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ABSTRACT
While originally though to only code for proteins, it now stands clear that RNA is a
multifunctional molecule involved in a great variety of molecular processes. Recent advances
in genome-wide platforms have revealed underappreciated roles of non-protein coding RNAs
(ncRNAs). Thousands of ncRNAs have been characterized using these novel techniques but
functional investigations are still very limited.
Pseudogenes constitute one group of non-coding DNA. These genes represent duplications of
protein-coding genes that have lost their protein-coding potential through various molecular
events. Pseudogenes litter the human genome and it was not until recently it was found that
many pseudogenes are actively transcribed. One of those is the PTEN pseudogene, PTENpg1.
PTEN is a tumor suppressor gene, which is frequently dysregulated in cancers by epigenetic
inactivation. In paper I, we characterized a previously unknown long ncRNA, PTENpg1
antisense RNA (asRNA). We identified two different isoforms that are involved in regulating
expression of PTEN at both the transcriptional and post-transcriptional level. While one
isoform recruits the chromatin remodelers DNMT3a and EZH2 to the PTEN promoter, the
other isoform is involved in microRNA-mediated regulation of PTEN mRNA.
In paper II, we investigated the role of PTENpg1 asRNA in drug resistance mechanisms to
the BRAF inhibitor vemurafenib in melanoma. BRAF is a proto-oncogene commonly
mutated in melanoma, resulting in its constitutive activation. Therapies that specifically target
the mutated BRAF have been developed and vemurafenib is one of those drugs. However,
the development of resistance during treatment is a major problem. We found that the
PTENpg1 asRNA is involved in resistance to vemurafenib and that gain in expression of
PTENpg1 asRNA promotes silencing of PTEN in melanoma cells. Moreover, we revealed
that the expression of PTENpg1 asRNA is a promising marker for clinical outcome in
melanoma patients.
In paper III, we investigated the expression of microRNAs in Swedish and Egyptian patients
with ABC DLBCL (Acute B-cell diffuse large B-cell lymphoma). We found that differences
in environmental exposure alter the expression of microRNAs and that miR-1234 targets the
proto-oncogene STAT3. The expression of miR-1234 was elevated in the Egyptian patients
and STAT3 was consequently suppressed in these patients. Additionally, we also showed that
ectopic expression of miR-1234 in cell line models mediates suppression of STAT3.
Taken together, the findings in this thesis reveal intriguing molecular functions of ncRNAs,
which are relevant for cancer development. The characterization of PTENpg1 asRNA and
miR-1234 may prove important for the development of therapies and for predicting clinical
outcome in various cancers.
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1. INTRODUCTION
After sequencing of the human genome was completed in 2001, it became evident that only a
minor fraction of the human genome encoded for proteins1,2. Previous estimates of the
number of protein-coding genes had ranged from 50,000 up to 140,000 genes3, but genomewide analysis now indicated that there are approximately 20,000 genes in the human
genome4. This number was therefore dramatically lower than expected and did not reflect the
assumption that the complexity of an organism was related to the number of protein-coding
genes5 since less complex organisms such as chicken6 and mouse7 appeared to have
approximately the same number of genes. Instead, it was proposed that the relative amount of
non-protein-coding DNA could contribute to developmental complexity8 and that many of
these non-coding regions can function through transcription into non-coding RNAs
(ncRNAs).
Recent advances in genome-wide platforms have revealed the transcriptional landscape to be
vastly more complex than previously thought9,10. While only 1.2% of the human genome
encodes for proteins11, it is now known that the large majority, 70-80%, of the genome is
being transcribed into ncRNAs12-14. Studies have revealed the presence of pervasive and
widespread transcription and tens of thousands of ncRNAs have been identified9,10,14,15. This
would suggest that there are more genes coding for ncRNAs, possibly with regulatory
functions, than there are genes encoding proteins. Prior to these studies, the presence of long
non-coding RNAs (lncRNAs) was largely discounted and the few proven biologically
important lncRNAs, such as Xist16,17 and H1918-20, were considered rare cases.
The last decade has changed our view on the human genome and gene regulation. It is
becoming increasingly clear that ncRNAs are indeed important and crucial regulatory
elements for gene regulation and disease21-23. The function of RNA, as we know it today, is
far more extensive than anticipated only a decade ago1,2,9,10,24. However, the vast majority of
identified ncRNAs to date still remain to be functionally characterized and investigated.
Continued efforts to study ncRNAs will increase our understanding of their functional
importance and also improve our understanding of their role in disease and evolution. This
thesis aims to expand our understanding of ncRNAs, their functional properties and the role
they may play in cancer development and progression.
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2. BACKGROUND
While originally being considered merely as information between DNA and proteins, it is
now becoming increasingly clear that RNA has multiple functions. Technical development of
genome-wide platforms such as RNA sequencing (RNA-seq)9,13 and chromatin
immunoprecipitation sequencing (ChIP-seq)15 has greatly increased our understanding of
gene regulation. Although rare cases such as ribosomal RNAs (rRNAs)25 and transfer RNAs
(tRNA)26 were described already in the 1950s, it is not until now it is becoming clear that
ncRNAs are involved in a wide range of cellular functions such as epigenetic regulation21,
cell cycle regulation27, cancer progression28,29 and X-chromosome inactivation16,17,30 among
many others.

2.1 NON-CODING RNAs
ncRNAs are arbitrary divided into short ncRNAs (<200 nt) and lncRNAs (>200 nt). There are
numerous short ncRNAs, including piwi-interacting RNAs (piwi-RNAs), small nucleolar
RNAs (snoRNAs) and transcriptional initiation RNAs (tiRNAs)31. The relatively well-studied
microRNAs (miRNAs), which are 19-21 nt long, are also found among the short ncRNAs.
Thousands of miRNAs have been discovered and hundreds of those functionally investigated.
In contrast, the lncRNAs, including the large intergenic ncRNAs (lincRNA)15, antisense
RNAs (asRNAa)10 and intronic RNAs32, are not as thoroughly investigated. While the
subclass of miRNAs is well defined, the role of lncRNAs appears to be more diverse.
Whereas the miRNAs predominantly act as post-transcriptional regulators in the cytoplasm,
lncRNAs act as both positive and negative regulators of gene expression, playing roles in
chromatin structure, epigenetic remodeling and RNA stability.
2.1.1 Long ncRNAs
Already in the 1990s, pioneering work had proposed various functional roles for lncRNAs.
Although very few, the examples ranged from imprinting of the lncRNA H1918,19, Xchromosome inactivation (XCI) by the X-inactive specific transcript (Xist)16,17, as well as
asRNA mediated regulation of Xist by the Tsix transcript30,33. These examples highlighted
widespread function of lncRNAs, but were at the time mainly considered as special and rare
cases.
In 2002, it started to become clear that the presence of lncRNAs could be more prevalent than
previously thought. Kapranov et al carried out pioneering work, where transcriptionally
active regions of human chromosomes 21 and 22 were investigated in a number of different
tumor cell lines24. By using oligonucleotide arrays, a surprisingly large number of
transcriptionally active regions were detected, not mapping to any known protein-coding
genes. Kapranov and colleagues reported that only ~10% of the transcriptional active regions
on chromosomes 21 and 22 corresponded to protein-coding exons and that the number of
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non-coding regions greatly exceeded the coding regions. Already at that point, the authors
speculated that some of these newly identified transcripts could indeed function as ncRNAs24.
The year after, Rinn et al designed a similar study and once again addressed the
transcriptional landscape of human chromosome 2234. In this study, the approach used also
allowed for strand specific analysis. Numerous novel transcribed regions were found and
many of them originated from introns of known protein-coding genes representing both novel
exons as well as expressed introns. In addition, a significant fraction of these novel RNAs
were found to be transcribed in the opposite direction, thus forming sense:antisense pairs of
transcription. Overall, the study by Rinn et al characterized twice as many transcribed bases
as previously reported on chromosome 22 and noted that several of the transcribed regions
were conserved between human and mouse. In addition, the authors speculated that some of
the overlapping genes could function as asRNAs, which may control levels of the gene
encoded on the opposite strand34.
The above-mentioned studies are some of the early examples that initially highlighted that the
transcriptional landscape and complexity of the genome had been vastly underestimated.
These studies barely scratched the surface and advances in genome-wide technologies would
soon support these observations. Experiments carried out by the two large international
consortia FANTOM (Functional Annotation Of Mouse) and ENCODE (The Encyclopedia of
DNA elements) have during the last decade generated large amounts of data from numerous
species, tissues and cell lines. The work by these two consortia has generated large libraries
of data and provides a major resource for functional genome annotation that is freely
available for scientists worldwide. This allows for independent analysis for finding novel
RNA transcripts, transcriptional start sites (TSS), transcription factor (TF) binding sites and
much more. This work has largely changed our view on biology and highly contributed to our
understanding of the complexity of the eukaryotic genome.
2.1.2 The FANTOM Consortium
The FANTOM Consortium was initiated in the year 2000 and originally aimed to assign
functional annotations to mouse full-length complementary DNA (cDNA)35. The initial
findings on chromosomes 21 and 2224,34 were indeed supported over the next few of years by
the FANTOM136, FANTOM237,38 and FANTOM39,10 projects. The data generated by the
FANTOM3 project was in many ways remarkable and made it clear that a large majority of
the mouse genome is transcribed and the overall coverage of transcribed regions spanning the
mouse genome was reported to be as much as 62.5%9. The FANTOM projects combine fulllength cDNA isolation and mapping of 5’- ends of RNA transcripts with the CAGE technique
(cap-analysis of gene expression)39. The CAGE technique captures polymerase II (pol II)
transcribed RNAs, which are capped on the 5’ end. This allows for the mapping of
transcriptionally active regions and the identification of pol II driven TSSs.
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The data generated by FANTOM3 was subsequently also used to address the frequency of
asRNA transcription10. asRNA transcription refers to the fact that DNA can be transcribed on
both strands. Normally, an asRNA is defined as the transcript being transcribed from the
opposite strand in relation to a protein-coding sense strand transcript. Therefore, the proteincoding sense strand ultimately share sequence complementarity with the asRNA transcript,
forming a so-called sense:asRNA pair. The analysis of the FANTOM3 data reported that
72% of all transcribed regions of the mouse genome also had a related asRNA annotation10.
Knockdown studies showed that asRNAs could be negative as well as positive regulators of
the corresponding protein-coding sense gene. The majority of the asRNAs appeared to be
poly-adenylated (polyA), but some of them were also reported as polyA negative10.
FANTOM4 focused on understanding the dynamics of TSSs upon monocytic differentiation
of the acute myeloid leukemia (AML) cell line THP-1. In a time-course study during phorbol
myristate acetate (PMA) induced differentiation, CAGE analysis characterized differentially
expressed TSSs and active promoters. This allowed for the identification of important
promoter regions, which could be used for prediction of key TF binding sites40. This
approach identified key factors that determine monocytic differentiation and showed that cell
states are dictated by complex networks of both positive and negative regulators depending
on numerous TFs40. No single factor by itself was enough to dictate cell states and the data
suggested coordinated and complex networks where the activity of several TFs is required for
complete differentiation. The complex network of TFs was further explored within
FANTOM4 by creating an atlas of TF-TF interactions41. In support of the previous findings,
the TF-TF interactome revealed that single TFs do not determine tissue specificity41. Instead,
many TFs were found to be expressed among many different tissues and tissue specificity
was rather mediated by tissue specific TF-TF interactions41.
The data generated by the FANTOM4 project also identified the presence of tiRNAs31 and
transcribed retrotransposones42. tiRNAs are ~18 nt long and the majority of them were shown
to coincide with TSSs (from -60 to +120 nt) of actively transcribed CpG rich pol II
promoters31. tiRNAs were found in human, chicken and Drosophila and a functional role in
chromatin modifications and transcriptional initiation have been suggest, possibly through
interacting with the protein CTCF43. Finally, FANTOM4 discovered that retrotransposon
elements such as LINE (Long interspersed elements) and SINE (Short interspersed elements),
among others, are frequently transcribed42. Repetitive elements, in particular
retrotransposons, comprise 30-50%44,45 of mammalian genomes and it was reported that as
much as 30% of all CAGE tags initiated within repetitive elements in some tissues, thus
having a large impact of the transcriptional output. It was suggested that retrotransposons that
localize in close proximity to promoter regions could serve as alternative promoters thus
generating alternative transcripts of both messenger RNAs (mRNAs) and ncRNAs. In
addition, 25% of all protein-coding genes were found to possess retrotransposons in their
3’UTR (untranslated region). Interestingly, this subset of mRNAs was in general expressed at
lower levels and it was speculated that this could be a consequence of the introduction of
5

miRNA binding sites. It was also suggested that retrotransposons in the 3’UTR could recruit
trans-acting mechanisms with the potential to promote degradation of the mRNAs.
The most recent update from the FANTOM Consortium was announced in 2014. The
FANTOM5 project published a series of papers (~20) aimed at mapping the TSSs of the
majority of promoters46 and enhancers47 in the mammalian genome. Approximately 1,000
human and 400 mouse samples, including primary cells, tissues and cancer cell lines were
mapped using the CAGE technique39. A comprehensive promoter atlas of gene expression
was generated and CAGE tags supported the presence of over 90% of all annotated proteincoding genes. In addition, the authors studied the evolutionary conservation of TSSs among
human and mouse. It was reported that TSSs representing highly expressed promoter regions
appear more conserved than others, while TSSs of ncRNAs were less conserved.
2.1.3 The ENCODE Consortium
Launched in 2003, the ENCODE project aimed to identify all functional elements in the
human genome by using high-throughput methods48. The pilot phase of the ENCODE project
was set out to investigate 1% of the human genome and included the analysis of a number of
human cell lines using methods such as RNA-seq, ChIP-seq and DNase I profiling. This
initial phase allowed for the evaluation and development of techniques that would later be
used for more comprehensive characterization of the remaining 99% of the human genome.
The ENCODE pilot phase was published in 200712 and provided evidence for pervasive
transcription as the majority of the investigated loci were associated with primary RNA
transcripts (including unspliced RNAs). Many novel RNA transcripts were identified, both
overlapping with protein-coding loci as well as within loci previously thought to be
transcriptionally silent. Certain histone marks were shown to correlate remarkably well with
transcriptionally active regions. Trimethylation of histone 3 lysine 4 (H3K4me3) was for
example shown to be enriched at active promoters. The authors also identified 201
pseudogenes and 19% of those showed evidence of transcription. Morover, it was also
observed that a large fraction of the identified functional elements appeared to lack
evolutionary conservation throughout mammalian evolution.
About five years after publishing the ENCODE pilot phase, the studies had been expanded to
cover the remaining 99% of the human genome13. In 2012, a set of 30 papers were published
by the ENCODE Consortium, presenting a great variety of findings such as RNA-seq, TFbinding, histone marks and sequence conservation of regulatory regions. Altogether, the data
included 1.640 data sets from 147 different cell types. Although not possible to cover all
findings within this thesis, some of the highlights, in particular with regards to lncRNAs, will
be discussed.
Overall, 80.4% of the human genome was shown to have a biochemical function defined as: a
genome segment either encoding for RNA or having a reproducible signature for chromatin
structure or protein binding49. Moreover, ~60-75% of the genome was reported to be
6

transcribed into RNA13 and the transcribed regions were very well predicted by histone
marks50. Among the lncRNAs, mass spectrometry analysis further supported that most were
not translated into proteins (92%)51. Also, these transcripts were found predominantly
localized to chromatin structures and to the nucleus14. lncRNAs were in general less
conserved than protein-coding mRNAs, but promoter regions of lncRNAs were almost as
conserved as promoters for protein-coding genes14. Interestingly, a third of the lncRNAs
seemed to be primate-specific. The expression of lncRNAs also appeared to be more tissue
specific than protein-coding mRNAs. While 25% of the mRNAs were expressed at < 1 copy
per cell, the corresponding number for lncRNAs was 80%13. This does not necessarily imply
that lncRNAs in general are expressed at very low levels, but could instead indicate that
lncRNAs are expressed in very specific subset of cells or tissues. Altogether, ENCODE
identified transcription of ~9,500 lncRNAs, including 5,058 lincRNAs and 3,124 asRNAs52.
In addition, ENCODE also investigated the presence of pseudogenes in the human genome.
11,224 pseudogenes were identified and 863 of those showed evidence of transcription.53 The
distribution of genes which have been identified by ENCODE is annotated by the
GENCODE Consortium52. The GENCODE v7 annotation of genes is illustrated in Figure 1.

Figure 1 The number of human annotated genes in GENCODE v714. Pseudogenes are discussed in more detail
in section 3.2.

2.1.4 Identification of lincRNAs using histone marks
In addition to the work carried out by the FANTOM and ENCODE Consortia, alternative
approaches have also been used in order to identify lncRNAs. By using ChIP-seq data it was
found that actively transcribed regions could be identified by the chromatin marks H3K4me3
and H3K36me3 (trimethylation of histone 3 lysine 36). While active promoter regions are
marked by H3K4me3, pol II transcribed regions are marked with H3K36me3 throughout the
transcribed region (so called K4-K36 domains)12,54. Searching for these chromatin structures
could therefore identify previously uncharacterized expressed regions, possibly encoding
novel lncRNAs.
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In a study carried out by Guttman et al15, ChIP-seq data from mouse embryonic stem cells,
mouse embryonic fibroblasts, mouse lung fibroblasts and neural precursor cells were
analyzed for K4-K36 domains. By specifically looking for K4-K36 domains that did not
overlap with known protein-coding genes, the authors discovered ~1,600 putatively novel
lincRNAs. Microarrays covering these intergenic domains verified 70% to be actively
transcribed. The subset of lincRNAs identified by H3-K36 domains showed clear sequence
conservation. Although the lincRNA exons showed less conservation compared to proteincoding exons, the promoter regions were often equally conserved. Moreover, 70% of human
orthologous regions also showed corresponding K4-K36 domains. Taken together, this
implied that many of the identified lincRNAs could be related to biological function.
Although no concrete biological function was associated with the lincRNAs at that point, it
was noted that many promoters harbored binding sites for Oct4, Nanog and p53. Indeed,
activation of p53 by exposing mouse embryonic fibroblasts to DNA damage triggered the
expression of 39 lincRNAs. Moreover, ChIP-seq data supported direct binding of Oct4 and
Nanog to several of the promoters of the lincRNAs, consequently supporting lincRNAs to be
regulated by key TFs15.
2.1.5 Subclasses of lncRNAs
lncRNAs do not have a single clear definition, except that they are longer than 200 nt55. The
lncRNAs are instead divided into subclasses based on genomic features mainly dependent on
localization relative to protein-coding genes. The most well established subclasses of
lncRNAs are the following (Figure 2)14,52:
•
•
•
•
•

Antisense RNAs (asRNA) (Figure 2A)
Large intergenic RNAs (lincRNAs) (Figure 2B)
Sense overlapping RNAs (Figure 2C)
Sense intronic RNAs (Figure 2D)
Processed transcripts (do not contain an open reading frame (ORF) and cannot be
placed in any of the other categories)

In addition to these main categories, numerous other subclasses such as transcribed ultra
conserved regions (T-UCR)56 and transcribed pseudogenes57 have also been proposed.
Importantly, as far as we know today there is no evidence of a difference in function among
these subclasses and the distinct classes of lncRNAs do not differentiate between specific
functions55. For example, asRNAs can act as both positive (concordant) and negative
(discordant) regulators of their corresponding sense transcript21,58. Moreover, lincRNAs are
involved in regulation of locus specific chromatin remodeling59, organization of
multichromosomal regions60 as well as post-translational regulation61,62. Below follows a
brief selection of pioneering investigations of functional properties of asRNAs and lincRNAs.
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Figure 2 A schematic figure depicting the different subclasses of lncRNAs.

2.1.6 Mechanisms of regulation
2.1.6.1 antisense RNA
asRNAs are expressed from the opposite strand of a sense transcript, which is either a
protein-coding mRNA or another ncRNA gene. The asRNA shares complementarity to the
sense expressed transcript (with the exception of bidirectional promoters) and can overlap
promoters, exons, 5’- and 3’- UTRs as well as introns (Figure 3).
The presence of asRNA transcription has been know for decades, first studied in bacteria
(reviewed in63) and later in eukaryotes (reviewed in64). Well-studied examples such as
inactivation of the X-chromosome30 and the Insulin-like growth factor 2 receptor (Igf2r)65
had served as groundbreaking examples of asRNA mediated regulation. However, it was not
until the introduction of genome-wide approaches that it became clear that the presence of
asRNA transcription is widespread10. The number of protein-coding genes with a
corresponding asRNA transcript is estimated to range from 20-40%66,67. The studies carried
out by the ENCODE Consortium indicate that asRNAs, just as lncRNAs in general,
preferentially accumulate in the nucleus13,14.
The genomic arrangement of sense:asRNA transcription gives the impression that they act on
each other through cis-acting mechanisms. Indeed, most of the examples studied to date
suggest such a regulatory mechanism21,68-70. However, this model may have been an
oversimplified view of asRNA-mediated regulation and a number of recent reports challenge
this view and show that asRNAs can also function through trans-regulatory mechanisms
(Figure 3)59,71.
Numerous mechanisms of action have been proposed for asRNA mediated regulation
including epigenetic changes21, imprinting30,65, altered splicing23 and RNA stability68,69.
Moreover, asRNAs have also been implicated in disease and for example several cancerassociated genes such as p1521, p2170 and p5368 have been shown to be under the regulation
of asRNAs. At the moment, characterization and understanding of asRNA-mediated
9

regulation relies on detailed molecular investigation of specific cases. Clear roles have
emerged for some asRNAs and a selection of the most thoroughly investigated genes will be
discussed in greater detail.

Figure 3 A schematic figure depicting different forms of asRNA transcripts.

X-chromosome inactivation: Xist/Tsix
The lncRNAs involved in XCI (X-chromosome inactivation) are probably among the best
characterized and often serve as models for understanding lncRNA-mediated epigenetic
regulation. In contrast to males, females have two X-chromosomes and undergo XCI to
balance the expression of the nearly ~1,000 genes localized on the X-chromosome. This
process is initiated at the X-chromosome inactivation center (Xic) and is dependent and
regulated by a number of different lncRNAs; Xist, Tsix, RepA, Jpx and Xite. The Xist
transcript (X-inactivate-specific transcript) evades inactivation and is transcribed on the
inactive X-chromosome (Xi) and was one of the first lncRNAs to be identified72,73. Xist is a
nuclear localized ~17 kilobases (kb) cis-acting lncRNA16,17 which maps to the Xic and is
required for initiation of the XCI74. Xist coats the X-chromosome and recruits chromatin
remodeling complexes to the targeted X-chromosome whereby chromosome-wide silencing
is induced and spreads along Xi. More specifically, the 5’ end of Xist contains a conserved
region called Repetitive element A (RepA)75 which binds and recruits the RNA binding
protein Enhancer of zeste homolog 2 (EZH2) to Xi76. EZH2, a histone methyl transferase and
a subunit of the polycomb repressive complex 2 (PRC2), catalyzes the methylation of the
repressive histone mark H3K27me3 (trimethylation of histone 3 lysine 27). Upon induction
of Xist-RepA, the PRC2 complex is recruited to Xi through the formation of RepA-PRC2
complexes whereby the inactivation process is initiated.
While Xist dictates the formation of the Xi, an antisense transcript to Xist, Tsix, dictates the
active X-chromosome (Xa) and prevents the action of Xist30. Tsix is a 40 kb lncRNA which
has been found to exist in both spliced and unspliced variants at approximately equal levels77.
It has been speculated that the different isoforms may hold different functions but this
remains to be investigated77. Tsix is initially expressed on both Xi and Xa. Upon the
inactivation process, Tsix is induced on the future Xa, while it is repressed on the future Xi.
Tsix has been shown to block XCI by acting negatively on Xist in several different ways.
First, Tsix, like Xist, also interacts with PRC2 and it is believed that Tsix acts as a decoy and
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titrates PRC2 away from Xist76. Upon suppression of Tsix, the level of free PRC2 increases
and the RepA-PRC2 interaction is formed and consequently recruited to the chromatin.
Second, Tsix is reported to form duplexes with Xist-RepA whereby the recruitment of RepAPRC2 to Xa is prevented78. Lastly, Tsix also appears to regulate transcription of Xist79,80. Tsix
has been shown to interact with the de novo DNA methyl transferase 3a (DNMT3a). The
Tsix-DNMT3a complex is recruited to the Xist promoter and transcription is ultimately
suppressed by the induction of DNA methylation80.
Both the Xist and Tsix lncRNAs appear to act predominantly in cis. One could envision that
Xist may diffuse from Xi and also initiate silencing of the Xa. However, it has been found
that Xist is being tethered to the Xi by forming interactions with the Yin Yang 1 (YY1)
protein81. YY1 is a bivalent protein capable of binding both DNA and RNA. YY1 interacts
with Xi as well as the so-called Repeat C (RepC) element; a conserved C rich element of Xist
repeated 14 times in tandem16,17. Is has been shown that YY1 is blocked from binding to Xa
and the Xi-YY1-Xist complex is therefore tethered and forms exclusively on the Xi81.
However, the underlying mechanism of differential binding of YY1 between Xi and Xa
remains unidentified.
Finally, XCI is regulated by yet another lncRNA since it has been found that the lncRNA
Jpx1 antagonizes the effect of Tsix82,83. Jpx1 activates transcription of Xist on Xi by evicting
CTCF from the Xist promoter82. CTCF is a transcriptional repressor84 which initially binds to
the Xist promoter thus blocking its transcription. Upon XCI, Jpx1 expression increases and
Jpx1 binds CTCF. The Jpx1-CTCF complex is impaired in binding to Xist promoter on Xi
and Xist transcription is consequently induced. Simultaneously, Tsix increases in expression
on Xa subsequently preventing XCI.
Taken together, XCI clearly illustrates the complexity and diversity of lncRNAs and
highlights that lncRNAs can mediate a wide variety of regulatory functions.
Trans-acting lncRNA: HOX Antisense Intergenic RNA
In addition to the lncRNAs involved in XCI, HOTAIR (HOX Antisense Intergenic RNA) is
another lncRNA that has been extensively studied. Chang and colleagues investigated the
transcriptional landscape of the four human HOX loci termed HOXA, HOXB, HOXC and
HOXD. The HOX loci encode for 39 protein-coding genes, all of which are extensively
regulated by chromatin modifications and functionally involved in specifying positional
identities of cells. By using a tiling microarray approach, the presence of 231 transcribed loci
which did not overlap with the protein-coding genes were revealed within these four loci59.
Indeed, the majority of the transcribed loci (231 of 407) were intergenic, non-coding and
showed evolutionary conservation indicative of functional relevance. Among the identified
lncRNAs, HOTAIR encoded on the HOXC locus has been subject of extensive
analysis29,59,85,86.
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HOTAIR is a 2.2 kb lncRNA which is conserved to approximately 90% between human and
mouse. Knockdown of HOTAIR does not affect the HOXC genes on chromosome 12 but
instead reactivates several of the HOXD genes on chromosome 2. Mechanistically, HOTAIR
recruits the PRC2 complex to the HOXD locus whereby transcriptional silencing is catalyzed
by the formation of H3K27me3. Furthermore, silencing of the HOXD locus spreads over a
nearly 40 kb large genomic region of the HOXD locus in a process which is still not well
understood. Interestingly, the HOTAIR mediated recruitment of PRC2 is specific for the
HOXD locus and does not affect any of the genes located on HOXA, HOXB or HOXC59.
Subsequent studies have continued to dissect the function and molecular characteristics of
HOTAIR. Genome-wide pulldown of HOTAIR using a tiling method called Chromatin
Isolation by RNA Purification (ChIRP) identified 832 binding sites of HOTAIR85. Similar to
HOXD, these sites highly overlapped with the chromatin mark H3K27me3. HOTAIR appears
to be highly enriched within short and specific regions containing sequence features with
Guanine-Adenine-rich (poly-purine) elements, while PRC2 and H3K27me3 spread over
broad domains. It has been speculated that HOTAIR is the initiation factor of silencing and
recruitment of PRC2. This is indeed supported by the notion that HOTAIR is still bound to
chromatin in the absence of PRC2, while PRC2 is not recruited to the chromatin in the
absence of HOTAIR85.
Further characterization of the HOTAIR transcript has revealed yet another functional
property of HOTAIR, namely the presence of two different protein binding domains86. While
the 5’ end of HOTAIR binds and recruits PRC2, the 3’ end binds to another histone
modification complex, CoREST/REST. The CoREST/REST complex contains the H3K4me2
demethylase LSD187. H3K4me2/3 correlates with actively transcribed regions88 and its
demethylation is required for proper repression of HOX genes89,90. Consequently, HOTAIR
functions as a molecular scaffold for two different modules, bringing PRC2 and
CoREST/REST together. Methylation of H3K27me3 is therefore subsequently coordinated
with the demethylation of H3K4me286,89.
In conclusion, HOTAIR and Xist are two extensively studied lncRNAs that have served as
pioneering examples on functional investigations of lncRNAs. Through the recruitment of
PRC2 to distinct loci and their involvement in chromatin remodeling, the functional
properties of these lncRNAs are to some extent overlapping. It is also interesting to notice
that while both Xist and HOTAIR initially recruit PRC2 to distinct loci, the repressive
complex later spreads over larger regions. However, there are distinct characteristics as well.
While Xist primarily functions in cis, HOTAIR functions in trans at many chromosomal
regions.
Imprinting: Insulin-like growth factor 2 receptor
Imprinting is a phenomenon that refers to genes that are only expressed from either the
maternal or the paternal allele. The Igf2r (Insulin-like growth factor 2 receptor) is a paternally
imprinted locus encoding for the transmembrane receptor Igf2r, which functions by binding
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of the Insulin-like growth factor II (Igf2) at the cell surface. Imprinting of the paternal Igf2r
was first shown to require a CpG region within the second intron of Igf2r (Figure 4)91. This
region was later revealed to be the promoter for the asRNA transcript Airn (antisense Insulinlike growth factor receptor)65. The transcription of Airn is suppressed by DNA methylation
on the maternal chromosome (Figure 4A), while it remains active on the paternally inherited
chromosome (Figure 4B). Airn acts in cis on the paternal chromosome and induces
transcriptional silencing by promoting DNA methylation of the Igf2r promoter92,93. Airn is
predominantly expressed as an unspliced and nuclear localized 108 kb lncRNA. However,
several spliced isoforms that are exported to the cytoplasm have also been reported but their
function remains unknown (Figure 4C)94. Recent studies suggest that imprinting is mediated
by the actual transcription of Airn, not the primary RNA transcript, consequently causing
transcriptional interference that is thought to reduce the recruitment of pol II to the Igf2r
promoter93. It has also been reported that Airn interacts with G9a, a histone methyltransferase
catalyzing the formation of the repressive histone mark H3K9me2. However, this appears to
be dispensable for inactivation of Igf2r95.

Figure 4 Imprinting of the Igf2r locus. (A: Maternal) Igf2r is actively being transcribed and the asRNA
promoter (Airn) localized within the second intron of Igf2r is epigenetically inactivated. (B: Paternal) The Airn
asRNA promoter is transcriptionally active, consequently being transcribed over the promoter of Igf2r thereby
causing transcriptional interference of Igf2r. The paternal Igf2r is silenced by methylation of the promoterassociated CpG island. (C) Airn is also spliced but no function has yet been described for this isoform.
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Epigenetic remodeling: Antisense Non-coding RNA in the INK4 Locus
The tumor suppressor gene cluster INK4B-ARF-INK4A is localized at the human
chromosomal region 9p21. This region encodes three critical tumor suppressor genes,
p15INK4B, p16INK4A and p14ARF, which have been found inactivated through homozygous
deletions as well as epigenetic mechanisms in many human tumors. p15INK4B and p16INK4A
are two cyclin-dependent kinase (CDK) inhibitors involved in inhibiting cell cycle
progression, whereas p14ARF increases the levels of p53 by binding to the p53-inhibiting
protein MDM2. Inactivation of this locus in tumors thus disrupts both the pRb and p53 tumor
suppressor pathways. In addition to the protein-encoding transcripts INK4B-ARF-INK4A, this
region has also been found to encode the asRNA transcript ANRIL (Antisense Non-coding
RNA in the INK4 Locus)96 spanning a region of ~125 kb. It contains 19 exons that are
frequently alternatively spliced and numerous isoforms have been reported. ANRIL is
transcribed from the p14ARF bidirectional promoter and has been shown to regulate
transcription of both p15INK4B and p16INK4A.
The capacity of ANRIL to induce chromatin remodeling at the INK4B-ARF-INK4A locus was
originally described in 2008 by Yu et al21. High expression of ANRIL was found to correlate
with low expression of p15INK4B in AML as well as in acute lymphoblastic leukemia (ALL).
Moreover, ectopic expression of ANRIL in several human cell line models as well as mouse
embryonic cells caused suppression of p15INK4B through the formation of heterochromatin and
induction of H3K9me2, but was found independent of DNA methylation. Functional
investigations of ANRIL have been addressed in a number of subsequent papers and a role
for silencing of both p15INK4B and p16INK4A has been reported22,97. ANRIL recruits the PRC2
complex, containing of the proteins EZH2, SUZ12 and EED, which initiates the silencing97.
SUZ12 interacts directly with ANRIL whereby EZH2 catalyzes the formation of H3K27me3.
Next, PRC1 containing BMI1/MEL18, mPh1/2, RING1A/B, and Chromobox 7 (CBX7) is
recruited to the site. The CBX7 protein recognizes the H3K27me3 mark whereby long-term
silencing is established through the activity of RING1A, which mediates monoubiquitination
at histone H2A Lysine 119 (see section 3.1.8.1 for further details of PRC1 and PRC2).
miRNA target site: Beta-secretase-1 asRNA
The Beta-secretase-1 asRNA (BACE1-AS) was identified by the FANTOM3 project as a
sense:asRNA pair conserved between human and mouse10. Elevated levels of BACE1-AS, as
well as the protein-coding sense transcript BACE1, were found in individuals with
Alzheimer’s disease and a role for the asRNA has been suggested in progression of the
disease69,98. Mechanistically, it was reported that BACE1-AS stabilizes the expression of the
BACE1 mRNA by forming RNA:RNA interactions69. The sense:asRNA interaction interferes
with a miRNA target site (miR-485-5p) in the BACE1 transcript, whereby the miRNA
mediated suppression of BACE1 is lost. Noteworthy, this interaction and regulatory interplay
does not occur in the 3’ UTR of the BACE1 transcript where miRNA targeting normally
occurs. Instead, the competitive mRNA-asRNA-miRNA interplay was reported to take place
within the protein-coding ORF of BACE1.
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Splicing: Zinc finger E-box-binding homeobox 2
The zinc-finger E-box-binding homeobox 2 gene (ZEB2) is a transcriptional suppressor of
the cancer-associated gene E-caderin. The expression of ZEB2 has been linked to several
different forms of cancer including breast99 and gastric cancer100 and its expression has been
found to associate with the presence of an asRNA, ZEB2-AS123,101. ZEB2-AS1 overlaps the
5’UTR of ZEB2 and the sense:asRNA overlap is conserved between mouse and human101.
The 5’ UTR of ZEB2 contains an intron where an internal ribosome entry site (IRES) is
located. This intron is normally spliced away but the splice site is masked upon the induction
of ZEB2-AS1, consequently increasing the translation of ZEB2 mRNA through initiation at
the IRES element.
2.1.6.2 Non antisense RNA mediated regulation
The majority of studies on lncRNAs so far have focused on their regulation of chromatin
structure and epigenetic remodeling, but a few recent reports have highlighted a functional
role beyond chromatin. Two reports suggest lncRNAs to be involved in post-translational
regulation of proteins by affecting their phosphorylation. While the lncRNA PVT1 protects
the oncoprotein MYC from being phosphorylated and degraded62, the lnc-DC (lncRNA
Dendritic cells) protects STAT3 (Signal transducer and activator of transcription 3) from
being inactivated by de-phosphorylation61 (see details below). In addition, there is an
emerging role for lncRNAs to regulate the stability of mRNAs by the formation RNA:RNA
interactions at Alu rich elements (see below)102.
lncRNA mediated regulation of phosphorylation
The MYC oncogene is localized on the chromosomal region 8q24.21, a region frequently
amplified in various human tumors. In addition to MYC, the protein-encoding GSDMC and
CCDC26 genes as well as the lncRNA gene PVT1 are found within this region. While MYC
has clear oncogenic properties, the functional relevance of the other genes has remained
unclear. A fascinating interplay between MYC and the lncRNA PVT1 was recently
revealed62. A number of different mouse models with low copy number gain of the 8q24.21
region were generated: gain(Myc), gain(Pvt1, Ccdc26, Gsdmc) and gain(Myc, Pvt1, Ccdc26,
Gsdmc). Interestingly, gain(Myc) did not show any induction of tumor formation and neither
did gain(Pvt1, Ccdc26, Gsdmc). However, gain(Myc, Pvt1, Ccdc26, Gsdmc) showed
increased penetrance of tumor initiation compared to the other genotypes. This implied the
presence of other genetic elements than MYC alone within the 8q24.21 region with oncogenic
properties that amplify the pro-tumorigenic effect of MYC. The authors revealed PVT1 to be
this factor62. Phosphorylation of MYC on threonine 58 (Thr58) has been shown to regulate
the stability of the MYC protein by decreasing its half-life103. PVT1 was found co-expressed
and to interact with MYC, consequently protecting MYC from phosphorylation on Thr58 in a
process still not completely identified. Interestingly, publicly available databases showed that
>97% of tumors with increased 8q24 copy number had increased copy number of both the
MYC and PVT1 genes62.
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A second example of post-translational modification mediated by lncRNAs was reported by
Wang et al61. They investigated the transcriptome during differentiation of human dendritic
cells (DC) and revealed a novel lncRNA named lnc-DC. Lnc-DC was found only modestly
evolutionary conserved but interestingly induced upon DC differentiation in both human
monocytes as well as in mouse bone marrow cells. Histone marks (e.g. H3K4me3) from the
ENCODE data reinforced their findings and supported transcriptional activity at the genomic
region encoding lnc-DC12. Moreover, the induction of lnc-DC was found to be mediated by
the transcription factor PU.1, which is a key regulator of DC differentiation104,105.
Knockdown of lnc-DC did not influence any of the nearby genes. Instead, biotin pulldown of
lnc-DC revealed its association with STAT3. STAT3 is a TF, which in response to cytokines
and growth factors is phosphorylated by receptor-associated kinases. Upon phosphorylation,
STAT3 forms hetero- and homodimers and translocates to the nucleus where it activates
transcription of target genes. Importantly, STAT3 is known to be involved in DC
differentiation106. Mechanistically, lnc-DC does not induce phosphorylation of STAT3 but
instead suppresses de-phosphorylation and inactivation of STAT3. Lnc-DC binds to and
blocks the function of the protein tyrosine phosphatase SHP-1, which normally dephosporylates STAT3. The level of active phosphorylated STAT3 is thus consequently
increased (STAT3 and SHP-1 is described in greater detail in section 3.7).
lncRNA-mediated regulation of mRNA stability
Alu elements are among the most common sequences in the human genome. There are
approximately 1 million copies of Alu elements covering 10% of the human genome107. Alu
elements belong to the SINE subtype of retrotransposones and are ~300 bp. The name Alu
was given due to the presence of the recognition site for the Alu restriction enzyme
(AGCT)108. It is believed that Alu elements are derived from duplications of the 7SL gene,
which is part of the ribosome complex. The Alu elements are found within genes, introns,
3’UTRs and intergenic regions and have been reported to be involved in the regulation of
gene expression (reviewed in109).
Staufen1 (STAU1) mediated mRNA decay (SMD) is a process where the STAU1 protein
binds to double-stranded hairpin RNA structures in the 3’UTR of mRNAs. This interaction is
involved in mRNA decay by de-stabilizing the targeted mRNAs110. Chenguang et al reported
that STAU1 is not only recruited to hairpin RNA structures. It was found that Alu elements in
the 3’UTR of mRNAs could form similar structures by interacting with Alu elements of
lncRNAs. These double-stranded RNA:RNA interactions were shown to be sufficient to
recruit STAU1 and to initiate the SMD pathway102.
The authors thoroughly investigated one of those lncRNAs in detail (named 1/2-sbsRNA1)
and its interaction with the protein-coding mRNAs SERPINE1 and ANKRD57. The
interaction between the 1/2-sbsRNA1 and these protein-encoding mRNAs was indeed found
to reduce amounts of the mRNAs, but not of the lncRNA. Although limited to a single
lncRNA, it is tempting to speculate that this regulatory pathway is widespread. Knockdown
16

of STAU1 in HeLa cells increased the expression of ~1.6% of all expressed mRNAs. Among
those, 13% contained a single Alu element in their 3’UTR102. In addition, the authors reported
that 378 lncRNAs contained similar Alu elements but their interplay with Alu containing
mRNAs remains to be investigated102.
2.1.7 Transcribed RNA = functional RNA?
As discussed above, thousands of lncRNAs have been and reported but only a handful of
those have been assigned function and the functional relevance of all of these transcripts has
become a matter of debate. While the recent ENCODE publications claim 80% of the
genome to be functional (defined as either encoding for RNA or having a reproducible
signature for chromatin structure or binding of protein)49, others refer to this as highly
overestimated111. Some of the major concerns about the functional importance of lncRNAs
range from lack of conservation112 to leakiness and stochastic initiation of pol II
transcription113. In addition, functional predictions of lncRNAs have proven difficult and
functional investigations of individual lncRNAs are still very limited.
In a study by Mercer et al114, a subset of lncRNAs was investigated in terms of their
expression and localization in mouse brain tissue. Many lncRNAs displayed highly specific
expression patterns in different subcellular compartments, cell types and neuroanatomical
regions. Such distinct pattern of lncRNA expression argues for a highly regulated
transcriptional process rather than leaky and stochastic expression. Although this does not
necessarily imply functionality of the transcripts, it may argue against lncRNA being an
artifact of uncontrolled and leaky transcriptional initiation.
While evolutionary conservation most often indicates functional importance, absence of
sequence conservation does not necessarily imply lack of function (reviewed in115,116).
Whereas mRNAs encode for proteins, lncRNAs are involved in a wide range of processes
such as epigenetic remodeling21, post-translational modifications62 as well as interactions
between RNA:protein86, mRNA:lncRNA102 and miRNA:lncRNA57. Due to the diversity in
function of lncRNAs, it may by reasonable to believe that lncRNAs have different
evolutionary constraints than protein-coding mRNAs. Here, the evolutionary conservation of
lncRNAs will be discussed further by highlighting some of the previously discussed
examples: Xist/Tsix, Airn and HOTAIR.
The importance of Xist and Tsix in XCI has been well documented in mice and the presence
of XIST and TSIX has also been verified in the human genome16. The function of mouse Xist
and human XIST as well as the exon-intron structure is very similar but the overall sequence
identity is surprisingly low, being only around 60%117. However, it has been found that
certain repetitive elements such as the RepA sequence, which binds and recruits PRC2, are
relatively well-conserved17,118. Thus, stretches of poorly conserved sequences link more
conserved repetitive elements together into a functional lncRNA. It is therefore believed that
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Xist/XIST is predominantly conserved on the level of structure, and not on the level of
sequence.
In contrast to Xist/XIST, the function of human TSIX is surprisingly not orthologous to
mouse119. Although TSIX is also present in the human genome, the transcript is not involved
in asRNA-mediated suppression of XIST. The function of human TSIX in XCI remains to be
explored in human cells.
Similar observations as TSIX have also been seen for the asRNA Airn120. While Airn
mediates imprinting of the paternal Igf2r in mice92-94, no such function has been reported in
humans. Although AIRN is present in the human genome, its involvement in imprinting has
not been established. Interestingly, human AIRN localizes at the same genomic locus as in
mouse, but asRNA transcription over the IGF2R promoter, which is critical for mouse
imprinting93, has not been observed in human cells. A mouse ortholog has also been found
for the lncRNA HOTAIR (mHotair)121. Whereas human HOTAIR consists of six exons,
mHotair only encodes for two. Moreover, the 5’ end of HOTAIR, which has been reported to
bind to PRC259, is missing in mHotair and the sequence conservation is overall poor. In
support of this, absence of mHotair only showed modest, if any, changes on the chromatin
level in mouse121 while human HOTAIR has been associated with chromatin changes of
hundreds of loci85.
Taken together, although recent reports suggest many lncRNAs to be evolutionary conserved,
the examples discussed here clearly illustrates that careful considerations should be taken
before assuming that orthologous genes always have orthologous functions.
2.1.8 Effector proteins of lncRNAs
Although there is a huge repertoire of lncRNAs, their functional interplay with proteins
remains relatively poorly studied. lncRNAs may interact directly with proteins, serving as
guiding molecules and scaffolds. While HOTAIR serves as a molecular scaffold for the
PRC2 and the LSD1/REST/coREST complexes, 1/2-sbsRNA1 guides STAU1 mediated
mRNA decay. The proteins reported to interact with lncRNAs continue to grow in number.
Here, two mediators of lncRNA function, PRC2 and DNMT3a, both involved in epigenetic
regulation and relevant for the studies in this thesis, are discussed in greater detail.
2.1.8.1 Polycomb repressive complex
The polycomb group (PcG) of proteins were first identified in Drosophila melanogaster as
repressors of Hox genes. Hox genes are a set of transcription factors that are conserved
among all vertebrates with bilateral symmetry. The PcG proteins are involved in epigenetic
silencing and classified into PRC1 and PRC2. PRC2 is generally considered to be the
initiation complex while PRC1 is described as the maintenance complex.
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The core components of PRC2 are EZH2, Suppressor of zeste 12 (SUZ12) and Embryonic
ectoderm development (EED). EZH2 is the catalytic component of PRC2 and functions as a
methyltransferase by catalyzing di- and trimethylation of H3K27 (H3K27me2/3)122. The
PRC2 complexes containing the homolog EZH1 have low catalytic activity. Methylation of
H3K27 is a stepwise process; H3K27me2 is performed on monomethylated H3K27
(H3K27me1) and H3K27me3 results from methylation of H3K27me2123-125. EZH2 only
catalyzes the formation of H3K27me2 and H3K27me3 while the mechanism for the initiating
H3K27me1 remains unclear.
PRC1 complexes consist of BMI1/MEL18, mPh1/2, RING1A/B and a chromodomain
(CBX). The H3K27me3 histone mark is recognized by CBX whereby the maintenance
complex PRC1 is recruited to the site. The ubiquitin ligase RING1B triggers ubiquitylation of
Histone 2A at lysine 119 (H2AK119Ub), which consequently blocks transcription and
induces long term silencing.
In Drosophila melanogaster, the presence of DNA elements, named Polycomb response
elements (PRE), have been revealed to recruit PRC2 to targeted loci. In contrast, no similar
elements have been found in mammals. Neither PRC1 nor PRC2 have any specificity in their
DNA binding. Therefore, an unresolved question has for a long been how these chromatinremodeling complexes are recruited to a targeted locus. The observation in 2007 that
HOTAIR59 and, soon thereafter in 2008, that the RepA element of Xist76 interact with PRC2
pinpointed that RNA could be the guiding molecule that recruits the PRC2 complex to
specific places in the genome. Indeed, these studies were followed up by genome-wide
approaches for the identification of RNAs interacting with PRC2 and it was discovered that
up to 20% of the previously identified lincRNAs interact with PRC2, possibly acting as
guiding molecules126. In support of their findings, targeting of lincRNAs in human cell lines
generated similar phenotypes as targeting of PRC2126.
A role for RNA being the guide molecule for PRC2 is thus emerging, and since the initial
reports of HOTAIR59 and Xist76, numerous lncRNAs have now been reported to interact with
and guide PRC2 in a similar manner. However, how the interaction between PRC2:RNA is
formed and exactly how the RNA subsequently guides this complex to a targeted locus
remains poorly understood. While some reports pinpoint a role for short hairpin structures
within the RNA76, others suggest PRC2 and, in particular, EZH2 have high affinity for RNA,
but in contrast low specificity127,128. Davidovich et al showed promiscuous binding of EZH2
to RNA with low sequence specificity, and therefore put into question whether RNA forms
specific interactions with PRC2128. Interestingly, PRC2 appeared to have higher affinity for
long rather than short RNAs. Similarly, Kaneko et al showed preferential binding of PRC2 to
5’ ends of RNAs, resulting in recruitment to actively transcribed promoters without triggering
epigenetic silencing127. These two studies clearly raise more questions about the interplay
between PRC2:RNA, specifically how this interaction is formed and what dictates whether a
locus undergoes epigenetic silencing or not. A model where RNA is ubiquitously recruiting
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PRC2 to targeted locus, where PRC2 has the capacity to screen and sense whether the locus
is supposed to be active or inactive has been proposed127,128. The observations by Davidovich
et al128 and Kaneko et al127 are very interesting but more studies will clearly be required in
order to better understand the widespread recruitment of PRC2 by lncRNAs.
Finally, intriguing observations have revealed that the PRC2 complex and its subunit EZH2
interacts with DNMT3a129. This is suggestive of interplay between histone modifications and
DNA methylation where the two processes could act in concert.
2.1.8.2 DNA methyl transferases
Three DNA methyl transferases with catalytic activity have been identified; DNMT1130,131,
DNMT3a and DNMT3b132. DNMTs are involved in cellular DNA methylation by catalyzing
the conversion of cytosine to 5-methylcytosine. DNMT3a and DNMT3b add methyl groups
to unmodified DNA and are therefore called de novo DNMTs133. In contrast, DNMT1
localizes to replication foci and preferentially methylates hemi-methylated DNA during cell
division and is therefore considered as the maintenance DNMT. DNA methylation of CpG
dinucleotides is an important epigenetic regulatory mechanism that is associated with gene
silencing and has been linked to important processes such as XCI, development, genomic
imprinting as well as cancer development (reviewed in134-136). DNMT1 and DNMT3b are
both indispensable for embryonic development while knockout mice for DNMT3a die shortly
after birth133,137. Although essential, very little is known about the mechanisms by which
DNMTs are governing the establishment and maintenance of DNA methylation.
CpG dinucleotides are generally underrepresented in mammalian genomes but found
enriched at gene promoter regions and at the 5’ end of genes, forming so-called CpG
islands138. Approximately 70% of all promoters contain CpG islands139,140. The definition of a
CpG island, although arbitrary, is generally considered a stretch of DNA where the presence
of C+G is more than 55% over a region of 500 bp141. In general, the large majority of the
non-promoter associated CpG dinucleotides are methylated. Interestingly, these CpGs
dinucleotides are often hypomethylated upon cancer development while CpG islands at
promoters are hypermethylated (reviewed in142). However, the molecular mechanisms
underlying this switch are not well understood.
The mechanisms for the recruitment of DNMTs to targeted loci are today mostly unknown
and these proteins do not contain any domain conferring DNA specificity. One way of
recruiting DNMTs to specific DNA loci may be through the capacity to read the histone code.
As discussed above, DNMT3a and EZH2 have been reported to interact, thus allowing for
synchronization in methylation of histones (H3K27me3) and methylation of DNA129.
Genome-wide analysis presents a strong inverse correlation between the localization of
DNMT3a and H3K4me3, a histone mark representing active promoter regions143,144.
Additionally, it has also been found that DNMT3a associates with the histone deacetylase 1
(HDAC1)145-147 as well as the H3K9 methylase G9a148. Altogether, it appears likely that
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histone modifications and DNA methylation are tightly linked events and coordinated
through a number of different molecular mechanisms.
A number of recent studies highlight a potential role for RNA in the regulation of locus
specific DNA methylation. DNMT3a149, DNMT3b149 as well as DNMT1150 have all been
shown to interact with RNA. DNMT3a and DNMT3b were initially demonstrated to interact
with small interference RNAs (siRNAs)149. Likewise, in a process called transcriptional gene
silencing (TGS), it was shown that small RNAs, double stranded as well as single stranded,
could be directed against actively transcribed genes whereby transcription is suppressed
through epigenetic silencing151,152. This phenomenon had not been observed in human cells at
the time and was intriguing since it demonstrated a possible role of RNA in mediating
chromatin remodeling. Subsequent studies revealed DNMT3a to be recruited to the targeted
locus152 in a process which initiated long-term silencing and was stable even after the
withdrawal of the small hairpin RNA (shRNA)147.
In a recent study by Di Ruscio et al, genome-wide analysis was carried out for the RNA
interactome with DNMT1 and it was found that DNMT1 interacts with numerous promoter
overlapping non-coding transcripts150. Whereas the majority of studies on lncRNAs to date
have focused on the recruitment of epigenetic remodelers to targeted locus, this study
surprisingly showed that the interactions between DNMT1:RNA prevented DNMT1 from
maintaining DNA methylation. The promoter overlapping RNAs functioned as decoys for
DNMT1, and an inverse correlation of DNMT1:RNA and DNA methylation was noted150. In
contrast to these observations it has also been found that promoter overlapping ncRNAs can
form DNA:RNA triplex structures at the promoter regions of rRNA genes153. In this case, the
DNA:RNA interaction is recognized by DNMT3b whereby de novo methylation is initiated,
consequently triggering transcriptional suppression.
The model of DNMT3a/b serving as de novo DNMTs and DNMT1 as the maintenance
DNMT has recently being challenged by a number of studies. DNMT1 has been shown to
have do novo activity in cancer cells154. It has also been presented that DNMT3a mediates
transcriptional suppression also in the absence of its catalytic activity145,155. This appears to
take place trough deacetylation of histones through interactions with HDAC1 as well as
TFs145,155. One reported example is the interaction between p53 and DNMT3a, which affected
p53-dependent induction of the tumor suppressor gene p21155. In this case, the suppression of
p21 was active also upon mutations that inactivated the catalytic activity of DNMT3a. Thus,
it appears that DNMT3a counteracts the transcriptional activation of p53 independently of
DNA methylation. Besides, it is interesting to note that DNMT3a interacts with sequence
specific TFs, which indirectly mediate sequence specific recruitment of DNMT3a145,155. The
function of DNMT3a that is independent of DNA methylation remains to be studied more
thoroughly, but it is tempting to speculate whether there is a switch and co-factors needed in
order to trigger DNA methylation. In this scenario, DNMT3a could be ubiquitously recruited
to targeted loci without primarily triggering its catalytic activity, possibly in a similar
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mechanism as recently presented for PRC2 and as discussed above127,128. Finally, although
methylated CpGs are considered to be a suppressive mark, it has also been found that genebodies of actively transcribed genes are enriched for methylation156,157 and it has been
speculated that such methylation may prohibit unspecific and spurious initiation of
transcription156,158. Moreover, exons present higher levels of methylation than introns and a
sharp contrast of methylation at the intron-exon junction has been reported and a function
related to splicing has been proposed143.
Taken together, although DNA methylation is a key epigenetic signature involved in gene
regulation, the underlying mechanisms for induction, maintenance and control of sequence
specific methylation is largely unknown. In the relatively few studies carried out to date, a
role for RNA as a regulator of this process is emerging but more studies are needed in order
to increase our understanding.
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2.2 PSEUDOGENES
The term pseudogene was introduced in 1977 when Jacq and coworkers discovered a
truncated version of the 5S DNA that still contained homology with the active gene159. A
pseudogene refers to a duplicated gene which has lost its protein-coding capacity through
molecular events such as mutations causing frame shifts or premature stop codons.
Pseudogenes have long been considered non-functional relics in the genome but a number of
recent investigations have illuminated that they may have some exciting functional
properties57,71.
Depending on how the pseudogene was generated from its ancestral functional gene, also
called the parental gene, the pseudogenes are divided into:
•
•
•

Processed pseudogenes (Figure 5A)
Unprocessed pseudogenes (Figure 5B)
Unitary pseudogenes

Processed pseudogenes (Figure 5A) are derived from mRNAs which have been spliced,
reverse transcribed and inserted into the genome at a new genomic locus. Consequently,
promoter regions as well as other regulatory elements such as enhancers and introns of the
parental gene have been lost. The pseudogene and its transcriptional activity are therefore
highly dependent on whether it has integrated into a transcriptionally active or inactive
genomic region. Due to the mRNA intermediate during the pseudogenization, processed
pseudogenes often have poly-adenine features at their 3’ end. This category of pseudogenes
may also be partially spliced, thus still containing some remnants of parental introns.
Unprocessed pseudogenes (Figure 5B) are the result of gene duplications. In contrast to
processed pseudogenes, unprocessed pseudogenes maintain introns as well as promoter
elements and are therefore more likely to be transcriptionally active. Unprocessed
pseudogenes may also be partially duplicated, meaning that only a distinct region of the
parental gene has been duplicated.
Unitary pseudogenes refer to previously active genes that have become inactive through
various mutations. Thus, the process of inactivation is similar to unprocessed pseudogenes
without the prerequisite for the duplication process and the existence of a functional ancestral
gene.
The number of pseudogenes in the human genome was initially estimated to be ~20,000160.
This estimate was largely based on the pilot phase of the ENCODE project covering
chromosomes 21 and 22 (see section 3.1.3). The frequency of pseudogenes (201 in total)
within these arbitrarily chosen regions was extrapolated to the entire human genome.
However, the 1% of the human genome included in the ENCODE pilot phase turned out not
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to be fully representative of the entire genome and the estimate has now been adjusted to
around 14206 annotated pseudogenes according to the most recent update of GENCODE53.
Among annotated pseudogenes, the vast majority identified are processed pseudogenes
(10532) while 2942 are unprocessed and 161 are unitary pseudogenes. The excess of
processed pseudogenes is believed to be the result of a burst in retrotranspositional activity in
ancestral primates about 40 million years ago, which interestingly also coincides with the
amplification of Alu elements161,162. Although processed pseudogenes are more than three
times as numerous as duplicated pseudogenes, this is not reflected with regards to
transcriptional activity. As reported by the ENCODE Consortium, 876 processed and 531
unprocessed pseudogenes have at some point and in some tissue been detected to be
transcribed into RNA53. Noteworthy, while some genes only have a single pseudogene, some
highly expressed housekeeping genes are associated with a large numbers of pseudogenes.
For example, the ribosomal protein L121 has 143 pseudogenes and the glyceraldehyde-3phosphate dehydrogenase GAPDH has 68 pseudogenes53,163,164.
While originally considered only as ‘junk DNA’, previously underappreciated functions of
pseudogenes are now emerging. However, the identification of pseudogenes is not only of
interest due to their proven functional role in regulating its parental gene. The presence of
pseudogenes may also interfere with investigations of the protein-coding counterpart due to
the high sequence similarity and might for example interfere with analysis of transcriptional
abundance as well as mutational analysis. Extra care and considerations should therefore be
taken in the analysis of gene:pseudogene pairs.

Figure 5 A schematic illustration of the generation of pseudogenes (A) Processed pseudogenes are reverse
transcribed and integrated into new genomic locations. The promoter region of the protein-coding parental gene
is lost upon this process and acquired mutations inactivate the protein-coding potential. (B) Unprocessed
pseudogenes are duplicated from protein-coding parental genes. The promoter region is maintained and the
duplicated pseudogene is therefore more likely to be transcriptionally active. The protein-coding potential is lost
due to mutations.
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2.2.1 Evolutionary conservation of pseudogenes
The common ancestors of mice and humans diverged approximately 75 million years ago. As
discussed above, most human pseudogenes are the result of a burst in retrotranspositional
activity that took place ~40 million years ago in ancestral primates161,162. Interestingly, a
similar event took place in mice ~36 million years ago164. Thus, most pseudogenes (~60%)
were created after the last human and mouse common ancestor, and are therefore lineage
specific. In addition, studies focusing only on transcriptionally active human pseudogenes
suggest that as few as 3% of those are conserved in mouse165.
A critical point for investigations of pseudogenes will be to find good candidates to validate
for function. Evolutionary conservation is often a valid starting point and a good indication of
functional importance. Although few, 1,019 conserved pseudogenes have been identified
between mice, non-human primates and humans with 195 of those also showing conservation
at the sequence level53. However, as noted, the conservation of pseudogenes among different
species is generally low and may not be a valid approach for finding the most relevant
candidates for investigations. An alternative approach could be to investigate the overall
sequence similarity between the pseudogene and its protein-coding parental gene. However,
this approach could also be misleading due the fact that the generation of most pseudogenes
is a relatively recent evolutionary event. Thus, high sequence overlap between
gene:pseudogene pairs may not necessarily reflect evolutionary constraints but rather expose
the notion that these are recent evolutionary events.
In contrast, by identifying the corresponding 5’/3’UTR and coding-region, a pseudogene can
be divided into different genomic regions and subsequent sequence analysis carried out over
the different regions53. By doing so, most psedugenes were revealed to have comparable
sequence identities in the different genomic regions. This would be expected if there is a lack
of function and therefore no evolutionary constraints on that particular pseudogene. However,
one subset of pseudogenes had higher sequence identity in the 3’UTR and another subset in
the coding region. This suggests that mutations have been rejected and that some regions are
under stronger evolutionary constraints than others in this gene set. In total, 998 pseudogenes
showed such high sequence identity in the coding region compared to its parental gene while
36 showed higher sequence identity in the 3’UTR53.
In summary, although the group of pseudogenes is divergent and poorly conserved among
species, some show traces of evolutionary constraints suggesting functional importance. This
group of pseudogenes generates a good platform for initial investigations.
2.2.2 Functional investigations of pseudogenes
Similarly to lincRNAs and asRNAs, the development of genome-wide platforms revealed an
underappreciated complexity of pseudogenes. The fact that the ENCODE data revealed that
many pseudogenes are being transcribed increased the interest in this subset of non-coding
genes and inspired more functional studies53. Although the presence of pseudogenes has been
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known for ~30 years159, functional investigations have been very limited. As early as 1984,
the important tumor suppressor gene p53 was found to have a pseudogene166. Other important
regulatory proteins, many of which are well known for being involved in diseases, have
indeed been reported to have pseudogenes including PTEN (described in 1998)167, BRAC1
(described in 2002)168 and OCT4 (described in 2005)169.
In a study by Pain et al169, OCT4 was found to have six pseudogenes. Shortly thereafter,
transcriptional investigations were undertaken and showed that at least two of those,
OCT4pg1 and OCT4pg5, were transcriptionally active170. Although no function was assigned
at that point, the authors noted high expression in several cancer cell lines and also pointed
out that the high abundance of pseudogene associated transcripts could interfere with studies
of the protein-coding counterpart. Similarly, the PTEN pseudogene (PTENpg1, PTENp1,
PTENψ) was also reported as highly expressed in some cell lines and human tissues171.
More than 10 years after its discovery, a functional role for the PTENpg1 was reported57.
PTENpg1 is a processed pseudogene which is truncated due to a missense mutation in the
start codon for methionine, therefore preventing translation171. The pseudogene is highly
homologous to PTEN with a sequence identity of >95%. The protein-coding PTEN is
regulated by numerous miRNAs172,173 and in a significant study by Poliseno et al57, it was
found that PTENpg1 had retained the same miRNA biding sites as PTEN. PTENpg1 was
found to possess a regulatory function through its ability to compete for miRNA binding, thus
acting as a decoy for PTEN related miRNAs. High expression of PTENpg1 thus soaked up
and sponged miRNAs174, consequently releasing PTEN from miRNA-mediated suppression.
Contrarily, loss of expression of PTENpg1 released miRNAs, which instead targeted PTEN
causing suppression. In support of their findings, the expression of PTEN and PTENpg1
correlated in human tissues as well as prostate tumor samples. Moreover, copy number losses
of the PTENpg1 locus in colon cancer correlated with decreased expression of PTEN.
Deletion of the PTENpg1 locus has also been reported in human melanoma175. Unexpectedly,
PTEN was found co-deleted in the majority of melanoma samples with lost PTENpg1,
therefore suggesting a role for PTENpg1 beyond acting as decoy for PTEN targeted miRNAs.
The studies on PTENpg1 clearly illustrate a role for pseudogene-expressed transcripts in gene
regulation and cancer development. The studies on PTENpg1 were followed by genome-wide
approaches for the identification of transcribed pseudogenes in cancer. Using a total of 293
samples, 248 cancer and 45 benign samples, a pipeline for the identification of pseudogeneassociated transcripts was developed and over 1,500 actively transcribed pseudogenes were
found176. Some pseudogenes were highly tissue specific while others were ubiquitously
expressed in most samples investigated. Although most pseudogenes were found expressed in
both cancer and benign samples, an interesting subset of 248 showed specificity for cancer
cells only176. Noteworthy and as pointed out by the authors, the pipeline developed within
this study did not allow identification of pseudogenes with very high sequence overlap with
its parental protein-coding gene176. PTENpg1 was noted to be one such example.
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2.2.3 Competitive endogenous RNAs
The findings by Poliseno et al57 suggest a complex regulatory network where RNAs can be
biologically active by “talking” to each other through their ability to bind and compete for
miRNAs independently of the protein-coding capacity. mRNAs had previously been
considered as passive targets of miRNAs but this model, named competitive endogenous
RNAs (ceRNA)177, suggests cross-talk between different RNA molecules. The ceRNA model
may not only be applied to pseudogenes but could also be valid for other RNAs such as
lincRNAs178, asRNAs179 as well as mRNAs180. In addition, it is also suggested that
pseudogenes may act as decoys for RNA binding proteins. As an example, the HMGA1 gene
(high mobility group A1), which is associated with insulin resistance and type 2 diabetes, is
stabilized by the αCP1 protein through protein:RNA interactions in the 3’UTR of HMGA1.
Upon induction of its pseudogene, HMGA1-p, αCP1 translocates to the pseudogene whereby
the stability of HMGA1 mRNA decreases181.
2.2.4 Pseudogenes: a novel source of asRNAs?
Although several reports suggest thousands of pseudogenes to be transcriptionally active53,176,
no such comprehensive data is available for pseudogenes transcribed in the asRNA direction.
The investigations of such transcripts mainly rely on case-by-case studies. As proven by a
limited number of studies71,182,183, asRNAs expressed from pseudogenes, pseudo-asRNAs, are
indeed potential regulators of their parental gene. Pseudo-asRNAs have greater flexibility and
chances to evolve compared to cis-asRNAs, since there are no constraints from the proteincoding sense gene. They can therefore emerge into new important regulatory transcripts and
exhibit an independent transcriptional regulation as compared to their ancestral gene. Upon
integration into a new genomic location, a processed pseudogene could for example be fused
with new genomic elements leading to the formation of transcripts with modified functional
properties. Furthermore, it is also possible that a protein-coding gene originally lacking cisasRNA transcription may acquire pseudo-asRNA transcription through the evolution of a
new pseudogene-associated asRNA promoter184. In an attempt to identify pseudo-asRNAs,
expressed sequence tags (ESTs) were used and indeed, 87 pseudogenes were found to have
pseudo-asRNAs184. Among those, 15 parental genes showed evidence of asRNAs, suggesting
that the sense:asRNA pair had existed prior the pseudogenization process and had been
duplicated together. Similar to sense transcribed pseudogenes53, different regions of the
pseudo-asRNA were noted to harbor different degrees of sequence conservation. The
sequence overlapping with the parental gene was shown to contain the lowest degree of
mutations, suggesting there is selection for maintaining complementarity to the parental gene.
The first evidence of pseudo-asRNAs was presented in 1992 when Zhou et al showed the
Human DNA Topoisomerase I Pseudogene to be associated with asRNA transcription185. A
few years later, in 1997, similar discoveries were reported also in mouse for the FGFR-3
pseudogene186. However, no function was assigned for either of these transcripts.
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The first functional characterization of a pseudo-asRNA was carried out on the neuronal
nitric oxide synthase gene (nNOS) in the mollusk Lymnaea stagnalis187. nNOS was found
having a pseudogene, pseudo-nNOS, which was expressed in the central nervous system and
involved in regulating the expression of nNOS. pseudo-nNOS was not expressed as an
asRNA from the opposite DNA strand but instead contained a 150 bp long inverted repeat in
the sense orientation. This repeat was found to form a duplex with nNOS and to prevent its
translation by a mechanism still not identified187.
AsRNAs derived from pseudogenes can also serve as substrates for the generation of
endogenous siRNAs. RNA-seq data from mouse oocytes revealed the presence of siRNAs
originating from pseudo-asRNAs188,189. Unexpectedly, the dsRNA formation that serves as
template for Dicer processing was not mediated by interactions between the pseudogene
sense and asRNA transcripts. Instead, it appeared that the pseudo-asRNA formed a Dicer
substrate with the mRNA of its protein-coding parental gene. The authors speculated whether
these interactions can only take place in mouse oocytes due to the lack of dsRNA inducible
protein kinase R (PKR)190. A similar mechanism has also been proposed in human cells.
Mapping of small RNAs from deep sequencing data identified a subset which aligned to
pseudogenes191.
Finally, pseudo-asRNAs can also guide epigenetic remodeling complexes. One of the OCT4
pseudogenes, OCT4-pg5, was found having an asRNA transcript which acted as a negative
regulator for the protein-coding gene OCT4 as well as the OCT4-pg171. Comparable to other
cis-acting asRNAs97, OCT4-pg5 caused epigenetic silencing through the recruitment of
EZH2 and subsequently formation of H3K27me3 at the targeted loci71.
2.2.5 Technical considerations during functional investigations of pseudogenes
As described above, transcribed pseudogenes hold great promise as important regulatory
molecules in gene regulation. Thousands have been validated as transcriptionally active, yet
functional studies have to be undertaken in order elucidate their function. However, the
investigation of pseudogenes, and in particular pseudo-asRNA transcripts, are associated with
a great number challenges that should be considered during experimental investigations.
2.2.5.1 Quantitative analysis using PCR
When profiling the expression of a pseudogene, sequence homology between the pseudogene
and its parental gene should be carefully considered. Expression profiling using either
quantitative real-time-PCR (qRTPCR) and/or semi-qRTPCR is often a rational starting point
in order to investigate expression and tissue specificity. While qRTPCR may be the primary
method of choice, primer design is often limited due to size limitations (~100-200 bp) in
qRTPCR analyses. In contrast, semi-qRTPCR gives greater flexibility with regards to primer
design as longer PCR products may be used. Preferably, mismatches between the
gene/pseudogene should be placed in the 3’ end of the primer in order to avoid unspecific
amplification. The identity of the PCR product should also be confirmed for example by
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cloning and subsequent sequencing. An alternative to sequencing would be analysis by
restriction enzymes, assuming there are unique restriction sites in either the parental gene or
the pseudogene.
In addition, primer design for sense:asRNA pairs could also face challenges. Aiming for nonoverlapping sequences and strand specific splice junctions is the primary method of unique
primer design, but not always feasible considering that most processed pseudogenes lack
introns. However, in the presence of pseudo-asRNAs it is possible that the transcript has
evolved to have unique splice junctions.
Although RNA-seq data provides several advantages allowing for an unbiased analysis of
RNA transcripts, the data should preferentially be strand-specific. It should also be
considered that some pseudogene-derived RNAs might be polyA negative and therefore not
detected by using standard procedures for RNA-seq.
In conclusion, quantitative analysis of pseudogenes, sense as well as asRNA transcripts, may
be a challenging task and needs to be addressed on a case-by-case basis.
2.2.5.2 Targeting of pseudogenes
It is often necessary to suppress the pseudogene of interest in order to carry out functional
investigations, e.g. by using siRNAs, shRNAs or antisense oligos (ASOs). Similarly to the
primer design, a major issue is the high sequence homology to its parental gene. The
relatively few mismatches between the gene and the pseudogene should be used with great
consideration. If using siRNAs or shRNAs, having mismatches in both the Ago2 cleavage
site (nucleotides ~8-12) and in in the seed sequence (nucleotides 2-7) is desirable to impart
specificity. In order to minimize the risk of facing off target effects, it is also beneficial to
design several siRNAs/shRNAs for each target. However, this may not always be possible if
the sequence overlap is very high. An alternative approach may instead be to identify cell
lines and model systems that are negative in the expression of the pseudogene of interest. By
transfecting the siRNAs/shRNAs into those cell lines, no change in phenotype would be
expected.
Moreover, the analysis of sense:asRNA pairs may require strand specific targeting.
Preferably, targeting the sense or asRNA at a point where no overlap is present is optimal.
However, this may not always be achievable if certain isoforms are expressed only at the
sense:asRNA overlap. In such scenarios, single stranded ASOs may be used. Several designs
for ASOs are available. In general, ASOs are chemically modified, single stranded DNA
molecules which form DNA:RNA hybrids with the target sequence. This interaction activates
the RNase H pathway, which is predominantly active in the nucleus192. Like siRNAs/shRNAs
design, mismatches between the gene and pseudogene are optimally placed in the-mid section
of the ASO. It may be beneficial using ASOs when targeting nuclear expressed transcripts
since it is believed that Ago2 is predominantly active in the cytoplasm. However, siRNA
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mediated targeting of nuclear expressed transcripts has been successful and there are today
numerous reports showing Ago2 to be active also in the nucleus151,193,194.
2.2.5.3 Overexpression
Overexpression of the transcript of interest may be very informative and many different
cloning constructs are available for this purpose. While some uses pol II promoters, e.g. the
CMV promoter, others use pol III promoters, e.g. the U6 promoter. Pol II transcribed
transcripts are polyA positive and likely to be expressed in the cytoplasm. In contrast, the pol
III transcribed transcripts lack a polyA tail and transcription is stopped after a stretch of
thymines. Moreover, the pol III promoter predominantly generates nuclear expressed
transcripts195. Consequently, depending on the desire to express different transcripts,
localized in the nucleus or cytoplasm, polyA positive or negative, this may require different
vectors.
Overexpression also gives the possibility of generating escape mutants. More precisely, the
target site for the siRNA/shRNA/ASO may be mutated whereby the sequence is no longer
targeted. This represents a good approach for controlling for off target effects.
Finally, if no effect is observed upon overexpression, this does not necessarily mean that the
lncRNA is non-functional; rather, several aspects should be considered in such a scenario.
First, ectopic overexpressing may not generate the correct localization or isoforms, and some
lncRNAs may function only when expressed in cis. Moreover, there could be a secondary
bottleneck factor that restricts the function of the lncRNA. For example, although the
lncRNA is induced there may not be sufficient amounts of the targeted mRNA or associated
effector protein, e.g. EZH2 or DNMT3a. This could potentially be circumvented with
simultaneous induction of both the lncRNA as well as the protein.
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2.3 CANCER: A lncRNA PERSPECTIVE
LncRNAs are currently being explored in cancer and several recent reports clearly support an
important role for lncRNAs in neoplasia. Novel discoveries are constantly reported and an
open mind is required during functional analysis, as it must be remembered that RNA is a
multi-functional molecule. Several examples have described the ability of lncRNAs to
regulate tumor suppressor genes (TSGs) and proto-oncogenes through various mechanisms.
TSGs represent genes that protect cells from developing cancer, often by having repressive
effects on the cell cycle and by promoting apoptosis. Contrarily, proto-oncogenes have the
potential to promote cancer progression. Proto-oncogenes can become oncogenes, for
example by acquiring activating mutations or increasing their expression and could
consequently trigger cell growth and suppress apoptosis. The following represent examples
that highlight the functional importance of lncRNAs in cancer development, frequently by
disrupting the expression of TSGs and/or oncogenes.
2.3.1 The Hallmarks of cancer
Although cancer is a heterogeneous group of diseases, some features are unifying. In 2000,
Hanahan and Weinberg summarized these properties into the six hallmarks of cancer196. This
model was later expanded based on our increased understanding of cancer197. The original six
hallmarks of cancer are: (1) sustaining proliferative signaling, (2) evading growth
suppression, (3) enabling replicative immortality, (4) activating invasion and metastasis, (5)
inducing angiogenesis, and (6) resisting cell death. lncRNAs have been reported to be
involved in each and every one of these processes, and examples will herein be described.
2.3.1.1 Sustaining proliferative signaling
A very distinct characteristic of cancer cells is the need to constantly proliferate, even in the
absence of external stimuli. This process is normally tightly controlled but can be overridden,
for example through constitutive activation of growth promoting signaling pathways.
In a study screening for differential expression of lncRNAs in prostate tumors, the lncRNA
PCAT-1 (prostate cancer associated transcript 1) was found induced in a subset of localized
metastatic high-grade cancers198. Differential expression of PCAT-1 has also been reported in
colorectal cancer199. Alterations of PCAT-1 by knockdown and overexpression confirmed
involvement in proliferation198. Functionally, PCAT-1 is suggested to be involved in repair of
double-strand DNA breaks possibly by interacting with the 3’UTR of BRCA1 and thereby
trigger suppression of BRCA1 200.
2.3.1.2 Evading growth suppression
In line with hallmark 1, tumor cells have to evade growth suppression. There are numerous
cellular proteins with inhibitory effects on growth and proliferation. The TSGs PTEN and p53
are two such proteins which are frequently inactivated by mutations, deletions and epigenetic
changes. Not surprisingly, numerous lncRNAs have been reported to be involved in altering
the expression of these genes. PTEN is regulated by the PTENpg1 sense transcript involving
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both miRNA- and lncRNA-mediated regulation57. Additionally, the CDK inhibitors
p15INK4B/p16 INK4A are suppressed by the previously mentioned asRNA ANRIL, in leukemia21
and prostate cancer22. Similarly, the CDK inhibitor p21 is also regulated by asRNA
transcription70. However, the p21-asRNA has not yet been reported dysregulated in cancer
and its involvement in disease remains to be elucidated.
The critical tumor suppressor gene p53 is lost or mutated in over 50% of all human cancers
and is probably one of the most thoroughly studied proteins201. Very surprisingly, the p53
mRNA was recently found to maintain protein coding-independent functions. MDM2 is a
negative regulator of p53, which upon translocation to the nucleus binds to and triggers the
degradation of p53 through its E3 ubiquitin ligase activity202,203. However, upon genotoxic
stress, the p53 mRNA interacts with MDM2, an interaction which affects the nuclear
translocation of MDM2. Consequently, this blocks the MDM2 mediated degradation of p53
and instead promotes the expression of p53204. In addition, p53 is also regulated at the posttranscriptional level by its asRNA WRAP53 (WD40 encoding RNA antisense to p53)68 and
miR-125205.
2.3.1.3 Enabling replicative immortality
The chromosome ends, termed telomeres, shorten upon each cell cycle and normal somatic
cells can therefore only undergo a limited number of cell cycles206. Cancer cells have to
overcome telomere shortening in order to gain replicative immortality and the vast majority
of tumors do so by the gain of telomerase activity207. The telomerase complex contains the
Telomerase Reverse Transcriptase (TERT) as well as the ncRNA component TERC
(Telomerase RNA Component)208. TERT catalyzes reverse transcription of the telomere
using the ncRNA TERC as a template.
2.3.1.4 Activating invasion and metastasis
The ability of cancer cells to undergo metastasis requires the capability to colonize distant
tissue. This is a multistep process that often includes morphological changes and alterations
in cell-cell interactions. This transition is often referred to as epithelial-mesenchymaltransition (EMT) and its reverse process mesenchymal-epithelial-transition (MET) (reviewed
in209). The process often involves intravasation of cancer cells into blood and lymphatic
tissue, followed by extravasation from vessels into target tissue and subsequently formation
of the metastases. Several important factors have been identified in this cascade of events,
one of which will be discussed with regards to lncRNAs: E-caderin (E-cad, also referred to
as CDH1).
E-cad is involved in cell-cell junctions and is frequently downregulated in cancer and is in
particular an important part of the EMT process (reviewed in210). Several layers of lncRNAmediated regulation have been reported for this protein. First, E-cad has a cis asRNA
transcript that acts as a negative regulator of its transcription70. Imbalance between the
sense:asRNA transcription may therefore induce epigenetic silencing. Moreover, the ZEB2
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protein is a transcriptional repressor of E-cad. Alternative splicing of ZEB2 is mediated by
the ZEB2-AS1 (previously discussed in section 3.1.6.1)23. Upon initiation of EMT, the
expression of ZEB2-AS1 is induced, which consequently increases translation of ZEB2 and
thus triggers transcriptional suppression of E-cad23.
In addition to the lncRNAs involved in regulation of E-cad, HOTAIR has also been reported
to be involved in metastasis (see section 3.1.6.1 for HOTAIR)29. HOTAIR is frequently
induced in primary breast tumors and metastasis and its expression is revealed to be a
prognostic marker. The increased expression of HOTAIR mediates genome-wide epigenetic
reprograming in breast cancer metastasis29. Moreover, enforced expression of HOTAIR
increases invasiveness and metastasis while the depletion of HOTAIR reduces cancer
invasiveness. Recently, expression of HOTAIR has also been associated with colorectal
cancer211, hepatocellular carcinoma212 and gastric caner213.
2.3.1.5 Inducing angiogenesis
Upon growth and expansion of cancer cells, the formation of new blood vessels is needed in
order to supply the tumor cells with oxygen and nutrients. The hypoxia inducible factor alpha
(HIF1α) is a transcription factor for hypoxia activated genes and it also stabilizes and
increases the expression of p53. Several studies have reported the presence of an asRNA to
HIF1α, asRNA-HIF1α (also called αHIF1), overlapping the 3’UTR of HIF1α214-216. It is
thought that asRNA-HIF1α is a negative regulator and uncovers AU-rich elements in the
3’UTR of the HIF1α-mRNA, consequently increasing degradation of the protein-coding
HIF1α216.
2.3.1.6 Resisting cell death
In line with hallmarks I and II, cancer cells also need to avoid cell death in order to survive
various types of stress and expand. In a study by Khaitan et al217, the expression of lncRNAs
was investigated in a stage III melanoma cell line compared to melanocytes and normal skin.
In total, 77 lncRNAs with differential expression were identified and the differential
expression of four of those was further confirmed in independent primary metastatic
melanoma samples. One of the lncRNAs, SPRY4-IT1, was characterized in greater detail and
knockdown studies revealed its inhibitory effect on apoptosis. SPRY4-IT1 is derived from
the intron of the protein-coding gene SPRY4. Interestingly, SPRY4 is suggested to have
tumor suppressive functions by impairing the formation of GTP-RAS, resulting in
suppression of MAPK signaling (see section 3.6 for more information about MAPK
signaling)218,219. This is in clear contrast to the tumor promoting effect of SPRY4-IT1 and the
complex interplay between SPRY4 and SPRY4-IT1 remains to be further investigated.
Although the molecular mechanism of SPRY4-IT1 is still unknown, the data suggests
SPRY4-IT1 serves as an oncogene by suppressing apoptosis and likewise supports a role for
lncRNAs in this hallmark of cancer.

33

2.3.2 Mutations of EZH2 and DNMT3a
As noted above, several lncRNAs have been reported to be involved and dysregulated during
the progression of cancer. In addition, recent findings also highlight that the function of some
of the key regulatory proteins in lncRNA-mediated regulation may be impaired through
cancer associated mutations. DNMT3a220-222 as well EZH2223-226 are indeed reported mutated
in subsets of cancer.
Mutations of DNMT3a are reported in 20% of patients with AML220,222 and biochemical
studies show that the majority of these mutations result in reduced catalytic activity of
DNMT3a220,221. 182 genomic regions with reduced methylation were initially described in
those patients220 and subsequent studies found nearly 889 differentially expressed genes in
patients with mutated DNMT3a220. The HOX family of genes has been associated with AML
pathogenesis227 and was indeed found induced in those patients220,228. Noteworthy, the second
de novo DNA methyl transferase, DNMT3b, and the maintenance DNMT1 was not found
mutated in any of those patients222.
Increased expression of EZH2 has been reported in several cancers including prostate223- and
breast cancer224 and elevated levels are associated with poor clinical outcome. Mutations
within the catalytic domain of EZH2 have also been reported225. These mutations result in
gain of function and are similarly associated with poor prognosis226. Surprisingly, mutations
generating premature stop codons and truncated proteins have been reported and are also
related to poor prognosis229. The fact that both activating as well as inactivating mutations are
associated with poor clinical outcomes highlights the complex functional role of EZH2.
Taken together, further studies are needed to better understand the functional importance of
mutated DNMT3a and EZH2. However, it is intriguing to speculate whether their interaction
with lncRNAs may be involved in such cancer-related events.
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2.4 miRNAs
The first miRNA was reported in C. elegans in 1993 when Ambros and colleagues found the
short RNA lin-4230. Although not defined as a miRNA at the time, lin-4 shared sequence
complementarity and caused suppression of the protein-coding lin14 mRNA. Lin-4 was for
long considered as a unique case and it was not until the year 2000 that the presence of a
second miRNA was reported, lethal-7 (let-7)231. Let-7 was identified as important for
developmental timing in C. elegans and was found highly conserved from nematode to
human232. Today, ~20 years after the first miRNA was described, over 1,000 miRNAs have
been identified and 30-60% of all human mRNAs are suggested to be under the regulatory
control of miRNAs233,234.
2.4.1 Biogenesis of miRNAs
miRNAs are derived from primary transcripts that are transcribed by pol II, 5’ capped and
contain polyA tails and are thus very similar to most protein-coding mRNAs235. miRNAs
may localize within exons and introns of proteins-coding mRNAs as well as lncRNAs236.
Consequently, this allows for some miRNAs to be co-expressed together with their host gene.
Initially, the miRNA precursor is transcribed as a pri-miRNA containing a hairpin loop
structure. This structure is recognized by the RNase III endonuclease Drosha237 and its
cofactor DGCR8238. The pri-miRNA is cleaved into a pre-miRNA containing a 2 nt 3’overhang leaving the hairpin loop structure intact. The nuclear localized protein Exportin-5
recognizes the pre-miRNA and shuttles it to the cytoplasm239. Next, the RNase III
endonuclease Dicer cleaves the pre-miRNA close to the loop structure, whereby an RNA
duplex of 20-22 nt is formed240. Dicer provides loading of the duplex into the RISC (RNA
induced silencing complex) containing the Ago2 protein241,242. The mature miRNA gets
loaded into Ago2 while the ‘guide’ strand gets degraded. The mature miRNA guides the
RISC complex to the targeted mRNAs. The miRNA target recognition takes place
predominantly in the 3’UTR of mRNAs, although targeting of promoter regions151,243,
ORFs69,244 as well as 5’UTRs245 has been reported.
Target recognition is guided by the so-called seed sequence. The seed sequence corresponds
to nucleotides 2-7 of the miRNA 5’end and forms RNA:RNA interactions with the targeted
mRNA233,246. The complementarity between the miRNA and mRNA dictates the functional
outcome: imperfect pairing generally leads to destabilization247 and translational
suppression248 while perfect pairing, although rare, allows for Ago2 mediated cleavage of the
mRNA249,250.
In addition to the above described pathway of miRNA biogenesis, a number of miRNAs are
also processed independently of Drosha. Mirtrons is a class of miRNAs situated within
introns that are spliced directly into RNA hairpin structures. Drosha cleavage is therefore
bypassed but Dicer processing is still required upon translocation to the cytoplasm251,252.
Moreover, the presence of capped pre-miRNAs which coincide with TSSs has also been
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described. Similarly to mirtons, 5’capped pre-miRNAs are independent of Drosha cleavage
but efficiently loaded into Ago2 after being processing by Dicer253.
Although predominantly thought to be active in the cytoplasm, several reports suggest a role
for the miRNA pathway also in the nucleus. A role for nuclear Ago2 and Dicer is emerging,
possibly serving as a link and interplay between transcriptional and post-transcriptional
regulation35,151,254-257. Small RNAs directed against promoters are known to induce TGS in an
Argonaute-dependent manner151, DNA double-strand breaks activates the DNA-damage
response (DDR) in a process that is dependent on Dicer processed RNA258. Finally, it has
also been found that Dicer interacts with pol II and degrades endogenous dsRNA structures
thereby preventing activation of the interferon-response pathway35. Although intriguing, more
studies will be needed in order to fully elucidate the nuclear function of the miRNA pathway.
Noteworthy, the discovery of the miRNA pathway allows for the design of siRNAs and
shRNA. siRNA/shRNA induced knockdown of specific mRNAs and ncRNAs is a technique
which has revolutionized molecular biology and is widely used for functional
investigations259.
2.4.2 miRNAs and cancer
Like many protein-coding genes, miRNAs are often categorized as tumor suppressor
miRNAs and tumor promoting miRNAs (onco-miRs). Since the vast majority of all mRNAs
are under the regulatory control of miRNAs, it is not surprising that many miRNAs have
indeed been related to disease and cancer development.
The first tumor suppressor miRNAs to be identified were the miR15a/miR16-1 cluster on
chromosomal region 13q14, a region frequently deleted in chronic lymphocytic
leukemia28,260. The miR15a/miR16-1 cluster controls cell cycle regulation and apoptosis by
targeting of CYCLIN D1/E127 and BCL2261. The first onco-miRs to be identified were the
miR-17/96 cluster, consisting of: miR-17, miR-18a, miR-19a, miR20a, miR19b-1 and
miR92a-1262,263. In a region frequently amplified in B-cell lymphoma, the miRNA host gene
C13orf25/MIR717HG was found. Shortly after its discovery, ectopic expression revealed its
distinct function as an onco-miR264.
The miR15a/miR16-1 and miR-17/96 clusters were among the first miRNAs to be identified
as involved in cancer development. Since then, hundreds of miRNAs have been
characterized, reported mutated and dysregulated in cancer and numerous miRNA:mRNA
regulatory interplays have been experimentally validated.
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2.5 PTEN
The phosphatase and tensin homolog (PTEN) was identified as a tumor suppressor gene
frequently deleted and mutated on the chromosomal region 10q23265,266. About 15 years after
its discovery, PTEN is now identified as one of the most commonly inactivated tumor
suppressor genes, frequently deleted267, mutated267,268 as well as transcriptionally inhibited by
epigenetic suppression269,270. Complete loss of PTEN is generally found in advanced tumors
and metastasis267. However, subtle variations in PTEN expression have been reported to be
sufficient in order to affect cancer susceptibility271. Interestingly, complete loss of PTEN in
early tumor development induces p53 dependent senescence and surprisingly does not
provide a proliferative advantage unless concurrent with the loss of p53272. Complete loss of
PTEN is therefore initially less tumorigenic than partial inactivation.
The best-characterized function of PTEN is its involvement as a negative regulator of the
prosurvival and oncogenic PI3K/AKT pathway (Figure 6). Upon growth stimulation of cells
(Figure 6A), the class I phosphatidylinositol 3-kinases (PI3K) catalyzes the phosphorylation
of phosphatidylinositol-4,5-bisphosphate (PIP2) into PIP3 (Figure 6 B-C) Next, PIP3 recruits
AKT and PDK1 (phosphoinositide-dependent kinase-1) to the inner membrane (Figure 6D)
whereby phosphorylation of AKT (pAKT) is promoted (Figure 6E) and a downstream
signaling cascade affecting cell survival and proliferation is initiated (Figure 6F) (reviewed
in273). pAKT targets numerous downstream proteins such as MDM2274,275, p21Cip1/WAF1 276 and
p27Kip1 277-279. pAKT-induced phosphorylation of MDM2 translocates to the nucleus where it
binds to and triggers degradation of p53. In contrast, pAkt-induced phosphorylation of the
negative cell cycle regulators p21Cip1/WAF1 and p27Kip1 impairs their nuclear translocation and
attenuates their cell-cycle inhibitory effect.
PTEN antagonizes the activity of PI3K by dephosphorylating PIP3 into its inactive form PIP2
(Figure 6G)280. Upon loss of PTEN expression, e.g. during cancer development, PIP3 thus
accumulates whereby the PI3K/AKT pathway is hyper-activated and subsequently promotes
cell growth and survival.
PTEN is highly regulated on both the transcriptional, post-transcriptional and posttranslational level by numerous overlapping mechanisms, indicating the importance of
keeping the expression at stable levels. The tumor suppressor gene p53 has been reported to
directly bind the PTEN promoter, causing transcriptional activation281. In contrast, PTEN
translation is suppressed by several miRNAs. miR-21 is one such miRNA and it is frequently
induced in a number of different tumors, resulting in destabilization of PTEN mRNA and
translational suppression282. PTEN was also the first example being reported as regulated by
miRNA sponging. PTEN and its pseudogene, PTENpg1, are involved in ceRNA networks
where miRNA crosstalk between different mRNAs and lncRNAs serves as a fine-tuning
mechanisms of PTEN expression (see section 3.2.3 for more details)57.
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Figure 6 Schematic illustration of the PI3K/AKT pathway (A) The PI3K/AKT pathway is triggered upon growth
stimulation of cells. (B) PI3K becomes activated by RTK and subsequently (C) catalyzes phosphorylation of
PIP2 into PIP3. (D) PIP3 recruits AKT and PDK1 to the membrane whereby (E) phosphorylation of AKT is
triggered. (F) pAKT initiates a downstream signaling cascade, affecting key regulatory proteins such as p21, p27
and MDM2. (G) PTEN antagonizes the activity of PI3K and dephosphorylates PIP3 into PIP2.
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2.6 BRAF
In 2002, the understanding of BRAF and its involvement in cancer development was
dramatically increased. Sequencing efforts discovered that BRAF was frequently mutated in
melanoma and many other cancers283. Overall, 8% of all cancers harbor mutated BRAF, but it
occurs in as many as 50% of metastatic melanoma cases284, where the large majority of
mutations are represented by a valine (V) to glutamic acid (E) substitution at position 600
(BRAFV600E). The oncogenic BRAF is active through mimicking its active, phosphorylated
form resulting in increased proliferation and survival. However, mutated BRAF is also found
in nevi, which are quiescent and thus benign285. Mutation of BRAF by itself is therefore
insufficient to drive melanoma tumerogenesis285,286. Other genetic events, such as inactivation
of PTEN, have been suggested as necessary in order to initiate melanoma carcinogenesis287.
The discovery of BRAFV600E led to the initiation of numerous drug discovery efforts to target
this hyperactive kinase (reviewed in288). Using targeted approaches to screen for small
molecules resulted in the discovery of vemurafenib, which selectively targets BRAFV600E and
inhibits its oncogenic properties. Remarkably, ~80% of metastatic melanoma patients with
BRAFV600E initially respond well to vemurafenib treatment289,290. However, development of
resistance is a major drawback and the onset of drug resistance normally emerges within a
year291. Several mechanisms for acquired vemurafenib resistance have been proposed such as
the involvement and concurrent loss of PTEN287,292.
The involvement of BRAF in the RAS-RAF-MEK-ERK pathway (frequently also referred to
as the mitogen-activated protein kinase, MAPK, pathway) makes it an important cellular
regulator of growth factor signaling (Figure 7). Receptor tyrosine kinases (RTKs), such as the
epidermal growth factor receptor, get activated upon growth factor stimulation (Figure 7A)
and a cascade of phosphorylation events is initiated. The membrane bound RAS serves as the
molecular switch and convert from its inactive form RAS-GDP to its active form RAS-GTP
(Figure 7B)293. When activated by RTKs, RAS-GTP promotes phosphorylation and kinase
activation of BRAF (Figure 7C), which forms homodimers (Figure 7D)294,295. The BRAF
homodimers directly phosphorylate MEK (Figure 7E), which next phosphorylates ERK
(extracellular signal-regulated kinase) (Figure 7F). When phosphorylated, ERK translocates
to the nucleus and promotes proliferation through changes in transcription (Figure 7G)296.
The presence of BRAFV600E mimics the phosphorylated form of BRAF and ultimately results
in a constitutively active BRAF that function independently of signaling through RTKs
(Figure 7H).
Ectopic expression of BRAFV600E has been reported to regulate hundreds of lncRNAs, most
of which remain to be functionally investigated297. However, one of them, lncRNA-BANCR
(BRAF regulated lncRNA) is suggested to be involved in cell migration297.

39

Figure 7 Schematic illustration of the RAS-RAF-MEK-ERK pathway (A) The RAS-RAF-MEK-ERK pathway is
activated upon growth stimulation of cells and a signaling cascade is initiated. (B) Membrane bound RAS-GDP
becomes activated and converted into RAS-GTP. (C) RAS-GTP promotes phosphorylation of BRAF, which (D)
consequently forms homodimers. (E) The pBRAF homodimers phosphorylates MEK, which (F) subsequently
phosphorylates ERK. (G) pERK promotes cell proliferation through changes in transcription. (H) Mutated
BRAFV600E is active also in the absence of signaling through RTKs.
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2.7 STAT3
The STAT family of proteins consists of seven members: STAT 1, 2, 3, 4, 5a, 5b and 6. This
family of proteins is important cellular regulators that transfer extracellular signals from the
membrane to the nucleus298-300. STAT proteins are specifically phosphorylated and activated
by the protein family of Janus tyrosine kinases (JAK) and this pathway is therefore frequently
referred to as the JAK-STAT pathway. STAT3 will here be discussed in more detail.
In the JAK-STAT pathway, binding of a cytokine such as interleukin 6 (IL-6), to its receptor
activates autophosphorylation of the gp130 transmembrane receptor (reviewed in301). This
leads to the activation of several JAKs and subsequently phosphorylation (on tyrosine residue
705) of STAT3. Phosphorylation of STAT3 allows the formation of homo- and heterodimers,
which is essential for its translocation to the nucleus where it executes its function as a
transcription factor. STAT3 binds to DNA sequences called GAS elements (DNA gamma
interferon activation sequence) within promoters, thereby regulating transcription302,303.
STAT3 is involved in transcriptional regulation of genes involved in proliferation and
survival, for example cyclins, Survivin and the Bcl-2 family of proteins304. Constitutive
activation of STAT3 is reported in several tumors and often correlates with poor
prognosis305,306.
In addition, STAT3 has been reported to be involved in transcriptional repression by
interacting with the chromatin suppressors DNMT1 and HDAC1307. STAT3 recruits DNMT1
and HDAC1 to the promoter of the tyrosine phosphatase SHP-1, which is a negative regulator
of JAK-STAT singling307-309. In a similar mechanism, STAT3 also mediates epigenetic
silencing of the tumor suppressor genes p53 and p16INK4A in melanoma310.
Control of STAT3 expression and activation is mediated by several different mechanisms
including several regulatory functions of ncRNAs. As previously discussed (see section
3.1.6.2), activation of STAT3 is promoted by the action of the lncRNA lnc-DC through its
inhibitory effect on SHP-161. In complex with lnc-DC, SHP-1 loses its ability to
dephosphorylate and inactivate STAT3 signaling. Moreover, STAT3 promotes the expression
of miR-21 in colon adenocarcinomas. miR-21 can target PTEN thereby promoting cancer and
cellular transformation311,312. STAT3 has also been found to induce the expression of the
miRNA-17/92 cluster313, a cluster frequently activated as well as amplified in numerous
cancers262,314. In contrast, STAT3 is under miRNA-mediated suppression by miRNA-17 and
miRNA-20a, both encoded by the miRNA-17/92 cluster, thus allowing for a negative feedback mechanism315. Finally, the highly evolutionary conserved miRNA, let-7a, has also been
reported to regulate STAT3 expression in the liver carcinoma cell line HepG2316.
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2.8 LYMPHOMA
The lymphocytes include the Natural killer cells, T-cells and B-cells and all arise from the
bone marrow. Lymphoma is a common name of neoplasms of lymphoid precursor cells and
the biology and morphology of lymphomas is highly heterogenous. Lymphomas are divided
into Hodgin’s Lymphomas and Non-Hodgin’s Lymphoma (NHL). NHL is also divided in
High grade and Low grade malignant lymphomas. High grade NHL is often curable with
combined chemo-immunotherapy. They are also characterized by fast proliferation and rapid
tumor growth. In contrast, Low grade NHL is represented by a slow disease progression and
slow proliferation. These patients are often not curable but can live long with the disease and
are usually treated when symptom occurs.
Lymphomagenesis is a process that has been linked to genetic, environmental as well as
infectious factors. HIV, Epstein-Barr virus (EBV), human herpes virus 8 (HHV-8), human Tlymphocytic virus type 1 (HTLV-1) and hepatitis B/C are all examples of viruses that have
been linked to the disease317-320.
Diffuse large B-cell lymphoma (DLBCL) is a subgroup of the High grade lymphomas, and
represents approximately 40% of all diagnosed lymphoma world-wide321. Based on gene
expression, the DLBCL can further be categorized into three different subtypes; (1) germinal
center B-like, (2) activated B-cell (ABC) and (3) primary mediastinal B-cell lymphoma322.
The ABC DLBCL subgroup has poor prognosis323,324. The frequency of DLBCL differs
between different regions; In Egypt, 50% of diagnosed NHL represents DLBCL, while only
25-35% in the western countries325.
Expression profiling studies of comparing lymphoma samples from Swedish and Egyptian
ABD DLBCL patients have reported differential expression of STAT3 and STAT5b, possibly
suggesting that different microbial infections or other environmental factors may be involved
in the tumoregensis326. Moreover, STAT3 has been suggested to be an oncogene with
therapeutic potential for ABC DLBCL327,328.
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3. AIMS OF THIS THESIS
The overall aim of this thesis was to functionally characterize the role of ncRNAs in gene
regulation and their involvement in cancer development. Specifically, I aimed to increase our
understanding of ncRNA-mediated regulation of the cancer-associated genes PTEN and
STAT3. Increased understanding of these processes may reveal how to modify these pathways
and allow for development of novel drugs.

3.1 PAPER I
•

The aim of paper I was to investigate if the PTEN pseudogene, PTENpg1, expressed
asRNA transcripts. The asRNA transcripts were functionally investigated and their
role in regulating the expression of the corresponding tumor suppressor gene PTEN
was examined.

3.2 PAPER II
•

The aim of paper II was to follow up the findings in paper I. We aimed to investigate
the role of PTENpg1 asRNA in melanoma with a focus on the involvement of
PTENpg1 asRNA in the mechanisms of drug resistance to the BRAF inhibitor
vemurafenib. Furthermore, we investigated the expression of PTENpg1 asRNA in
primary melanoma patient samples.

3.3 PAPER III
•

The aim of paper III was to investigate the expression of miRNAs in patients with
DLBCL and to explore whether different environmental exposures could affect
miRNA expression.

43

4. RESULTS AND DISCUSSION
4.1 PAPER I
A pseudogene long-noncoding-RNA network regulates PTEN transcription and translation in
human cells
4.1.1 Rationale
PTEN is a critical tumor suppressor gene, which is frequently inactivated during cancer
development. In addition to mutations and deletions, PTEN is also suppressed by epigenetic
inactivation by largely unknown mechanism(s). As previously mentioned, even subtle
suppression of PTEN levels may promote tumorigenesis271. The involvement of lncRNAmediated regulation of PTEN at the post-transcriptional level had recently been reported,
describing the action of the PTENpg1 sense transcript functioning as a ceRNA57. Studies of
other pseudogenes, namely OCT4-pg5, had shown that this group of non-coding genes may
additionally encode asRNAs that could have the capability to regulate the transcriptional
activity of its parental protein-coding gene. Based on these observations, we set out to
investigate whether the PTENpg1 gene may also encode for asRNA transcripts involved in
the regulation of PTEN. Such findings could improve our understanding of the fine tuned
regulation of PTEN and its dysregulation during tumor progression and further shed light on
the regulatory function of the PTENpg1 gene.
4.1.2 Characterization of PTENpg1 asRNA transcripts
In this first paper, we set out to investigate whether the previously described PTEN
pseudogene57,167,171, PTENpg1 also encodes an asRNA. Our initial observations using the
UCSC genome browser indicated one aligned EST (BX374997), prompting us to investigate
the transcriptional landscape of this locus in greater detail. Supporting the observations on the
UCSC genome browser, asRNA transcripts were frequently detected and found differentially
expressed among several human cell lines. By expanding our analysis, the presence of two
distinct transcripts was revealed: PTENpg1 asRNA α and PTENpg1 asRNA β. These two
transcripts overlap each other but differ in their TSS and cellular localization. The TSS of
PTENpg1 asRNA α is initiated further upstream compared to the β isoform, consequently
leading to a greater shared overlap of the α transcript with both the PTEN promoter and
PTENpg1 sense. We also noted that the PTENpg1 associated transcripts, PTENpg1 sense,
PTENpg1 asRNA α and PTENpg1 asRNA β were concordantly expressed.
4.1.3 PTENpg1 asRNA α
PTENpg1 asRNA α is the isoform sharing the greatest sequence complementarity with the
PTEN promoter. Correlation analysis demonstrated that high expression of PTENpg1 asRNA
α associated with low expression of PTEN. This was suggestive of PTENpg1 asRNA α being
a negative regulator of PTEN expression, possibly acting through a similar mechanism as
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described for the OCT4-pg5 asRNA71. shRNAs and siRNAs were designed to target the
PTENpg1 asRNA α isoform. Suppression of the PTENpg1 asRNA α also resulted in
increased expression of PTEN. The induction was restricted to PTEN and no change in
expression was observed for PTENpg1 sense. Mechanistically, we revealed that PTENpg1
asRNA α localized to the PTEN promoter recruits DNMT3a and EZH2 consequently
resulting in transcriptional suppression of PTEN. Accordingly, we observed loss of
DNMT3a, EZH2 and H3K27me3 at the PTEN promoter upon depletion of PTENpg1 asRNA
α. Recruitment of DNMT3a and EZH2 appeared to be dependent on the region of PTENpg1
asRNA α containing sequence homology to the PTEN promoter. Although the exact
interactions at the PTEN promoter should be investigated in greater detail we envision at least
three possible scenarios; (1) The formation of DNA:RNA interactions, (2) the formation of a
DNA:RNA triplex or (3) the formation of RNA:RNA interactions. In the case of RNA:RNA
interactions, the presence of PTEN associated promoter overlapping RNAs is a prerequisite.
Finally, it would be of great interest to further characterize the PTENpg1 asRNA α transcript
and in greater detail investigate what region that interacts with DNMT3a and what region that
provides specificity for the recruitment to the PTEN promoter.
4.1.4 PTENpg1 asRNA β
We found the PTENpg1 asRNA β isoform to stabilize expression levels of PTENpg1 sense
through the formation of RNA:RNA interactions. Elevated levels of PTENpg1 sense have
previously been shown to increase miRNA sponging of PTEN-related miRNAs and thus
release PTEN from miRNA-mediated suppression57. Our observations of the function of
PTENpg1 asRNA β isoform are in support of those findings. Moreover, we showed that
PTENpg1 sense is a polyA negative transcript. Mechanistically, the stability of PTENpg1
sense seems to increase through the formation of RNA:RNA interactions with PTENpg1
asRNA β, which is polyA positive.
4.1.5 Further characterization of PTENpg1 asRNA transcripts
In order to fully evaluate the number of different transcripts at the PTENpg1 locus, a northern
blot analysis would be of great interest. Although a rigorous effort was spent on such
analysis, we did not succeed in this due to technical limitations as mentioned below, and
possibly to the relatively low expression of these transcripts. Due to the site of integration of
the pseudogene, the PTENpg1 asRNA is a composite of two seemingly different genomic
elements: one region with high sequence complimentary with the PTEN gene and one region
with highly repetitive elements, predominantly LINE elements. No successful northern blot
probe design could be generated within the LINE repetitive region due to the high abundance
of LINE elements throughout the human genome108. In addition, the region homologous to
PTEN is relatively rich in cytosine and guanine and also unsuitable for probe design.
Additional challenges included generating strand specific probes for the asRNA that would
not result in hybridization with sense transcripts. Taken together, although northern blot
analysis of the PTENpg1 locus would have been very informative, we could not carry out
such analysis successfully.
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4.1.6 PTENpg1 asRNA α versus PTENpg1 asRNA β
In contrast to the PTENpg1 asRNA β isoform, we did not observe any RNA:RNA
interactions between PTENpg1 sense and PTENpg1 asRNA α, although these two transcripts
share an even longer sequence overlap. We believe this may be the consequence of secondary
structures present within the 5’ end of PTENpg1 asRNA α. Such secondary structures could
hide the homology-containing nucleotides from forming RNA:RNA interactions with
PTENpg1 sense. Similar interactions as described here have also been reported for the tumor
suppressor gene p53 and its antisense transcript, WRAP53. WRAP53 stabilizes the p53
mRNA by forming an RNA:RNA interaction at the 5’ end of the transcripts68. Similar to
PTENpg1, p53 has several annotated asRNAs (WRAP53 α, β and γ), yet only one isoform is
involved in the regulation of p5368.
Our observation that PTENpg1 asRNA have several different isoforms is also in line with
many other studies on lncRNAs such as Tsix77,329 and Airn93. Both Tsix and Airn have been
reported to have differentially spliced transcripts, where the unspliced and nuclear isoform is
found to be the dominant functional one. No function has so far been assigned for either
spliced Tsix or spliced Airn. Notably, the distinct functions we report for the PTENpg1
asRNA α and β isoforms are one of the first examples where lncRNA isoforms from the same
gene have been assigned different and distinct functions. lncRNAs are frequently
differentially spliced in a similar manner as mRNAs and more examples of lncRNA isoforms
with distinct functions are likely to be revealed in the near future.
4.1.7 Evolutionary conservation of asRNA mediated regulation of PTEN
Similar to other processed pseudogenes, PTENpg1 is lineage specific, possibly due to the
previously mentioned burst in retrotranspositional activity in ancestral primates161,162. It is
therefore unlikely that any corresponding PTEN pseudogene will be found in more distant
species. Indeed, bioinformatics approaches in our lab have not been able to identify a Pten
pseudogene in mouse, therefore supporting PTENpg1 to be lineage specific (unpublished
data). It is tempting to speculate whether, for example, mouse has developed other means of
regulating Pten. Investigating the involvement of lncRNAs in transcriptional and posttranscriptional regulation of Pten in mouse would be of great interest. Such studies could
reveal exciting information about the evolution of lncRNAs and would shed light on whether
convergent evolution of lncRNAs could have occurred. Other species may have evolved and
developed other systems for the regulation of Pten, possibly involving lncRNAs not related to
PTENpg1. In line with this, it could be of interest to generate a transgenic mouse and/or
mouse cell lines containing the PTENpg1 locus. This could reveal whether the PTENpg1
pathway is active in non-primate organisms, which lacks such a regulatory pathway and
would highlight if mouse and human in essence have overlapping regulatory pathways that is
dictated and recruited by different repertoires of lncRNAs.
It is also intriguing to speculate whether PTEN may have cis-expressed asRNAs. Within this
study, we did not specifically look for such transcripts but they may exist. It would be
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remarkable to find both cis- and trans-acting asRNAs regulating the same protein-coding
gene. From the evolutionary point of view, this could either indicate that the asRNA was
present already before the pseudogenization of PTEN. Alternatively, PTEN asRNA as well as
PTENpg1 asRNA could have evolved independently after the pseudogenization and
developed two overlapping modes of regulation: one cis-acting and one trans-acting. This
question could be addressed by looking for PTEN related asRNA transcription in other
species. Primates, where PTENpg1 is present could be contrasted with mouse, where
PTENpg1 is absent. By doing so, a time line for the evolution of asRNA-mediated regulation
of PTEN would be determined.
Collectively, evolutionary studies of PTENpg1, and in particular its asRNA transcripts, are of
great interest for future studies and may prove informative with regards to the evolutionary
path of lncRNAs.
4.1.8 Cis- versus trans-acting lncRNAs
The PTENpg1 encoded lncRNAs maintain transcriptional as well as post-transcriptional
regulation of PTEN. This takes place through: (1) Interactions between miRNAs:lncRNAs
the latter acting as a miRNA decoy, (2) interactions between lncRNAs:lncRNAs where
PTENpg1 sense and asRNA β interact and (3) interactions between lncRNA:proteins, where
PTENpg1 asRNA α interacts with DNMT3a. All of these functional properties have been
characterized also for other cis-acting asRNAs: BACE1-AS69 and ciRS-7179 affect miRNA
targeting, p53 asRNA WRAP53 regulates RNA stability68 and p15INK4B/p16INK4A asRNA
ANRIL mediates chromatin-remodeling21,22,97. What is then the evolutionary benefit of
having all the functions of PTENpg1 at a separate locus?
One notion is that the generation of the PTENpg1 pseudogene allows for greater plasticity
and an entire independent regulatory system based on lncRNAs. This network has evolved in
the absence of constraints from any protein-coding sense counterpart and thus allows for
greater flexibility. The fact that this system is built on RNAs and not proteins allows for a
relatively energy efficient mechanism to control gene expression that has inherent plasticity
and flexibility, as RNA can fold into various conformational configurations and interact with
DNA, RNA and/or proteins. Furthermore, the PTENpg1 locus offers all of the abovediscussed regulatory units and it is hard to envision the rapid and efficient evolution of such a
sophisticated network under the restriction of a protein-coding sense gene. Additionally, at
the pseudogene, the large majority of the PTEN promoter and regulatory elements were lost
during the pseudogenization process, suggesting that the expression of PTEN and PTENpg1
can be regulated by different TFs. This would consequently allow for independent feedback
mechanisms offering greater variability compared to cis-acting asRNA networks. However,
no studies have yet addressed the transcriptional regulation of PTENpg1 and future
investigations will have to explore this notion in greater detail.
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Finally, although we show that PTENpg1 asRNA functions in trans, it would be interesting to
investigate chromatin 3D structures of the PTEN and PTENpg1 loci and explore whether
these loci are in close proximity to one another. Chromosomal looping has indeed been
reported to be involved in some forms of lncRNA-mediated regulation60,330.
4.1.9 PTENpg1 asRNA, DNMT3a and other ncRNAs
One of the main regulatory proteins we found to be involved in the PTENpg1-PTEN pathway
was DNMT3a. We revealed that the PTENpg1 asRNA α acts in complex with DNMT3a to
recruit DNMT3a to the PTEN promoter. Although a number of studies support a role for
ncRNAs in guiding DNMT3a to a targeted locus149,152, no comprehensive analysis of
DNMT3a-ncRNA interactions has to date been carried out and no observations had to our
knowledge been reported prior to ours that DNMT3a interacts with lncRNAs.
The methylome in cancer cells undergoes a switch whereby many promoter-associated CpG
islands become methylated and a role for DNMT3a during cancer progression has been
suggested. DNMT3a is the major de novo methyltransferase in human cells. Mutations of
DNMT3a have been reported in cancer and its involvement in drug resistance mechanisms
has also been demonstrated220-222,331. While there is no doubt that DNMT3a is a major
regulatory protein, mechanisms for its recruitment to targeted loci had until recently remained
largely unknown. Our findings that DNMT3a interacts with the lncRNA PTENpg1 asRNA α
serves as a pioneering example of a regulatory interplay between lncRNAs and DNMT3a.
Our observations have indeed been supported by subsequent studies showing that an asRNA
to HIV recruits DNMT3a to the HIV promoter332. These observations are strikingly similar to
those reported by our lab.
DNMT1 was recently found to interact with thousands of lncRNA transcripts150. Contrary to
our findings, these lncRNAs were acting as decoys for DNMT1 and blocked DNMT1 from
inducing DNA methylation at targeted loci. Moreover, the DNMT1-associated lncRNAs
were reported to primarily interact with sense and cis-expressed promoter-overlapping
transcripts. Similar investigations into the transcripts that interact with DNMT3a on a
genome-wide level would be of great interest. RIP-seq analysis of DNTM3a associated
RNAs would thus be valuable in order to further shed light on the regulation and recruitment
of DNMT3a to distinct loci.
Although further investigation is needed for both DNMT1 and DNMT3a in order to fully
elucidate the role of lncRNAs in their regulation, it is tempting to speculate that DNMTs may
be coordinated by such interactions. While lncRNAs, more precisely asRNAs, appear to
recruit DNMT3a, similar interactions with sense expressed RNA transcripts seem to decoy
and block DNMT1 function. These observations are suggestive of an intriguing interplay that
could coordinate de novo and maintenance methylation. In such a model, DNMT1 is thus
tethered and put ‘on hold’ at the targeted locus, although not catalytically active. Once
DNMT3a has initiated de novo methylation, DNMT1 could become catalytically active and
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trigger maintenance of DNA methylation upon loss of the DNMT1:lncRNA interaction.
Alternatively, the DNMT1:lncRNA interaction is sustained and long-term silencing cannot be
initiated, consequently leading to reactivation of the gene. Such a mechanism would permit
for ‘sensing’ of DNA methylation and allow for transient and temporary methylation to be
placed at the loci. Similar bimodal mechanisms have been described. XCI is initiated by the
lncRNA Xist. However, after its initiation, Xist is no longer needed and the silencing is
maintained in the absence of Xist. The initiation, maintenance and spreading of XCI appear
to be separate mechanisms. Furthermore, the different PcG complexes (PRC2 and PRC1),
appear to function in a similar way. lncRNAs are able to recruit the initiation complex, PRC2,
to targeted loci whereby H3K27me3 is induced. The maintenance complex, PRC1, eventually
takes over and the suppressive mark is maintained long-term. Again, the initiation and
maintenance of silencing are separated by two different mechanisms. Such separation of the
initiation and maintenance mechanisms allows for the lncRNAs to essentially serve as the
“switch” between initiation and maintenance.
A model for the involvement of lncRNAs in DNMT1- and DNMT3a-mediated regulation of
gene expression is presented in Figure 8.
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Figure 8 A schematic model for the involvement of lncRNAs in DNMT3a- and DNMT1-mediated gene
regulation (A, DNMT3a) Top: A sense:asRNA pair is expressed. Bottom: The asRNA recruits DNMT3a to the
sense gene promoter whereby gene suppression is initiated by DNA methylation. (B, DNMT1) Top: A promoter
overlapping lncRNA is expressed from an upstream promoter element. DNMT1 is tethered to the locus but its
activity is blocked by the interaction with the lncRNA. Bottom: The expression of the upstream lncRNA is
suppressed whereby DNMT1 becomes active. (C) A suggested interplay between DNMTs and lncRNAs:
DNMT3a initiates transient methylation. Long-term silencing is prevented as long as the DNMT1:lncRNA
interaction is maintained. lncRNAs therefore serve as both inhibitors and activators of methylation.
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4.1.10 Concluding remarks of paper I
The findings presented within this study to some extent raise more questions than have been
answered. While our results clearly show the PTENpg1 asRNA α to be the dominant
regulator of PTEN expression, it remains true that the PTENpg1 locus is indeed deleted in
several different forms of cancer57,175. Based on the model proposed in this paper, such
deletions would lead to the induced expression of PTEN. This would presumably not be
beneficial for the tumor cells as increased levels of PTEN would induce cell cycle arrest and
apoptosis (reviewed in333). However, loss of PTENpg1 in melanoma has been found
concurrent with co-deletions of PTEN, suggesting that the deletion of PTENpg1 also has
other effects than through its action on PTEN175. In this particular case, at least three different
scenarios can be envisioned. (1) As supported by the ceRNA model, loss of PTENpg1 may
result in loss of miRNA-sponging for other targets not related to PTEN. (2) As supported by
ChIRP analysis, lncRNAs can bind hundreds of different loci to induce chromatinremodeling85. In such a scenario, PTENpg1 asRNA could have other targets not associated
with PTEN. (3) The functional impact of PTENpg1 transcripts depends on other cellular
factors, such as the expression of DNMT3a and miRNAs. For example, low expression levels
of DNMT3a and/or EZH2 in certain tissues could lead to the PTENpg1 asRNA being unable
to function as a transcriptional repressor of PTEN. Likewise, the same scenario holds true for
the ceRNA model. miRNAs are expressed in a tissue-specific manner and the PTENPTENpg1 miRNA decoy mechanism can only take place if the PTEN-related miRNAs are
expressed in the tissue of interest. Future studies will have to evaluate these contradictory
observations in order to fully understand the regulatory functions of the PTENpg1 transcripts.
In summary, we show that the PTENpg1 expressed transcripts function in a ncRNA network
consisting of lncRNAs as well as miRNAs. This network regulates both translation and
transcription of PTEN. By characterizing this regulatory interplay, our understanding of
PTEN inactivation will increase and hopefully reveal how manipulation of this pathway could
be used for therapeutic development. Considering the tissue specificity of lncRNAs, these
regulatory molecules hold great promise for targeted approaches with reduced risk of severe
off target effects. The data presented in this paper may also have broader implications as
models for ncRNA actions in cells.
Based on the findings in this paper, a model for PTENpg1-mediated regulation of PTEN is
presented in Figure 9.
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Figure 9 Model of PTENpg1 mediated regulation of PTEN (A) PTENpg1 is transcribed on chromosome 9 into
three different transcripts; PTENpg1 sense, asRNA α and asRNA β. (B) The 5’ end of PTENpg1 asRNA α folds
into a secondary RNA structure with the ability to interact with DNMT3a and EZH2. The RNA sequence, which
in the PTENpg1 asRNA β isoform, interacts with PTENpg1 sense (marked in red) is unavailable for such
interactions due to the secondary folding. (C) The RNA:protein complex containing PTENpg1 asRNA α,
DNMT3a and EZH2 is recruited to the PTEN promoter where the formation of the chromatin suppressive mark
H3K27me3 is catalyzed. (D-E) By targeting of the PTENpg1 asRNA α transcript, the expression of PTEN is
reactivated. (F) The PTENpg1 asRNA β forms RNA:RNA interactions with PTENpg1 sense. This interaction
stabilizes PTENpg1 sense, consequently affecting its decoy function of PTEN related miRNAs and thus the
translational output of PTEN.
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4.2 PAPER 2
PTENpg1 antisense RNA mediates PTEN suppression in vemurafenib resistance and predicts
clinical outcome in melanoma patients
4.2.1 Rationale
We investigated the molecular mechanism of PTENpg1 encoded lncRNAs in great detail in
the first paper using human cell lines. However, the involvement of PTENpg1 asRNA in
disease remained to be elucidated. We next set out to investigate the involvement of the
PTENpg1 asRNA in melanoma and we hypothesized a role for PTENpg1 asRNA in drug
resistance to the BRAF inhibitor vemurafenib.
The hypothesis was largely based on a number of recent reports, when taken together are
suggestive of a functional role and interplay between PTEN and PTENpg1 asRNA in
progression of melanoma and in resistance mechanisms:
•
•
•
•
•
•

PTEN is inactivated by epigenetic alterations in melanoma225.
PTEN is suppressed in melanoma resistant to BRAF inhibitors292.
BRAFV600E regulates a large number of lncRNAs297.
DNMT3a is involved in melanoma tumorigenesis334.
DNMT3a regulates chemotherapeutically induced apoptosis335.
PTEN is suppressed by epigenetic alterations upon resistance to the tyrosine kinase
inhibitor Imatinib331.

4.2.2 Characterization of PTENpg1 asRNA in resistance to vemurafenib
To characterize the involvement of PTENpg1 asRNA in resistance to vemurafenib, we
exposed the A375 melanoma to increasing amounts of vemurafenib and generated a number
of resistant melanoma daughter cell lines. Interestingly, we found PTEN to be suppressed in
all cell lines and strikingly, the expression of the PTENpg1 asRNA α isoform was induced. In
support of our hypothesis, epigenetic alterations were also found at the PTEN promoter in
resistant cells and a concurrent enrichment of EZH2 and the suppressive histone mark
H3K27me3 was verified. No changes in total cellular levels were found for either DNMT3a,
EZH2 or H3K27me3 and we therefore concluded that the suppressive marks were
specifically induced at the PTEN promoter.
Next, we showed that ectopic expression of PTEN re-sensitized cells to vemurafenib
treatment and thereby confirmed the involvement of PTEN in resistance. This also prompted
us to investigate the expression of PTEN upon treatment with vemurafenib. We noticed that
PTEN was induced simultaneously as EZH2 was decreased in sensitive cells upon
vemurafenib treatment. Interestingly, no such changes in expression were observed in the
resistant cells. Moreover, ectopic expression of PTENpg1 asRNA made the sensitive cells
more resistant to treatment. In summary, these data argue for a role of PTEN and PTENpg1
asRNA in resistance mechanisms to vemurafenib.
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We argued that PTENpg1 asRNA α could be an interesting target due to its specific induction
in the resistant cells. In paper I, siRNAs were originally used for targeting the PTENpg1
asRNA. However, siRNAs did not show efficient knockdown of PTENpg1 asRNA α in the
melanoma cell lines. Instead, we turned to single stranded ASOs, more specifically gapmers
(Exiqon), that are supposed to efficiently target nuclear expressed transcripts. Indeed, the
knockdown of PTENpg1 asRNA α was improved, but satisfactory knockdown was not
achieved and has to be further developed and optimized.
The modest reduction of PTENpg1 asRNA α levels by one gapmer, gap-α3, induced
apoptosis in the resistant cell line. Although all gapmers generated approximately the same
degree of knockdown, two out of three gapmers did not induce apoptosis. Noteworthy, gapα3 targets the most upstream 5’end of PTENpg1 asRNA α. We therefore speculate that there
might be low abundant upstream transcripts that are targeted more efficiently by gap-α3.
Taken together, this is supportive of PTENpg1 asRNA α being a promising therapeutic target.
Most importantly, there is a distinct contrast between the sensitive and resistant cells as no
induction of apoptosis was observed in the sensitive cells upon knockdown. This may
indicate a therapeutic window for specific targeting of resistant melanoma cells, although
these findings need to be further verified in future studies.
Additionally, we show that PTEN expression is induced upon simultaneous knockdown of
EZH2 and DNMT3a. Once again, the effects are specific for the resistant cells and no effect
on PTEN is observed in the sensitive cells. The need for concurrent loss of EZH2 and
DNMT3a to see this effect on PTEN is a distinct feature of these resistant melanoma cells that
we did not observe in paper I. This could either indicate that the individual knockdown is not
efficient enough in these cells, or that they act in parallel pathways. Co-knockdown of
PTENpg1 asRNA α in combination with either DNMT3a or EZH2 could be informative and
more precisely reveal the molecular events underlying suppression of PTEN upon resistance
to vemurafenib.
The fact that expression of PTEN was induced upon knockdown of EZH2 and DNMT3a
prompted us to investigate whether resistance to vemurafenib is affected following
knockdown. Indeed, the resistant cells became more sensitive to vemurafenib upon depletion
of EZH2 and DNMT3a. Drugs targeting EZH2 as well as DNA methylation are available and
it would be of great interest to try these in combination with vemurafenib especially during
the development of treatment resistance336.
4.2.3 PTENpg1 asRNA expression in primary melanoma samples
In order to further dissect the role of PTENpg1 asRNA in melanoma we investigated its
expression in two independent cohorts of primary melanoma samples from stage III first
regional lymph node metastasis. Strikingly, we found that high expression of PTENpg1
asRNA correlated with poor survival. All samples investigated to date in this study were
taken prior to oncological treatment, indicating that induced expression of PTENpg1 asRNA
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was not the result of treatment. We speculate that tumors with high expression of PTENpg1
asRNA are more prone to develop resistance or form metastasis. In order to better understand
these observations, it would be of interest to analyze the expression of PTEN and PTENpg1
asRNA before and after treatment with vemurafenib. Presently, we do not have access to such
samples but they are being collected and these studies will be undertaken in the near future.
Moreover, generating stable cell lines with inducible expression of PTENpg1 asRNA α could
also shed light on the involvement of PTENpg1 asRNA in melanoma. These cells could be
used for xenograft experiments in mice in combination with vemurafenib and prove useful
for further characterization of the PTENpg1 locus.
4.2.4 Concluding remarks of paper II
The findings in paper II are in line with our initial findings and are highly suggestive of a role
of PTENpg1 asRNA in drug resistance to vemurafenib as well as in melanoma development.
However, there is no doubt that more studies will have to be carried out in order to fully
understand these issues.
It should be noted that our findings are in contrast to previous observations on the PTENpg1
locus in melanoma57,175. We observe a concurrent induced expression of the PTENpg1 sense
and PTENpg1 asRNA in our cell line models, but this does not overlap with induced
expression of PTEN, which would be expected by the ceRNA model177. The ceRNA model
suggests a function where the PTENpg1 sense binds and acts as a decoy for PTEN related
miRNAs. Based on this model, increased expression of PTENpg1 sense is therefore expected
to induce the levels of PTEN. Instead, and in support of our observations in paper I, our data
suggests the PTENpg1 asRNA transcript is the dominant regulator of PTEN expression
through its suppressive function of PTEN transcription. The expression of PTENpg1 sense
remains to be investigated in our clinical samples. At this point, we have not been able to
address this question due to technical limitations. The samples taken from patients suffer
from a certain degree of DNA contamination, which makes quantitative analysis of processed
pseudogenes challenging.
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4.3 PAPER 3
Expression of microRNA-1234 related signal transducer and activator of transcription 3 in
patients with diffuse large B-cell lymphoma of activated B-cell like type from high and low
infectious disease areas.
4.3.1 Rationale
Differential expression of STAT3 had previously been reported in Swedish (endemic low
infectious region) and Egyptian (endemic high infectious region) patients with ABC DLBCL.
STAT3 was found upregulated in the Swedish patient samples compared to the Egyptian326.
miRNAs maintain regulatory functions of gene expression and STAT3 has been reported to be
under the regulatory control of miRNAs315.
In paper III, we therefore hypothesized that differential expression of miRNAs, possibly
reflecting various environmental factors including HBV, HCV as well as EBV317-319, may
contribute to the differential expression of STAT3. We therefore set out to investigate the
expression profile of miRNAs in lymphoma samples from patients with ABC DLBCL from
these two different geographical areas. Such differences may associate with various
pathogenic mechanisms in ABC DLBCL and furthermore also be relevant for targeted
therapies.
4.3.2 Characterization of miRNA expression
The profiling revealed 21 miRNAs with distinct expression between the cohorts. Due to
previous findings showing that STAT3 is differentially expressed in lymphoma cells between
these two groups of patients326, we specifically focused on miRNAs predicted to target
STAT3. Activation of STAT3 is an important event for cytokine and growth-factor induced
proliferation, differentiation, survival and inflammation and is indeed frequently induced in
many types of tumors including lymphomas. Among the miRNAs with differential
expression, miR-1234 was found to target STAT3. Strikingly, low expression of miR-1234 in
the samples from the Swedish patients correlated with increased expression of STAT3, while
the opposite was observed in the samples from the Egyptian patients (high miR-1234, low
STAT3). Moreover, ectopic expression of miR-1234 in cell line model systems verified its
suppressive effect on STAT3 expression. Taken together, the data suggested that miR-1234
regulates STAT3 levels.
miR-1234 is a mirtron localized in one of the introns of the Cleavage and polyadenylation
specific factor 1 (CPSF1) host gene252. A coordinated and concordant expression of CPSF1
and miR-1234 is therefore likely but remains to be investigated. The CPSF1 protein has been
established to be involved in cleavage and polyadenylation synthesis of pre-mRNAs337.
Beyond a suggested role for miR-1234 in metastasis of breast cancer, not much is known
about the function of this miRNA338. Our study is indeed to our knowledge the first to suggest
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that miR-1234 acts to target STAT3, but further investigations are required in order to explore
the function of miR-1234 and its other putative mRNA targets.
4.3.3 Concluding remarks of paper III
The mechanisms of miR-1234 regulation remain to be studied in greater detail. The
regulation of the CPSF1/miR-1234 promoter by factors associated with inflammation and
infectious disease load should be a valid starting point in order to better understand the
interplay of STAT3 and miR-1234. Our preliminary results indicate the presence of HBV in
Egyptian patients but not in Swedish patients but these observations will need further
characterization.
Taken together, increased understanding of molecular processes involved in the development
of ABC DLBCL will be important in order to better understand the underlying causes to the
disease. Pharmacological approaches are currently being undertaken in order to modulate
STAT3 activity (reviewed in339). Differences in STAT3 expression may therefore be of great
interest and serve as predictive biomarkers for efficient response to such drugs.
Understanding the regulation of STAT3 and its underlying mechanisms may therefore prove
informative in selection of treatment and prediction of response and overall outcome.
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5. CONCLUDING REMARKS
The most important findings in this thesis are the following:
•
•

PTENpg1 asRNAs regulate expression of the protein-coding gene PTEN.
DNMT3a is recruited to the targeted PTEN locus by a lncRNA.

•

PTENpg1 asRNA is involved in the resistance to the BRAF inhibitor vemurafenib
and serves as a putative prognostic marker for the outcome in melanoma patients.

•

A differential expression of miR-1234, a regulator of STAT3 expression, is observed
in tumor samples from ABC DLBCL exposed to various environmental factors.

As illustrated by the work presented in this thesis, ncRNAs maintain crucial roles in gene
regulation and there is no longer any doubt about their involvement in disease development.
One of the greatest challenges in today’s cancer therapies is avoiding side effects caused by
targeting of healthy tissue. In this aspect, ncRNAs hold great promise due to the advantage of
greater tissue specificity when compared to proteins and their manipulation may therefore
result in less damage to normal tissue13. Moreover, targeting of lncRNAs may also be
advantageous based on specific nucleotide pairing.
Many subgroups of lncRNAs have been proposed over the last ~10 years. Most importantly,
this thesis highlights a role for pseudogene-encoded asRNAs in control of their proteincoding ancestor. Pseudogenes have for long been considered as ‘junk DNA’ but there are
now growing evidence of an emerging role of both sense and asRNA expressed from
pseudogenes. The classification of pseudogenes as ‘junk DNA’ should be reconsidered since
it is now standing clear that at least some of these non-coding genes are expressed and
maintain important regulatory functions. Recent reports suggest thousands of pseudogenes
being transcriptionally active as sense transcripts53,176, but whether these are also generally
expressed as asRNAs remain unknown. Genome-wide approaches for the identification of
pseudogene-encoded asRNAs will initially be needed in order to increase our understanding
of this novel category of regulatory lncRNAs. The discovery of PTENpg1 asRNA presented
herein should stimulate such genome-wide profiling as well as functional characterization.
Furthermore, this thesis sheds light on several of the functional aspects of ncRNAs and we
present regulatory functions consisting of RNA:RNA as well as RNA:protein interactions.
One of the major challenges in understanding the function of ncRNAs is their great
heterogeneity. While mRNAs predominantly serve as templates for translation, the
multifunctional aspects of ncRNAs are widespread and there is as of yet no universal code to
decipher for the functions of lncRNAs. Revealing the ‘functional code’ of lncRNAs will
indeed be a great challenge in the near future. The development of genome-wide technologies
made it possible to characterize thousands of ncRNAs and functional investigations are now
needed in order to better understand the functional properties they maintain. Such discoveries
may both lead to the development of novel disease biomarkers, as well as serve as a platform
for drug development targeting these systems.
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