatus. The most important limiting factors include their poor cellular uptake, possible off-target 
effects and toxicity (Kole et al., 2012).

To increase the therapeutic effect of these targeting approaches, a possible option might be to 
combine antisense-based strategies with transcript-therapy.

The term transcript-therapy refers to the use of chemically modified mRNAs (Kormann et al., 
2011) to produce functional proteins that would act as endogenous proteins. The transcript-therapy 
represents an alternative to DNA-based gene-therapy, with some important advantages. The 
introduction of synthetic genes into the genome, through the use of viruses, has been associated with 
increased risk of leukemia, and strong immune responses. Chemically modified mRNAs, such as those 
carrying an anti-reverse cap analog nucleotide and pseudo-uridine or methyl-cytidine substitutions, 
do not show any of these side effects (Warren et al., 2010). These modifications decrease the binding 
of the mRNAs to toll-like receptors, avoiding therefore the activation of the innate immune system. 
Another advantage brought by these chemical modifications is the increased stability of the mRNAs 
(compared to non-modified mRNAs).

Proof-of-concept studies have shown the potential of transcript-therapy in different contexts: 
from restoration of lung function in mice affected by lethal congenital lung defects due to the lack 
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of surfactant protein B (Kormann et al., 2011), to increased cardiomyocyte survival after myocardial 
infarction (Huang et al., 2015).

Despite the current challenges discussed above, the targeting of regulatory processes involved in 
the production of mRNAs as therapeutic approach represents a promising path towards personalized 
medicine.



CHAPTER 6

166

REFERENCES
1. Aartsma-Rus,A., A.A.Janson, W.E.Kaman, M.Bremmer-Bout, G.J.van Ommen, J.T.den Dunnen, and J.C.van 

Deutekom. 2004. Antisense-induced multiexon skipping for Duchenne muscular dystrophy makes more 
sense. Am. J. Hum. Genet. 74: 83-92.

2. Anvar,S.Y., Y.Raz, N.Verway, B.van der Sluijs, A.Venema, J.J.Goeman, J.Vissing, S.M.van der Maarel, P.A.'t 
Hoen, B.G.van Engelen, and V.Raz. 2013. A decline in PABPN1 induces progressive muscle weakness in 
oculopharyngeal muscle dystrophy and in muscle aging. Aging (Albany. NY) 5: 412-426.

3. Arava,Y., Y.Wang, J.D.Storey, C.L.Liu, P.O.Brown, and D.Herschlag. 2003. Genome-wide analysis of mRNA 
translation profiles in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. U. S. A 100: 3889-3894.

4. Atkins JF,R.F.G. Recoding: Expansion of Decoding Rules Enriches Gene Expression. Springer, New York.

5. Au,K.F., V.Sebastiano, P.T.Afshar, J.D.Durruthy, L.Lee, B.A.Williams, B.H.van, E.E.Schadt, R.A.Reijo-Pera, 
J.G.Underwood, and W.H.Wong. 2013. Characterization of the human ESC transcriptome by hybrid 
sequencing. Proc. Natl. Acad. Sci. U. S. A 110: E4821-E4830.

6. Avendano-Vazquez,S.E., A.Dhir, S.Bembich, E.Buratti, N.Proudfoot, and F.E.Baralle. 2012. Autoregulation of 
TDP-43 mRNA levels involves interplay between transcription, splicing, and alternative polyA site selection. 
Genes Dev. 26: 1679-1684.

7. Betney,R., S.E.de, J.Krishnan, and I.Stansfield. 2010. Autoregulatory systems controlling translation factor 
expression: thermostat-like control of translational accuracy. RNA. 16: 655-663.

8. Betney,R., S.E.de, C.Mertens, Y.Knox, J.Krishnan, and I.Stansfield. 2012. Regulation of release factor 
expression using a translational negative feedback loop: a systems analysis. RNA. 18: 2320-2334.

9. Bidou,L., V.Allamand, J.P.Rousset, and O.Namy. 2012. Sense from nonsense: therapies for premature stop 
codon diseases. Trends Mol. Med. 18: 679-688.

10. Boissel,S., O.Reish, K.Proulx, H.Kawagoe-Takaki, B.Sedgwick, G.S.Yeo, D.Meyre, C.Golzio, F.Molinari, 
N.Kadhom, H.C.Etchevers, V.Saudek, I.S.Farooqi, P.Froguel, T.Lindahl, S.O'Rahilly, A.Munnich, and L.Colleaux. 
2009. Loss-of-function mutation in the dioxygenase-encoding FTO gene causes severe growth retardation 
and multiple malformations. Am. J. Hum. Genet. 85: 106-111.

11. Buenrostro,J.D., P.G.Giresi, L.C.Zaba, H.Y.Chang, and W.J.Greenleaf. 2013. Transposition of native chromatin 
for fast and sensitive epigenomic profiling of open chromatin, DNA-binding proteins and nucleosome 
position. Nat. Methods 10: 1213-1218.

12. Chung,W.K., C.Kitner, and B.J.Maron. 2011. Novel frameshift mutation in Troponin C ( TNNC1) associated 
with hypertrophic cardiomyopathy and sudden death. Cardiol. Young. 21: 345-348.

13. Church,C., L.Moir, F.McMurray, C.Girard, G.T.Banks, L.Teboul, S.Wells, J.C.Bruning, P.M.Nolan, F.M.Ashcroft, 
and R.D.Cox. 2010. Overexpression of Fto leads to increased food intake and results in obesity. Nat. Genet. 
42: 1086-1092.

14. Dana,A. and T.Tuller. 2012. Determinants of translation elongation speed and ribosomal profiling biases in 
mouse embryonic stem cells. PLoS. Comput. Biol. 8: e1002755.

15. Daniel,C., G.Silberberg, M.Behm, and M.Ohman. 2014. Alu elements shape the primate transcriptome by 
cis-regulation of RNA editing. Genome Biol. 15: R28.

16. Darnell,J.C., S.J.Van Driesche, C.Zhang, K.Y.Hung, A.Mele, C.E.Fraser, E.F.Stone, C.Chen, J.J.Fak, S.W.Chi, 
D.D.Licatalosi, J.D.Richter, and R.B.Darnell. 2011. FMRP stalls ribosomal translocation on mRNAs linked to 
synaptic function and autism. Cell 146: 247-261.

17. Daxinger,L. and E.Whitelaw. 2010. Transgenerational epigenetic inheritance: more questions than answers. 
Genome Res. 20: 1623-1628.

18. Dina,C., D.Meyre, S.Gallina, E.Durand, A.Korner, P.Jacobson, L.M.Carlsson, W.Kiess, V.Vatin, C.Lecoeur, 
J.Delplanque, E.Vaillant, F.Pattou, J.Ruiz, J.Weill, C.Levy-Marchal, F.Horber, N.Potoczna, S.Hercberg, S.C.Le, 
P.Bougneres, P.Kovacs, M.Marre, B.Balkau, S.Cauchi, J.C.Chevre, and P.Froguel. 2007. Variation in FTO 
contributes to childhood obesity and severe adult obesity. Nat. Genet. 39: 724-726.

19. Dominissini,D., S.Moshitch-Moshkovitz, S.Schwartz, M.Salmon-Divon, L.Ungar, S.Osenberg, K.Cesarkas, 
J.Jacob-Hirsch, N.Amariglio, M.Kupiec, R.Sorek, and G.Rechavi. 2012. Topology of the human and mouse 
m6A RNA methylomes revealed by m6A-seq. Nature 485: 201-206.



GENERAL DISCuSSION

167

20. Evers,M.M., H.D.Tran, I.Zalachoras, B.A.Pepers, O.C.Meijer, J.T.den Dunnen, G.J.van Ommen, A.Aartsma-Rus, 
and W.M.van Roon-Mom. 2013. Ataxin-3 protein modification as a treatment strategy for spinocerebellar 
ataxia type 3: removal of the CAG containing exon. Neurobiol. Dis. 58: 49-56.

21. Farajollahi,S. and S.Maas. 2010. Molecular diversity through RNA editing: a balancing act. Trends Genet. 
26: 221-230.

22. Fischer,J., L.Koch, C.Emmerling, J.Vierkotten, T.Peters, J.C.Bruning, and U.Ruther. 2009. Inactivation of the 
Fto gene protects from obesity. Nature 458: 894-898.

23. Frayling,T.M., N.J.Timpson, M.N.Weedon, E.Zeggini, R.M.Freathy, C.M.Lindgren, J.R.Perry, K.S.Elliott, 
H.Lango, N.W.Rayner, B.Shields, L.W.Harries, J.C.Barrett, S.Ellard, C.J.Groves, B.Knight, A.M.Patch, A.R.Ness, 
S.Ebrahim, D.A.Lawlor, S.M.Ring, Y.Ben-Shlomo, M.R.Jarvelin, U.Sovio, A.J.Bennett, D.Melzer, L.Ferrucci, 
R.J.Loos, I.Barroso, N.J.Wareham, F.Karpe, K.R.Owen, L.R.Cardon, M.Walker, G.A.Hitman, C.N.Palmer, 
A.S.Doney, A.D.Morris, G.D.Smith, A.T.Hattersley, and M.I.McCarthy. 2007. A common variant in the FTO 
gene is associated with body mass index and predisposes to childhood and adult obesity. Science 316: 
889-894.

24. Fu,Y., Y.Sun, Y.Li, J.Li, X.Rao, C.Chen, and A.Xu. 2011. Differential genome-wide profiling of tandem 3' UTRs 
among human breast cancer and normal cells by high-throughput sequencing. Genome Res. 21: 741-747.

25. Fustin,J.M., M.Doi, Y.Yamaguchi, H.Hida, S.Nishimura, M.Yoshida, T.Isagawa, M.S.Morioka, H.Kakeya, 
I.Manabe, and H.Okamura. 2013. RNA-methylation-dependent RNA processing controls the speed of the 
circadian clock. Cell 155: 793-806.

26. Goraczniak,R., B.A.Wall, M.A.Behlke, K.A.Lennox, E.S.Ho, N.H.Zaphiros, C.Jakubowski, N.R.Patel, S.Zhao, 
C.Magaway, S.A.Subbie, Y.L.Jenny, S.Lacava, K.R.Reuhl, S.Chen, and S.I.Gunderson. 2013. U1 Adaptor 
Oligonucleotides Targeting BCL2 and GRM1 Suppress Growth of Human Melanoma Xenografts In Vivo. Mol. 
Ther. Nucleic Acids 2: e92.

27. Graham,R.R., C.Kyogoku, S.Sigurdsson, I.A.Vlasova, L.R.Davies, E.C.Baechler, R.M.Plenge, T.Koeuth, 
W.A.Ortmann, G.Hom, J.W.Bauer, C.Gillett, N.Burtt, D.S.Cunninghame Graham, R.Onofrio, M.Petri, 
I.Gunnarsson, E.Svenungsson, L.Ronnblom, G.Nordmark, P.K.Gregersen, K.Moser, P.M.Gaffney, L.A.Criswell, 
T.J.Vyse, A.C.Syvanen, P.R.Bohjanen, M.J.Daly, T.W.Behrens, and D.Altshuler. 2007. Three functional variants 
of IFN regulatory factor 5 (IRF5) define risk and protective haplotypes for human lupus. Proc. Natl. Acad. 
Sci. U. S. A 104: 6758-6763.

28. Houseley,J. and D.Tollervey. 2009. The many pathways of RNA degradation. Cell 136: 763-776.

29. Huang,C.L., A.L.Leblond, E.C.Turner, A.H.Kumar, K.Martin, D.Whelan, D.M.O'Sullivan, and N.M.Caplice. 
2015. Synthetic Chemically Modified mRNA-Based Delivery of Cytoprotective Factor Promotes Early 
Cardiomyocyte Survival Post-Acute Myocardial Infarction. Mol. Pharm. 12: 991-996.

30. Iannuzzi,M.C., R.C.Stern, F.S.Collins, C.T.Hon, N.Hidaka, T.Strong, L.Becker, M.L.Drumm, M.B.White, 
B.Gerrard, and . 1991. Two frameshift mutations in the cystic fibrosis gene. Am. J. Hum. Genet. 48: 227-231.

31. Ingolia,N.T., S.Ghaemmaghami, J.R.Newman, and J.S.Weissman. 2009. Genome-wide analysis in vivo of 
translation with nucleotide resolution using ribosome profiling. Science 324: 218-223.

32. Ingolia,N.T., L.F.Lareau, and J.S.Weissman. 2011. Ribosome profiling of mouse embryonic stem cells reveals 
the complexity and dynamics of mammalian proteomes. Cell 147: 789-802.

33. Ivanov,I.P., G.Loughran, M.S.Sachs, and J.F.Atkins. 2010. Initiation context modulates autoregulation of 
eukaryotic translation initiation factor 1 (eIF1). Proc. Natl. Acad. Sci. U. S. A 107: 18056-18060.

34. Jia,G., Y.Fu, X.Zhao, Q.Dai, G.Zheng, Y.Yang, C.Yi, T.Lindahl, T.Pan, Y.G.Yang, and C.He. 2011. N6-
methyladenosine in nuclear RNA is a major substrate of the obesity-associated FTO. Nat. Chem. Biol. 7: 
885-887.

35. Kajiyama,K., M.Okada-Hatakeyama, Y.Hayashizaki, H.Kawaji, and H.Suzuki. 2013. Capturing drug responses 
by quantitative promoter activity profiling. CPT. Pharmacometrics. Syst. Pharmacol. 2: e77.

36. Kawahara,Y., K.Ito, H.Sun, H.Aizawa, I.Kanazawa, and S.Kwak. 2004. Glutamate receptors: RNA editing and 
death of motor neurons. Nature 427: 801.

37. Kervestin,S. and A.Jacobson. 2012. NMD: a multifaceted response to premature translational termination. 
Nat. Rev. Mol. Cell Biol. 13: 700-712.

38. Kole,R., A.R.Krainer, and S.Altman. 2012. RNA therapeutics: beyond RNA interference and antisense 



CHAPTER 6

168

oligonucleotides. Nat. Rev. Drug Discov. 11: 125-140.

39. Kormann,M.S., G.Hasenpusch, M.K.Aneja, G.Nica, A.W.Flemmer, S.Herber-Jonat, M.Huppmann, L.E.Mays, 
M.Illenyi, A.Schams, M.Griese, I.Bittmann, R.Handgretinger, D.Hartl, J.Rosenecker, and C.Rudolph. 2011. 
Expression of therapeutic proteins after delivery of chemically modified mRNA in mice. Nat. Biotechnol. 
29: 154-157.

40. Lai,D.P., S.Tan, Y.N.Kang, J.Wu, H.S.Ooi, J.Chen, T.T.Shen, Y.Qi, X.Zhang, Y.Guo, T.Zhu, B.Liu, Z.Shao, and X.Zhao. 
2015. Genome-wide profiling of polyadenylation sites reveals a link between selective polyadenylation and 
cancer metastasis. Hum. Mol. Genet.

41. Lareau,L.F., A.N.Brooks, D.A.Soergel, Q.Meng, and S.E.Brenner. 2007. The coupling of alternative splicing 
and nonsense-mediated mRNA decay. Adv. Exp. Med. Biol. 623: 190-211.

42. Lembo,A., C.F.Di, and P.Provero. 2012. Shortening of 3'UTRs correlates with poor prognosis in breast and 
lung cancer. PLoS. One. 7: e31129.

43. Levanon,K., E.Eisenberg, G.Rechavi, and E.Y.Levanon. 2005. Letter from the editor: Adenosine-to-inosine 
RNA editing in Alu repeats in the human genome. EMBO Rep. 6: 831-835.

44. Li,L., D.Wang, M.Xue, X.Mi, Y.Liang, and P.Wang. 2014. 3'UTR shortening identifies high-risk cancers with 
targeted dysregulation of the ceRNA network. Sci. Rep. 4: 5406.

45. Liu,B., Y.Han, and S.B.Qian. 2013. Cotranslational response to proteotoxic stress by elongation pausing of 
ribosomes. Mol. Cell 49: 453-463.

46. Liu,J., Y.Yue, D.Han, X.Wang, Y.Fu, L.Zhang, G.Jia, M.Yu, Z.Lu, X.Deng, Q.Dai, W.Chen, and C.He. 2014. A 
METTL3-METTL14 complex mediates mammalian nuclear RNA N6-adenosine methylation. Nat. Chem. Biol. 
10: 93-95.

47. Maas,S., Y.Kawahara, K.M.Tamburro, and K.Nishikura. 2006. A-to-I RNA editing and human disease. RNA. 
Biol. 3: 1-9.

48. Machnicka,M.A., K.Milanowska, O.O.Osman, E.Purta, M.Kurkowska, A.Olchowik, W.Januszewski, 
S.Kalinowski, S.Dunin-Horkawicz, K.M.Rother, M.Helm, J.M.Bujnicki, and H.Grosjean. 2013. MODOMICS: a 
database of RNA modification pathways--2013 update. Nucleic Acids Res. 41: D262-D267.

49. Mangone,M., A.P.Manoharan, D.Thierry-Mieg, J.Thierry-Mieg, T.Han, S.D.Mackowiak, E.Mis, C.Zegar, 
M.R.Gutwein, V.Khivansara, O.Attie, K.Chen, K.Salehi-Ashtiani, M.Vidal, T.T.Harkins, P.Bouffard, Y.Suzuki, 
S.Sugano, Y.Kohara, N.Rajewsky, F.Piano, K.C.Gunsalus, and J.K.Kim. 2010. The landscape of C. elegans 
3'UTRs. Science 329: 432-435.

50. Manzur,A.Y., T.Kuntzer, M.Pike, and A.Swan. 2008. Glucocorticoid corticosteroids for Duchenne muscular 
dystrophy. Cochrane. Database. Syst. Rev. CD003725.

51. Mariappan,M., X.Li, S.Stefanovic, A.Sharma, A.Mateja, R.J.Keenan, and R.S.Hegde. 2010. A ribosome-
associating factor chaperones tail-anchored membrane proteins. Nature 466: 1120-1124.

52. Meyer,K.D., Y.Saletore, P.Zumbo, O.Elemento, C.E.Mason, and S.R.Jaffrey. 2012. Comprehensive analysis of 
mRNA methylation reveals enrichment in 3' UTRs and near stop codons. Cell 149: 1635-1646.

53. Morris,A.R., A.Bos, B.Diosdado, K.Rooijers, R.Elkon, A.S.Bolijn, B.Carvalho, G.A.Meijer, and R.Agami. 2012. 
Alternative cleavage and polyadenylation during colorectal cancer development. Clin. Cancer Res. 18: 5256-
5266.

54. Myerowitz,R. 1997. Tay-Sachs disease-causing mutations and neutral polymorphisms in the Hex A gene. 
Hum. Mutat. 9: 195-208.

55. Ni,J.Z., L.Grate, J.P.Donohue, C.Preston, N.Nobida, G.O'Brien, L.Shiue, T.A.Clark, J.E.Blume, and M.Ares, Jr. 
2007. Ultraconserved elements are associated with homeostatic control of splicing regulators by alternative 
splicing and nonsense-mediated decay. Genes Dev. 21: 708-718.

56. Nishikura,K. 2010. Functions and regulation of RNA editing by ADAR deaminases. Annu. Rev. Biochem. 79: 
321-349.

57. Olivares-Hernandez,R., S.Bordel, and J.Nielsen. 2011. Codon usage variability determines the correlation 
between proteome and transcriptome fold changes. BMC. Syst. Biol. 5: 33.

58. Park,E., B.Williams, B.J.Wold, and A.Mortazavi. 2012. RNA editing in the human ENCODE RNA-seq data. 
Genome Res. 22: 1626-1633.

59. Paz,N., E.Y.Levanon, N.Amariglio, A.B.Heimberger, Z.Ram, S.Constantini, Z.S.Barbash, K.Adamsky, M.Safran, 



GENERAL DISCuSSION

169

A.Hirschberg, M.Krupsky, I.Ben-Dov, S.Cazacu, T.Mikkelsen, C.Brodie, E.Eisenberg, and G.Rechavi. 2007. 
Altered adenosine-to-inosine RNA editing in human cancer. Genome Res. 17: 1586-1595.

60. Ping,X.L., B.F.Sun, L.Wang, W.Xiao, X.Yang, W.J.Wang, S.Adhikari, Y.Shi, Y.Lv, Y.S.Chen, X.Zhao, A.Li, Y.Yang, 
U.Dahal, X.M.Lou, X.Liu, J.Huang, W.P.Yuan, X.F.Zhu, T.Cheng, Y.L.Zhao, X.Wang, J.M.Rendtlew Danielsen, 
F.Liu, and Y.G.Yang. 2014. Mammalian WTAP is a regulatory subunit of the RNA N6-methyladenosine 
methyltransferase. Cell Res. 24: 177-189.

61. Raz,V., H.Buijze, Y.Raz, N.Verwey, S.Y.Anvar, A.Aartsma-Rus, and S.M.van der Maarel. 2014. A novel feed-
forward loop between ARIH2 E3-ligase and PABPN1 regulates aging-associated muscle degeneration. Am. 
J. Pathol. 184: 1119-1131.

62. Rodriguez,A.J., K.Czaplinski, J.S.Condeelis, and R.H.Singer. 2008. Mechanisms and cellular roles of local 
protein synthesis in mammalian cells. Curr. Opin. Cell Biol. 20: 144-149.

63. Rottman,F.M., R.C.Desrosiers, and K.Friderici. 1976. Nucleotide methylation patterns in eukaryotic mRNA. 
Prog. Nucleic Acid Res. Mol. Biol. 19: 21-38.

64. Saltzman,A.L., Y.K.Kim, Q.Pan, M.M.Fagnani, L.E.Maquat, and B.J.Blencowe. 2008. Regulation of multiple 
core spliceosomal proteins by alternative splicing-coupled nonsense-mediated mRNA decay. Mol. Cell Biol. 
28: 4320-4330.

65. Schwartz,S., S.D.Agarwala, M.R.Mumbach, M.Jovanovic, P.Mertins, A.Shishkin, Y.Tabach, T.S.Mikkelsen, 
R.Satija, G.Ruvkun, S.A.Carr, E.S.Lander, G.R.Fink, and A.Regev. 2013. High-resolution mapping reveals a 
conserved, widespread, dynamic mRNA methylation program in yeast meiosis. Cell 155: 1409-1421.

66. Scuteri,A., S.Sanna, W.M.Chen, M.Uda, G.Albai, J.Strait, S.Najjar, R.Nagaraja, M.Orru, G.Usala, M.Dei, 
S.Lai, A.Maschio, F.Busonero, A.Mulas, G.B.Ehret, A.A.Fink, A.B.Weder, R.S.Cooper, P.Galan, A.Chakravarti, 
D.Schlessinger, A.Cao, E.Lakatta, and G.R.Abecasis. 2007. Genome-wide association scan shows genetic 
variants in the FTO gene are associated with obesity-related traits. PLoS. Genet. 3: e115.

67. Shalgi,R., J.A.Hurt, I.Krykbaeva, M.Taipale, S.Lindquist, and C.B.Burge. 2013. Widespread regulation of 
translation by elongation pausing in heat shock. Mol. Cell 49: 439-452.

68. Sharon,D., H.Tilgner, F.Grubert, and M.Snyder. 2013. A single-molecule long-read survey of the human 
transcriptome. Nat. Biotechnol. 31: 1009-1014.

69. Shin,J.H., M.Janer, B.McNeney, S.Blay, K.Deutsch, C.B.Sanjeevi, I.Kockum, A.Lernmark, J.Graham, H.Arnqvist, 
E.Bjorck, J.Eriksson, L.Nystrom, L.O.Ohlson, B.Schersten, J.Ostman, M.Aili, L.E.Baath, E.Carlsson, H.Edenwall, 
G.Forsander, B.W.Granstrom, I.Gustavsson, R.Hanas, L.Hellenberg, H.Hellgren, E.Holmberg, H.Hornell, 
S.A.Ivarsson, C.Johansson, G.Jonsell, K.Kockum, B.Lindblad, A.Lindh, J.Ludvigsson, U.Myrdal, J.Neiderud, 
K.Segnestam, S.Sjoblad, L.Skogsberg, L.Stromberg, U.Stahle, B.Thalme, K.Tullus, T.Tuvemo, M.Wallensteen, 
O.Westphal, and J.Aman. 2007. IA-2 autoantibodies in incident type I diabetes patients are associated with 
a polyadenylation signal polymorphism in GIMAP5. Genes Immun. 8: 503-512.

70. Singh,P., T.L.Alley, S.M.Wright, S.Kamdar, W.Schott, R.Y.Wilpan, K.D.Mills, and J.H.Graber. 2009. Global 
changes in processing of mRNA 3' untranslated regions characterize clinically distinct cancer subtypes. 
Cancer Res. 69: 9422-9430.

71. Spitali,P. and A.Aartsma-Rus. 2012. Splice modulating therapies for human disease. Cell 148: 1085-1088.

72. Truong,H.T., T.Dudding, C.L.Blanchard, and S.H.Elsea. 2010. Frameshift mutation hotspot identified in Smith-
Magenis syndrome: case report and review of literature. BMC. Med. Genet. 11: 142.

73. Vorlova,S., G.Rocco, C.V.Lefave, F.M.Jodelka, K.Hess, M.L.Hastings, E.Henke, and L.Cartegni. 2011. Induction 
of antagonistic soluble decoy receptor tyrosine kinases by intronic polyA activation. Mol. Cell 43: 927-939.

74. Wang,X., Z.Lu, A.Gomez, G.C.Hon, Y.Yue, D.Han, Y.Fu, M.Parisien, Q.Dai, G.Jia, B.Ren, T.Pan, and C.He. 2014. 
N6-methyladenosine-dependent regulation of messenger RNA stability. Nature 505: 117-120.

75. Warren,L., P.D.Manos, T.Ahfeldt, Y.H.Loh, H.Li, F.Lau, W.Ebina, P.K.Mandal, Z.D.Smith, A.Meissner, G.Q.Daley, 
A.S.Brack, J.J.Collins, C.Cowan, T.M.Schlaeger, and D.J.Rossi. 2010. Highly efficient reprogramming to 
pluripotency and directed differentiation of human cells with synthetic modified mRNA. Cell Stem Cell 7: 
618-630.

76. Wein,N., A.Vulin, M.S.Falzarano, C.A.Szigyarto, B.Maiti, A.Findlay, K.N.Heller, M.Uhlen, B.Bakthavachalu, 
S.Messina, G.Vita, C.Passarelli, F.Gualandi, S.D.Wilton, L.R.Rodino-Klapac, L.Yang, D.M.Dunn, D.R.Schoenberg, 
R.B.Weiss, M.T.Howard, A.Ferlini, and K.M.Flanigan. 2014. Translation from a DMD exon 5 IRES results in a 
functional dystrophin isoform that attenuates dystrophinopathy in humans and mice. Nat. Med. 20: 992-



CHAPTER 6

170

1000.

77. Weirauch,U., A.Grunweller, L.Cuellar, R.K.Hartmann, and A.Aigner. 2013. U1 adaptors for the therapeutic 
knockdown of the oncogene pim-1 kinase in glioblastoma. Nucleic Acid Ther. 23: 264-272.

78. Wiestner,A., M.Tehrani, M.Chiorazzi, G.Wright, F.Gibellini, K.Nakayama, H.Liu, A.Rosenwald, H.K.Muller-
Hermelink, G.Ott, W.C.Chan, T.C.Greiner, D.D.Weisenburger, J.Vose, J.O.Armitage, R.D.Gascoyne, J.M.Connors, 
E.Campo, E.Montserrat, F.Bosch, E.B.Smeland, S.Kvaloy, H.Holte, J.Delabie, R.I.Fisher, T.M.Grogan, T.P.Miller, 
W.H.Wilson, E.S.Jaffe, and L.M.Staudt. 2007. Point mutations and genomic deletions in CCND1 create stable 
truncated cyclin D1 mRNAs that are associated with increased proliferation rate and shorter survival. Blood 
109: 4599-4606.

79. Zhang,G., M.Hubalewska, and Z.Ignatova. 2009. Transient ribosomal attenuation coordinates protein 
synthesis and co-translational folding. Nat. Struct. Mol. Biol. 16: 274-280.

80. Zheng,G., J.A.Dahl, Y.Niu, P.Fedorcsak, C.M.Huang, C.J.Li, C.B.Vagbo, Y.Shi, W.L.Wang, S.H.Song, Z.Lu, 
R.P.Bosmans, Q.Dai, Y.J.Hao, X.Yang, W.M.Zhao, W.M.Tong, X.J.Wang, F.Bogdan, K.Furu, Y.Fu, G.Jia, X.Zhao, 
J.Liu, H.E.Krokan, A.Klungland, Y.G.Yang, and C.He. 2013. ALKBH5 is a mammalian RNA demethylase that 
impacts RNA metabolism and mouse fertility. Mol. Cell 49: 18-29.



GENERAL DISCuSSION

171


