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Glossary
-

ΔΔCt: is a quantitative method to calculate the difference in gene expression between two stages
(tumour vs. normal).

-

CpG sites: regions of DNA sequence where a cytosine nucleotide is followed by guanine
nucleotide along its 5’ → 3’ direction.

-

chromatin-modifying complexes: Enzymatic complexes that catalyse the covalent chemical
modification of chromatin by adding or removing certain small molecules. These changes regulate
chromatin structure and influence gene transcription.

-

DNA methylation: The modification of a strand of DNA after it is replicated, in which a DNA
methyltransferase adds a methyl (CH3) group to the cytosine or guanine nucleotides. This change
alters the expression of the genes and is stable. It is crucial for normal growth and development.

-

endogenous control: or endogenous reference gene is commonly used to normalize expression
levels of other genes with the assumption that the expression of the former is constant in different
tissues and in different physio-pathological conditions.

-

epigenetics: is the study of potentially heritable changes in gene expression (active versus inactive
genes) that does not involve changes in the underlying DNA sequence – a change in phenotype
without a change in genotype.

-

fold change: is a measure calculated as a ratio of averages from control and test sample values
and describing how much a quantity changes.

-

gene-expression signature: In any tissue only a limited set of genes is switch on at any given
time and this set of genes varies between different tissues. Thus each tissue can be identified by its
unique pattern of gene expression, often called an “expression signature”.

-

long non-coding RNAs: are a large and diverse class of RNA molecules, defined as non-protein
coding transcripts longer than 200 nucleotides and have been implicated in several cellular
functions, including the regulation of gene transcription through the recruitment of chromatinmodifying enzymes.

-

mRNAs: or messenger RNAs are a subtype of RNA molecules that are transcribed from DNA and
carry information from DNA to the ribosomes, where the information is translated into a protein.

-

non-coding RNAs: are functional RNA molecules that are transcribed from DNA, but not
translated into a protein. They encompass different subgroups that participate in different cellular
processes.
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ABSTRACT
The primary aim of our research was to characterize (epi)genetic factors that potentially
contribute to development of glioma, the most common and clinically extremely
heterogeneous primary brain tumours. Their heterogeneity is reflected in the lack of
knowledge about the exact mechanisms leading to tumour formation and progression,
subsequently leading to less accurate classification and patient’s outcome. Long non-coding
RNAs (lncRNAs), which have an important role in regulating the expression of numerous
protein-coding genes (mRNAs) and a crucial role in development of the brain and neuron
function, are increasingly recognized as an important part of glioma pathology. We included
154 samples of fresh brain tumour tissue. Firstly, using the ArrayStar microarray technology
we determined expression profiles of epigenetically involved lncRNAs and their potential
mRNA targets related to epigenetic signalling pathways on a smaller set of histologically
different glioma samples. We detected 351 lncRNAs and 390 mRNAs showing >1.5-fold
change difference in expression in at least one glioma subtype, which once again supported
the complex genetic nature of glioma tumours. For both lncRNAs and mRNAs we found a
higher number of genes with decreased expression, which suggest the tumour-suppressive role
of regulatory molecules. Through lncRNA-mRNA expressional integrative analysis we found
171 lncRNA-potential mRNA targets, which are involved in various transcription processes by
regulating the activity of transcription factors, chromatin remodelling and methylation
(obtained by Gene Ontology analysis). Through filtering analysis, we selected ten
differentially expressed lncRNAs and ten mRNAs for further qPCR validation, conducted on a
larger set of glioma samples. Among selected genes few were already associated with glioma
tumour, but some were analysed for the first time. Several validated lncRNAs and mRNAs
showed distinctive expression levels in different glioma subtypes and/or WHO malignancy
grade. Expression of many genes is regulated by diverse epigenetic mechanisms and among
them DNA methylation is the most common epigenetic modification found in tumour cells.
Using the MS-HRM method we determined the methylation status of validated genes and try
to establish if changes in their expression are a consequence of changed methylation status.
We found alterations in methylation pattern in two mRNA and five lncRNA genes, the rest
were found to be un-methylated. Expression of three genes significantly associated with
changes in methylation. Results also revealed distinctive methylation patterns in different
glioma subtypes, which could contribute an additional diagnostic value to tumour
classification. Next, using the MLPA we determined the status of already known and clinically
relevant glioma biomarkers and found expression of some of the genes to be significantly
associated. Differences in expression of several lncRNAs and mRNAs were also associated
with differences in patients’ survival, suggesting their potential prognostic value. Results show
that the analyses of expressional screening are helpful in uncovering the genetic background
of glioma development and are efficient in the search of new potential diagnostic/prognostic
biomarkers. They form the foundation for further research of signalling pathways in glioma
development.
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IZVLEČEK
Glavni namen raziskave je bil opredeliti (epi)genetske dejavnike, ki potencialno prispevajo k
razvoju gliomov, najpogostejših in klinično zelo raznolikih primarnih možganskih tumorjev.
Ta njihova raznolikost se odraža v pomanjkanju znanja o natančnih mehanizmih, ki vodijo k
nastanku in napredovanju tumorja, posledično pa k manj natančni klasifikaciji in slabši
prognozi. Dolge nekodirajoče RNA (angl. lncRNA) pridobivajo vedno večji pomen v sami
patogenezi gliomov, saj imajo pomembno vlogo pri uravnavanju izražanja genov, ki kodirajo
proteine (angl. mRNA) in eno ključnih vlog v razvoju možganov in funkcije nevronov. V
raziskavo smo vključili 154 vzorcev svežega tkiva gliomov. Najprej smo z uporabo ArrayStar
mikromrež smo na manjšem številu histološko različnih gliomov določili profil izražanja
lncRNA in njihovih potencialnih tarčnih mRNA, vključenih v epigenetske signalne poti.
Odkrili smo 351 lncRNA in 390 mRNA, ki so pokazale več kot 1.5-kratno spremembo v
izražanju pri vsaj enem podtipu gliomov, kar podpira njihovo kompleksno genetsko naravo.
Tako pri lncRNA kot mRNA smo našli večje število genov z znižanim izražanjem, kar
predpostavlja potencialno funkcijo tumorskega supresorja teh regulatornih molekul. Z
integrativno analizo izražanja lncRNA in mRNA smo našli 171 možnih mRNA tarč. Glede na
rezultate analize genske ontologije so te mRNA in posledično z njimi povezane lncRNA
vključene v različne procese prepisovanja preko uravnavanja aktivnosti transkripcijskih
faktorjev, prestrukturiranja kromatina in metilacije. Rezultate, dobljene na mikromrežah, smo
validirali z metodo qPCR na večjem številu vzorcev gliomov. S filtriranjem rezultatov smo
izbrali po deset spremenjeno izraženih lncRNA in mRNA. Med izbranimi geni so nekateri že
bili povezani z gliomi, nekateri geni pa so bili analizirani prvič. Med validiranimi geni je več
lncRNA in mRNA pokazalo značilne spremembe v vzorcu izražanja med histološko
različnimi podtipi gliomov in (ali) različnimi stopnjami malignosti. Izražanje mnogih genov
uravnavajo različni epigenetski mehanizmi in v tumorskih celicah je DNA metilacija
najpogostejša epigenetska modifikacija. Z metodo MS-HRM smo določili metilacijski status
promotorja validiranih genov in poskušali ugotoviti ali so spremembe v izražanju posledica
spremenjene metilacije. Spremembe v vzorcu metilacije smo našli le pri dveh mRNA in pri
petih lncRNA, ostali geni so bili nemetilirani. V primeru treh genov je bila sprememba v
izražanju povezana s spremembo vzorca metilacije. Med različnimi podtipi gliomov smo
zasledili značilno različne spremembe v metilaciji, kar bi lahko pripomoglo k natančnejši
diagnostični opredelitvi tumorjev. Z uporabo metode MLPA smo določili status že znanih in
klinično pomembnih molekularnih biooznačevalcev glialnih tumorjev. S primerjalno analizo
smo ugotovili, da so nekateri biooznačevalci značilno povezani s spremembami v izražanju
validiranih genov. Prav tako so bile razlike v izražanju več lncRNA in mRNA značilno
povezane z razliko v preživetju bolnikov, kar nakazuje njihovo potencialno prognostično
vrednost. Rezultati tako kažejo, da so analize določevanja profila izražanja učinkovite pri
raziskovanju genetskega ozadja razvoja gliomov in iskanju novih možnih diagnostičnih in
prognostičnih biooznačevalcev. Obenem pa predstavljajo temelje nadaljnjih raziskav na
(epi)genetskem področju razvoja glialnih tumorjev.
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1. INTRODUCTION
1.1.

RESEARCH PROBLEM

The overall incidence of all primary brain tumours estimates approximately 11 cases per
100.000 person per year (de Robles et al., 2015). Among them, glioma are one of the most
common and the most aggressive form of primary brain tumours in adults (80%) (Louis, 2006;
Pojo and Marques Costa, 2011) and despite the intensive research and advances in glioma
treatment their prognosis remains poor (Louis et al., 2007; Wang et al., 2012). Almost all
glioma are diffusely infiltrating and generally incurable (Louis, 2006), mainly because the
molecular mechanisms of glioma development are still poorly understood, and because
chemotherapeutic drugs, that are in use, are inefficient due to highly resistant tumour cells
(Gonçalves et al., 2013). Glioma are frequently morphologically alike and thus misclassified,
partly due to the lack of specific and reliable distinguishable markers (Zhang et al., 2012), but
despite the similar morphological features glioma subtypes do show subtype-specific early
genetic events and diverse molecular mechanisms (Ohgaki and Kleihues, 2013).
Many researchers have focused to find new genetic factors and molecular mechanisms that
lead to cell transformation and tumour progression. Such biomarkers can provide helpful
knowledge of pathways involved in tumour formation and the additional information in
tumour diagnosis. Also, they may contribute to choosing the appropriate therapy and
developing new therapeutic approaches, thus improving patient’s prognosis (Nalejska et al.,
2014). Despite the extensive research in the biology of brain tumours, the genetic background
of glioma development and progression remains poorly characterized. In the last few years,
non-coding RNAs (ncRNAs) are more and more recognized as an important part of glioma
pathology (Kiang et al., 2015). The attention of scientists worldwide is directed towards the
field of non-coding RNAs, predominantly lncRNAs and miRNAs and their biological roles,
especially in diseases. These RNA molecules regulate the expression of protein-coding genes
through several different mechanisms, modulating their transcription and translation or
reducing their stability, and in cancer an aberrant gene expression has a crucial developmental
role (Mehler and Mattick, 2007; Esteller, 2011). Long non-coding RNAs (lncRNAs) emerged
as the crucial gene regulators of also the epigenetic level of gene expression (Qureshi et al.,
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2010). As known, the number of protein-coding genes only little differs between organisms
and they alone are not sufficient to properly explain the human gene expression complexity. It
is suggested that these non-coding, but transcriptionally active genes could elucidate and give
deeper understanding of the expression complexity (Shi et al., 2013). The involvement of
lncRNAs in disease processes creates an urgency to understand the mechanisms by which
these RNAs seek their targets and how much the disturbance of their expression and functions
might contribute to disease development.
Gene expression profiling is one of the most used analyses for screening and searching for
genes that are potentially involved in tumorigenesis (Bai et al., 2013). In 2007 the FDA (Food
and Drug Administration) approved clinical use of gene expression profiling test system for
breast cancer prognosis (MammaPrint), which is based on combining the expression of
multiple genes into gene signature that aids in evaluating the clinical outcome of patients with
diagnosed breast cancer (FDA, 2007, Docket No. 2007N–0136; (Liu et al., 2008)). For
determining expression profiles and their differences, microarray technology enables us quick
and high-throughput simultaneous expression analyses between specific tumour type and
normal, healthy tissue on a greater scale, with thousands of genes in a single assay (Macgregor
and Squire, 2002; Calvo et al., 2005). And in contrast to other molecular methods allowing
analysis of a single gene or smaller gene set microarrays consider entire gene sets or pathways
together, and facilitate the discovery of totally novel disease-related genes and identifying
functional roles. However, microarrays themselves have not been embraced as diagnostic
tools, but rather used to identify smaller sets of predictive genes or pathways that might aid in
diagnosis or stratification of samples (Macgregor and Squire, 2002; Slonim and Yanai, 2009;
Bai et al., 2013). Also, as microarrays are performed on a smaller set of sample, the results
obtained by microarrays analysis need to be validated on a bigger set of biological replicates,
usually by using quantitative real-time PCR (qPCR) (Macgregor and Squire, 2002).
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1.2.

AIM OF RESEARCH AND HYPOTHESES

The primary aim of our research was to find new genetic factors, coding and non-coding,
which potentially contribute to development of glioma tumours. We focused on determining
the expression profile of lncRNAs, which are potentially involved in epigenetic mechanisms
and signalling pathways, and expression profile of their potential protein-coding targets,
already known to be involved in epigenetic processes. Analyses of gene expression profiles
using microarray technology have been proven to be an effective tool in detecting new genes
involved in tumour development and molecular definition of histologic tumour subtypes. By
determining the expression of lncRNAs and mRNAs of histologically different glioma we
wanted to establish how much does their expression differentiates from the brain reference
RNA (normal brain), and if expression patterns differ between glioma subtypes.

In line with our aim we have formulated the following hypotheses:
-

lncRNAs and mRNAs involved in glioma development on epigenetic level show
changed expression in comparison to brain reference RNA.

-

Glioma of different histopathological features and malignancy grades have different
expression profiles of certain lncRNAs and mRNA, and thus diverse epigenetic
pathways.

Our second part of the study was divided in two parts – determining methylation status of
differentially expressed genes, and evaluating the potential biomarker value of gene’s
expression and/or methylation.
Methylation of the cytosine of CG dinucleotides in gene's promoter is one of the primary
epigenetic mechanisms and also the most common epigenetic modification found in tumour
cells, since changed methylation pattern of gene's promoter consequently silences or activates
gene's transcription (Shi et al., 2013). As it turns out, not only protein-coding genes are
epigenetically regulated, but also lncRNAs are targets of epigenetic alterations (Bian et al.,
2014). Like expression patterns also methylation status is shown to be cell-/tissue-type
specific (Alelu-Paz et al., 2012) and as such it may be useful biomarker. Thus, the second aim
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of our study was to establish if changes in expression levels of lncRNA and mRNA are
associated with changes of methylation status, and if there are differences in methylation
patterns of gene’s promoter between glioma subtypes.
Many researches in clinical genetics are conducted with the aim to find new genetic
biomarkers, which might further elucidate glioma molecular background or potentially have
prognostic, predictive or diagnostic values. A few molecular biomarkers were recently
incorporated in routine clinical practice for glioma characterization and diagnosis (Ohgaki and
Kleihues, 2013; Wiestler et al., 2013; Brat et al., 2015), but pathways of glioma development
and progression remain obscure. We compared our lncRNA and mRNA expression, and
methylation results with histological classification (presumed cell of origin and malignancy
grade) and classification based on glioma markers that are routinely used in clinical practice to
establish their value as potential candidate biomarkers.

In line with our aim we have formulated the following hypothesis:
-

Methylation/demethylation of the gene promoter is associated with lower or higher
levels of gene expression, and as such it represents potential biomarker of individual
glioma subtype.
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1.3.

OPREDELITEV PROBLEMA

Letna incidenca vseh primarnih možganskih tumorjev ocenjuje približno 11 primerov na
100.000 oseb (de Robles et al., 2015). Pri odraslih so najpogostejši gliomi (80%), izjemno
agresivna oblika difuzno infiltrativnih primarnih možganskih tumorjev (Louis, 2006; Pojo and
Marques Costa, 2011), ki so kljub številnim raziskavam in napredkom pri njihovem
zdravljenju v veliki meri neozdravljivi (Louis et al., 2007; Wang et al., 2012). Deloma so
vzrok še zmeraj slabo raziskani mehanizmi nastanka in razvoja gliomov ter neučinkovitost
standardnih kemoterapevtikov zaradi visoke odpornosti tumorskih celic (Gonçalves et al.,
2013). Še več, gliomi so si pogosto morfološko podobni in ob pomanjkanju zanesljivih ter
specifičnih biooznačevalcev je postavitev diagnoze na podlagi le-teh otežena (Zhang et al.,
2012). Kljub temu pa morfološko podobni primeri gliomov kažejo različne, podtip-specifične
zgodnje genetske dogodke in molekularne mehanizme razvoja (Ohgaki and Kleihues, 2013).
Mnogi raziskovalci so se tako osredotočili poiskati nove molekularno-genetske dejavnike
(biooznačevalce) in mehanizme, ki vodijo k transformaciji celic in napredovanju tumorja.
Takšni biooznačevalci lahko pomagajo razjasniti ozadje nastanka tumorja in prispevajo
dodatne informacije za natančnejšo opredelitev. Prav tako so lahko uporabni pri izbiri
primerne terapije in prispevajo k razvoju novih načinov zdravljenja, s tem pa k izboljšanju
prognoze bolnikov z gliomom (Nalejska et al., 2014). Vendar pa kljub obsežnim raziskavam
na področju biologije možganskih tumorjev ostaja genetsko ozadje nastanka in razvoja
gliomov v veliki meri slabo razjasnjeno. V zadnjih letih v patologiji gliomov vedno večji
pomen dobivajo nekodirajoče RNA (angl. ncRNAs) (Kiang et al., 2015) in tako je vedno več
raziskovalcev usmerjenih k podrobnejšemu raziskovanju tega dela genoma. Predvsem k
raziskovanju dolgih nekodirajočih RNA (angl lncRNA) in mikro RNA (angl. miRNA) ter
njihovih bioloških funkcij, še posebej pri različnih boleznih. Te nekodirajoče RNA molekule
preko različnih mehanizmov na ravni transkripcije in translacije uravnavajo izražanje
kodirajočih genov (angl. mRNA), v procesih tumorogeneze pa ima spremenjeno izražanje
genov eno ključnih razvojih vlog (Mehler and Mattick, 2007; Esteller, 2011). lncRNA so se
izkazale kot ene ključnih regulatorjev izražanja genov tudi na epigenetski ravni (Qureshi et al.,
2010). Kodirajoči geni sami ne zadostujejo za razjasnitev kompleksnosti izražanja genov in
prav te dolge nekodirajoče, a transkripcijsko aktivne molekule bi lahko znatno prispevale k
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boljšemu razumevanju teh kompleksnih mehanizmov (Shi et al., 2013). Vključenost lncRNA
v biološke procese in procese nastanka bolezni tako ustvarja nujo raziskati in razumeti
mehanizme njihovega delovanja ter kako močno motnje v njihovem izražanju in delovanju
prispevajo k razvoju bolezni.
Določevanje sprememb v izraženosti genov (profil izražanja) je ena izmed najpogosteje
uporabljenih analiz za iskanje genov, ki so potencialno vključeni v proces tumorogeneze (Bai
et al., 2013). Tako je leta 2007 FDA (angl. Food and Drug Administration) odobrila klinično
uporabo profila izraženosti genov za prognostično napoved pri bolnicah z diagnosticiranim
rakom na dojki (MammaPrint). Test temelji na združevanju izražanja več genov v t. i. genski
podpis (ali genski profil), ki pomaga pri ocenitvi kliničnega izida bolnice (FDA, 2007, Docket
No. 2007N–0136; (Liu et al., 2008). Tehnologija mikromrež nam omogoča hkratno analizo
izražanja velikega števila genov (tudi več tisoč v enem samem poskusu), posledično pa
določitev genskega profila in sprememb v izražanju med različnimi tipi vzorcev (npr. tumor –
normala) (Macgregor and Squire, 2002; Calvo et al., 2005). V nasprotju z drugimi
molekularnimi metodami, ki omogočajo analizo posameznega gena ali manjšega števila
genov, mikromreže lahko vključujejo veliko večje nabore genov ali celoten sklop genov
določene poti. Tako nam omogočajo odkrivanje novih, z določeno boleznijo povezanih genov
in ugotavljanje njihove funkcije. Vendar pa mikromreže same niso sprejete kot diagnostično
orodje, temveč se uporabljajo z namenom odkrivanja napovednih genov in(ali) signalnih poti,
ki lahko pomagajo pri diagnozi in natančnejši opredelitvi tumorja oziroma stanja bolezni
(Macgregor and Squire, 2002; Slonim and Yanai, 2009; Bai et al., 2013). Ker se analizo
mikromrež običajno izvaja na manjšem številu bioloških vzorcev je potrebno tako pridobljene
rezultate potrditi na večjem številu vzorcev, za kar pa se najpogosteje uporablja metoda
kvantitativnega pomnoževanja s polimerazo v realnem času (angl. qPCR) (Macgregor and
Squire, 2002).
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1.4.

NAMEN RAZISKAVE IN HIPOTEZE

Primarni namen raziskave je bil najti nove genetske dejavnike, ki so morebiti vključeni v
razvoj glialnih tumorjev. Osredotočili smo se na določevanje profila izražanja dolgih
nekodirajočih RNA (angl. lncRNA), ki so potencialno vključene v epigenetske mehanizme in
signalne poti ter izražanja potencialnih tarčnih kodirajočih genov (angl. mRNA) za katere je
že znano, da sodelujejo v epigenetskih procesih. Analize profiliranja izraženosti genov z
uporabo mikromrež so se izkazala za zelo učinkovito orodje pri odkrivanju novih genov, ki
sodelujejo pri razvoju tumorjev in molekularno opredelitev tumorskih podtipov. Glede na
spremembe v izražanju lncRNA in mRNA v vzorcih gliomov smo želeli ugotoviti, kako
močno se njihovo izražanje razlikuje v primerjavi z zdravimi možgani (referenčno RNA) in,
če se vzorci izražanja razlikujejo med histološko različnimi podtipi gliomov.
V skladu z našim namenom smo oblikovali naslednje hipoteze:
-

lncRNA in mRNA vključene v razvoj gliomov na epigenetski ravni kažejo značilno
spremenjeno izražanje v primerjavi z zdravimi možgani (referenčno RNA).

-

Gliomi z različnimi histopatološkimi značilnostmi in različno stopnjo malignosti imajo
različen profil izražanja nekaterih lncRNA in mRNA ter tako različne epigenetske
modulatorje.

Drugi dela naloge je sestavljen iz dveh delov – določili smo metilacijski status promotorja
gena (lncRNA/mRNA) s spremenjenim izražanjem in nadalje ovrednotili potencial profila
izražanja in vzorca metilacije kot nov biooznačevalec.
Metilacija citozina, ki se pojavlja v CG dinukleotidih v promotorju gena je en glavnih
epigenetskih mehanizmov. Je tudi najpogostejša epigenetska sprememba najdena v tumorskih
celicah, saj sprememba v vzorcu metilacije promotorja gena posledično vodi v njegovo
utišanje ali aktivacijo prepisovanja (Shi et al., 2013). Kot se je izkazalo pa ni samo izražanje
kodirajočih genov epigenetsko regulirano pač pa tudi izražanje lncRNA (Bian et al., 2014).
Podobno kot je vzorec izražanja značilen za posamezen tip celic in(ali) tkiv je specifičen
lahko tudi vzorec metilacije (Alelu-Paz et al., 2012), s tem pa ima potencial dodatnega
biooznačevalca. Drugi cilj naše raziskave je tako bil ugotoviti ali so spremembe v izražanju
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lncRNA in mRNA posledica sprememb v vzorcu metilacije dotičnega promotorja in ali se
vzorec metilacije razlikuje tudi med podtipi gliomov.
Številne raziskave so izvedene z namenom določevanja novih biooznačevalcev, ki bi lahko
dodatno razjasnili molekularno ozadje gliomov ali pa imajo potencial prognostičnega,
napovednega ali diagnostičnega biooznačevalca. Pred kratkim so molekularne biooznačevalce
uvedli v rutinsko klinično prakso za opredelitev gliomov in postavitev diagnoze (Ohgaki and
Kleihues, 2013; Wiestler et al., 2013; Brat et al., 2015), vendar molekularno ozadje in poti
razvoja ter napredovanja gliomov v veliki meri ostajajo še nerazjasnjena. Z namenom
določitve uporabnosti sprememb v vzorcu izražanja in metilacije lncRNA/mRNA kot
morebitnega biooznačevalca smo vzorec izražanja in metilacije gena primerjali med
različnimi histološkimi podtipi (določeni glede na domnevni tip izvorne celice in stopnjo
malignosti) in glede na določen status biooznačevalcev, ki se že rutinsko uporabljajo v
klinični praksi.

V skladu z našim namenom smo oblikovali naslednje hipoteze:
-

Metilacija/demetilacija promotorja gena je povezana z njegovim spremenjenim
izražanjem in predstavlja morebitnega molekularnega biooznačevalca posameznega
podtipa gliomov
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2. BACKGROUND
2.1.

GLIOMA

Glioma are the most common primary brain tumours in adults (approx. 80%), and also one of
the most invasive, aggressive and fatal CNS tumours (Louis, 2006; Crocetti et al., 2012).
Despite many research in the biology of brain tumours the genetic background of glioma
pathogenesis remains vague. One of the main problems is that these although histologically
similar tumours have very different response to treatment and the patient’s outcome. A more
detailed molecular background can provide additional information to traditional histological
classification (Siegal, 2016).
Cells of origins for the formation of glioma are still largely unknown, yet evidence support the
theory of the presence of a subset of cells with the potential to initiate and maintain glioma
growth (glioma stem cells or GSCs), which might be crucial for the resistance to conventional
therapies (Katsushima and Kondo, 2014). Secondly, the nervous system also harbours neural
stem cells – lifelong, self-renewing cells capable of differentiation into all brain cell types.
Adult-onset glioma is thought to be a consequence of age-related alterations in brain
progenitor cells, since aging increases the risk for tumorigenesis as regenerative capacity of
the brain decreases. Aging cells are dependent upon multiple compensatory pathways to
maintain cell cycle control, normal niche interactions, genetic stability, programmed cell
death, and oxidative metabolism (Stoll et al., 2013). There have been reported evidence of
neural stem cells or related progenitor cells capable of transformation into cancer stem cells.
And by escaping the controlling mechanisms of proliferation and programmed differentiation
give rise to malignant glioma (Wen and Kesari, 2008; Alcantara Llaguno et al., 2009; Van
Meir et al., 2010; Cardona et al., 2011).
However, other evidence point to mutation-induced dedifferentiation of normal adult glial
cells (Van Meir et al., 2010). Glial cells (astrocytes, oligodendrocytes, and ependymal cells)
are supporting, helper cells without which the neurons do not work properly. They provide
physical support, protection and insulation among neurons, play an important role in neural
communication (especially astrocytes), supply the neurons with nutrients and oxygen, remove
dead/impaired neurons, and regulate the internal environment of the brain. They also have an
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important role in development of the neurons as they guide them and modify the growth of
axon and dendrites (Rao, 2003). Glioma mainly arise from differentiated normal adult
astrocytes and oligodendrocytes (Cardona et al., 2011) (Figure 1).

Figure 1. Progenitor cells, giving rise to different glioma subtypes (Rao, 2003).

2.1.1.

Histological classification of glioma

Glioma encompass all primary CNS tumours of glial-cell origin. Primarily, they are separated
based on the morphological similarities of tumour cells with normal glia cells or cell type of
origin and the level of differentiation into following histological subtypes: astrocytoma
(astrocytes as cells of origin), oligodendroglioma (oligodendrocytes as cells of origin),
oligoastrocytoma (mixed glioma; both astrocytes and oligodendrocytes) (Figure 2) and
ependymoma (ependymal cells) (Rao, 2003; Louis et al., 2007; Pojo and Marques Costa,
2011). According to the World Health Organization (WHO) guidelines, the most commonly
used grading system, glioma are classified in four pathological grades based on their level of
malignancy. Tumours are graded by cellularity, cytological atypia, necrosis, mitotic activity,
and vascular proliferation (Freije et al., 2004). WHO grade I brain tumours include, among
others, benign, cystic pilocytic astrocytoma that are often easily surgically removed and tend
to occur in children (Rao, 2003). WHO grade II represent low-grade glioma, WHO grade III
highly malignant anaplastic glioma, and WHO grade IV the most malignant and most
common form of primary brain tumours – glioblastoma (GBM, previously designated as
glioblastoma multiforme) (Louis et al., 2007; Louis et al., 2016). Approximately 80% of adult
brain tumours are of grades II, III and IV, and the majority is characterized by diffuse local
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and distant infiltration into normal brain, contributing to difficult surgical removal of the
glioma. In addition, many cases of different glioma subtypes show similar phenotypic
features, which make their histopathological diagnosis difficult and prone to misclassification,
and subsequently lead to less efficient treatment (Louis, 2006; van den Bent, 2010; Pojo and
Marques Costa, 2011). On the contrary, one of the most important hallmarks of glioma is
inter-tumour heterogeneity (the diversity within individual tumours), which is mostly
characterized by distinct genetic alterations that occur in individual tumours of common origin
and allows the classification of these tumours into different molecular subtypes. Intra-tumour
heterogeneity has become the focus of research in the past few years, and tumour cell
plasticity as a new source of cancer stem cells has added another level of complexity
(Friedmann-Morvinski, 2014).

Figure 2. Glioma classification, based on histopathological features and WHO malignancy grade (Mellai et al.,
2013).

It is important to mention that a novel, 2016 CNS WHO classification system is based on
incorporating molecular characteristics (genotype) in an “integrated” diagnosis – together with
histological features (phenotype) – in order to define distinct glioma as precisely as possible
(Louis et al., 2016). Molecular features that are also known as glioma hallmarks and are
required for the novel classification are described in the paragraph 2.1.2.
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2.1.1.1.

Astrocytoma

Most glioma are diagnosed as tumours of astrocytic origin (> 80%) (Table 1), mainly as
anaplastic astrocytoma and glioblastoma (GBM) (Tabatabai et al., 2013). GBM is the most
common and malignant type of primary brain tumours with an average survival of 12 months;
a poor prognosis is due to therapeutic resistance and tumour recurrence due to incomplete
surgical resection. The majority of cases are primary GBMs that develop rapidly »de novo«
without any clinical or histological evidence of preceding glioma forms, while secondary
GBMs do show evidence of a precursor low-grade (WHO II) or anaplastic WHO III
astrocytoma (Pojo and Marques Costa, 2011; Ohgaki and Kleihues, 2013). Secondary GBMs
are predominantly found in younger patients (median age of ~45 years compared with median
age of ~60 years for primary GBM) and tend to occur less frequently than primary GBMs,
making up ~5% of total GBMs (Ohgaki and Kleihues, 2005). Nevertheless, these two
neoplasms are morphologically frequently alike and thus misclassified, partly due to the lack
of specific and reliable distinguishable markers (Zhang et al., 2012), and even respond
similarly to conventional therapy. However, glioma subtypes do show subtype-specific early
genetic events and diverse molecular mechanisms, and regarding their different genetic
background they may respond differently to targeted molecular therapies (Wen and Kesari,
2008). As said, the most recent classification of brain tumours incorporates molecular
parameters, which makes the diagnosis of glioblastoma more defined (Louis et al., 2016).
Table 1. Morphological features for histological classification of astrocytic tumours.
WHO
malignancy
grade

Histological
classification

WHO I

Pilocytic

WHO II

Diffuse

WHO III

Anaplastic

WHO IV

Glioblastoma

Features
Cystic, benign
Moderate cellularity, no
anaplasia and mitotic
activity
Cellularity, anaplasia,
mitosis
Cellularity, anaplasia,
mitosis, microvascular
proliferation and necrosis

Median
survival
(years)
10
6–8
3
6 – 14 months
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2.1.1.2.

Oligodendroglioma

Oligodendroglial tumours are considered to have a cellular morphology most closely
resembling that of the normal oligodendrocyte. The most common genetic alteration (50 –
90%) is the combined allelic loss of the short arm of chromosome 1 (1p) and the long arm of
chromosome 19 (19q), both in grade II and III, which suggests an early role in
oligodendroglioma tumorigenesis (Nutt, 2005). Oligodendroglioma can also contain tumour
cells of astrocytic origin, which often results in worse prognosis. These tumours comprise
approximately 20% of glial tumours, are recognized as grade II oligodendroglioma or grade II
anaplastic oligodendroglioma (Louis et al., 2016), and have a relatively long average survival
time (5-12 years) after diagnosis (French et al., 2005a). Well-differentiated oligodendroglioma
can evolve into high-grade anaplastic oligodendroglioma, although it is often difficult to
clearly distinguish these two types from each other or from other glioma subtypes (Bromberg
and van den Bent, 2009).

2.1.1.3.

Oligoastrocytoma

Oligoastrocytoma are glial tumours that appear less clearly defined and, therefore, there is an
ongoing debate whether these tumours indeed constitute an entity or whether they represent a
mixture of neoplastic astrocytic and oligodendroglial cells. Genetic alterations of
oligoastrocytoma include loss of heterozygosity of chromosomes 1p and/or 19q (LOH 1p19q),
typically occurring in oligodendroglioma, and mutations of p53, frequently occurring in
astrocytoma. As such, these tumours often present a challenge in diagnosis as they can easily
be interpreted to be diffuse astrocytoma or pure oligodendroglioma (Qu et al., 2007; Sahm et
al., 2014). Similarly to oligodendroglioma, two malignancy grades are recognized in these
neoplasms – grade II oligoastrocytoma and grade III anaplastic astrocytoma (Louis et al.,
2007; Qu et al., 2007). In the latest WHO classification of glioma from 2016 the diagnosis of
oligoastrocytoma is strongly discouraged, as molecular characterization of these tumours can
classify them as astrocytoma or oligodendroglioma. However, the term of oligoastrocytoma
remains for the cases where diagnostic molecular tests are not fully performed and we cannot
define it more narrowly solely upon its phenotypic and genotypic features (dual genotype)
(Sahm et al., 2014; Louis et al., 2016).
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Histological classification may not be sensitive to much of the underlying biology variation
since histologically identical tumours exhibit different treatment outcome. As oncologists
move toward molecularly targeted therapies molecular glioma subtypes are in the need of a
more precise molecular characterization for a more refined survival prognostication (Mischel
et al., 2003; Freije et al., 2004).

2.1.2.

Molecular characterization of glioma

Tumorigenesis is a multistep process resulting from the accumulation of genetic and
epigenetic changes that permit the survival of abnormal cells and formation of tumour mass.
These alteration often include genes that control critical biological processes and pathways,
such as cell proliferation, adhesion, migration, and differentiation (Alelu-Paz et al., 2012).
In primary GBMs it was observed a statistically significantly higher percentage of tumours
with EGFR gene amplification (35%) and PTEN loss (25%), and lower percentage of tumours
with TP53 (28%) and IDH1 (isocitrate dehydrogenase 1) mutations (less than 5%) (JesionekKupnicka et al., 2013; Ohgaki and Kleihues, 2013). On contrary, secondary GBMs showed
significantly higher percentage of tumours with IDH1 (80%) and TP53 (65%) mutations, but
PTEN (4%) mutations and EGFR gene amplification (8%) were present in low percentage.
Mutations in TP53 gene are highly frequent also in lower astrocytoma, namely in 59% of
diffuse and 53% of anaplastic astrocytoma. Both GBM subtypes show high percentage of the
loss of 10q (60-70%), while it is rare in a precursor low-grade and anaplastic astrocytoma, and
other glioma subtypes. Additionally, primary GBMs also show loss of heterozygosity on 10p
(47%), secondary GBMs deletion on 19q (54%) (Ohgaki and Kleihues, 2013) and more than
80% of oligodendroglioma cases show concurrent loss of heterozygosity on 1p and 19q
(Huang et al., 2004; Dimitrov et al., 2015). ATRX mutations are more common in secondary
GBM as well as in anaplastic astrocytoma, but rare in other glioma subtypes (Wiestler et al.,
2013).

Some studies show molecular classification based on genetic status is more reflective of
disease subtype than histological class (Brat et al., 2015). Although there are numerous genes
that may play a role in glioma development their utility as diagnostic markers is not yet clear
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(Freije et al., 2004). Today, there are few molecular markers that are routinely assessed in
clinical practice to determine glioma tumour subtype - mutations of IDH1/2 genes and
concurrent loss of chromosome arms 1p and 19q. The analysis of genomic modifications in
gliomas has allowed the classification of such tumours into three robust subtypes – IDHmutant and no 1p19q co-deletion, IDH-mutant with 1p19q co-deletion, and IDH/1p19qwildtype (Figure 3) (Louis et al., 2016). There are also additional markers, some relatively
new, for more precise diagnosis – mutations in TP53, EGFR and ATRX gene and their
subsequent protein expression (Figure 3), and MGMT promoter methylation status as a
prognostic biomarker (Figure 4) (Siegal, 2016).
One of the earliest genetic events in the development of glioma is mutation in IDH1 or IDH2
gene. Both are key metabolic enzymes in the Krebs cycle, catalysing the oxidative
decarboxylation of isocitrate in α-ketoglutarate (α-KG) and producing NADPH. α-KG is
required for optimal function of many α-KG-dependent dioxygenases, including histone
methyltransferases and histone demethylases, the important epigenetic modulators (Mellai et
al., 2013). Mutations in IDH1/2 gene trigger multiple downstream oncogenic consequences,
including alterations in methylator phenotype (hyper-methylation) and collagen disruption,
contributing to cancer-promoting extracellular matrix (Cohen et al., 2013; Dimitrov et al.,
2015). IDH1 is mutated in 70-80% of grade II and III astrocytoma, oligodendroglioma,
oligoastrocytoma, and in secondary but not primary GBM (Killela et al., 2014); whereas IDH2
more commonly occur in oligodendroglioma (Hartmann et al., 2009). IDH mutations
contribute to greater susceptibility of tumour cells to oxidative damage and thus to better
prognosis for patients with mutated IDH gene. IDH1 mutations are not seen in pediatric
diffuse astrocytoma nor are a feature of pilocytic astrocytoma (Cohen et al., 2013).
The loss of the entire chromosome arm 1p and 19q is the signature molecular change of
oligodendroglioma, caused by an unbalanced translocation t(1; 19)(q10; p10), and is
associated with classic oligodendroglioma morphology, location (frontal, parietal and occipital
lobes) and bilateral growth pattern (Nutt, 2005). The translocation subsequently partially
inactivates the Capicua transcriptional repressor (CIC) gene and the FUSE binding protein
(FUBP1) gene (Bettegowda et al., 2011). In addition to being a diagnostic marker for
oligodendroglioma, the 1p19q co-deletion predicts increased chemo-sensitivity and is

15

Matjašič A. Epigenetic modulators of signalling pathways in glioma development.
Doctoral dissertation. Ljubljana, University of Ljubljana, Faculty of Medicine, 2017.

associated with longer overall survival (Cairncross et al., 1998; French et al., 2005a). The vast
majority of oligodendroglioma with the 1p19q co-deletion carries also IDH1 mutations
(Killela et al., 2014), but it is also mutually exclusive with TP53 and ATRX mutations
(Wiestler et al., 2013).

Figure 3. IDH+1p19q molecular approach for classification of lower-grade gliomas and additional
subtype-specific mutated genes (Wen and Reardon, 2016).

p53 is a tumour suppressor encoded by the TP53 gene that plays a role in several cellular
processes, including the cell cycle, cell differentiation, cellular growth, and response to DNA
damage and induces apoptosis when damage cannot be repaired. Disrupted protective role of
p53 enables damaged cells to survive and grow, and thus promote tumour progression (Meek,
2009).
Recently, mutations in ATRX gene and its decreased nuclear expression have been reported in
infiltrating glioma, more commonly in astrocytoma grade II and III, oligoastrocytoma, and
secondary GBM, but rare in other glioma subtypes, and at a younger age of onset. It is an
important component in chromatin remodelling and as such it regulates the expression and
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activity of other genes. Mutations in ATRX have been identified in multiple tumour types and
appear to cause alternative lengthening of telomeres (ALT), a presumed precursor to genomic
instability. ATRX loss in astrocytoma was also strongly associated with IDH mutations and
with favourable prognosis (Wiestler et al., 2013).
O6-methylguanine methyltransferase (MGMT) is a ubiquitous DNA repair enzyme that
removes alkyl group from the O6 position of guanine and thus antagonizes their genotoxic
effect. Its expression is transcriptionally silenced by promoter hypermethylation in various
cancers, including glioma. The presence of methylated MGMT is prognostic in all glioma
subtypes, including both oligodendroglial and astrocytic histology, and its epigenetic
inactivation shows a favourable outcome for IDH-wildtype glioma, especially GBM (Hegi et
al., 2005; Shamsara et al., 2009; Weller et al., 2010). Lack of MGMT in the cell allows
accumulation of O6-alkylguanine in the DNA, which, subsequent to incorrect pairing with
thymidine, triggers mismatch repair and thereby inducing DNA damage signalling and cell
death (Ochs and Kaina, 2000; Hegi et al., 2005). The mismatch repair-deficient cells are
highly resistant to alkylating agents (Weller et al., 2010).

Nature Reviews|Neurology
Figure 4. Molecular approach for classification of diffuse glioma (adapted from (Weller and Wick, 2014).
Abbreviations: IDH, isocitrate dehydrogenase; MGMT, O6-methylguanine-DNA methyltransferase; MGMT+,
hypermethylation of the MGMT promoter; MGMT−, no hypermethylation of the MGMT promoter.
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EGFR mutations result in genes over-expression and it is a most frequently amplified
oncogene in astrocytoma - approx. in 40% of all GBM, which are predominantly primary
GBM, and less frequently in low grade astrocytoma (Louis, 2006). It provides a potential
target for EGFR inhibitors. EGFR acts as an early activator of transcription in the RAS
signalling pathway, and increased EGFR signalling drives tumour cell proliferation,
invasiveness, motility, angiogenesis, and inhibits the apoptosis. Approximately one third of
GBM with amplified EGFR also have specific EGFR deletions (EGFRvIII mutant) that result
in truncated receptors, which are capable of dramatically enhance tumorogenicity of GBM
cells (Louis, 2006; Van Meir et al., 2010).

2.1.3.

Signalling pathways involved in glioma development

Through the last few years, integrated genomics studies implicated specific molecular
networks in the pathogenesis of glioma. Growth-factor signalling pathways, involved in
regulation of transcription of genes involved in survival, proliferation, invasion, and
angiogenesis, are constitutively activated in malignant glioma. In glioma, especially
astrocytoma, over-expression of many growth factors and their receptors is the most common
genetic alteration (Louis, 2006; Van Meir et al., 2010). Common pathways in glioma biology
include growth factor receptor tyrosine kinases and their downstream signalling via the MAP
kinase cascade of PI3K signalling, loss of apoptosis through p53, cell cycle regulation by
RB1, angiogenesis via VEGF signalling, and invasion (Huse and Holland, 2010; Cohen and
Colman, 2015).
By phosphorylation and de-phosphorylation, tyrosine kinases growth factors regulate the Rasmitogen-activated protein (MAP) kinase pathway (MAPK), which is involved in proliferation
and cell-cycle progression, and the members of PI(3)K/Akt/RAS signalling pathway, which
are involved in the inhibition of apoptosis and cellular proliferation (Wen and Kesari, 2008;
Steelman et al., 2011). The PI3K/Akt pathway is a critical regulator of tumour cell
metabolism, growth, proliferation, and survival. Ligand binding to receptor tyrosine kinases
increases activity in the pathway, which ultimately activates mTOR. Downstream effectors of
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mTOR have an array of biological functions that promote hypoxic adaptation and protein
translation (Van Meir et al., 2010).
MYC oncogene is widely deregulated in cancer and is known for altering the biochemistry of
a tumour cell as a central metabolic regulator (Rajagopalan et al., 2014). It has been aberrantly
expressed and linked to the regulation of cell growth and glucose metabolic pathways in
glioma cells (Wang et al., 2015a). c-Myc binds near the imprinting control region to facilitate
histone acetylation and transcriptional initiation of the H19 promoter, and thus significantly
inducing the expression of the H19, known oncogenic lncRNA (Barsyte-Lovejoy et al., 2006).
Another important pathway in gliomagenesis and in the growth of stem-like glioma cells is
Wnt signalling (Kahlert et al., 2015). It regulates various tumorigenesis-important processes
such as tumour initiation, growth, cell senescence, death, differentiation and metastasis most
probably through stimulating complex, non-linear networks that share many downstream
effectors (Anastas and Moon, 2013).
However, despite numerous different signalling pathways, PPAR signalling pathway was
found to be the most significant pathway of glioma-associated lncRNAs (Han et al., 2012).
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2.2.

EPIGENETICS

Epigenetics is defined as mitotically heritable changes in gene expression that are not due to
changes in the primary DNA sequence. Epigenetic mechanisms have important roles in
chromosome structure and stability and are essential for mammalian development (Fouse and
Costello, 2009). The key epigenetic processes are DNA methylation, histone modification and
non-coding RNAs, which together regulate and maintain gene-expression states (dynamic
chromatin states). Genes are expressed (switched on) when chromatin is open (active), and
inactivated (switched off) when chromatin is condensed (silent) (Rodenhiser and Mann,
2006).
DNA methylation is the mechanism in which DNA methyltransferases (DNMTs) covalently
add a methyl (CH3) group to the cytosine and resulting in 5-methylcytosine (5-mC). This
change alters and regulates the expression of the unwanted or excess genes by inhibiting their
transcription. It is crucial for normal growth and development as it plays an important role in
transcriptional regulation, genomic imprinting, developmental processes (e.g. X-inactivation),
and maintenance of genome integrity (Kanwal and Gupta, 2012). Increased DNA methylation
of tumour cell-specific promoters, which consequently silences these tumour-suppressor
genes, is the most common epigenetic modification found in tumour cells (Shi et al., 2013). In
patients with cancer, DNA methylation is often associated with tumour aggressiveness and
poor patient outcome as precancerous cells showing changes in methylation may progress
rapidly and generate more malignant tumours (Kanai and Arai, 2014). DNA methylation is an
important regulator of expression of not only the protein-coding genes but also of the
lncRNAs and it seems that DNA demethylation of silent lncRNAs results in their activation
(Bian et al., 2014). Methylation patterns differ among various tissue-types and cell-types (e.g.
between astrocytes and oligodendroglioma) (Alelu-Paz et al., 2012), which means the cell/tissue-specific methylation status could be a useful prognostic biomarker.
Histone modifications influence the structure of chromatin (dynamic chromatin state) and
subsequently gene transcription, DNA replication, and DNA repair. Strand of DNA is
wrapped around histone octamers (nucleosome) and organized in chromatin. Changes in
histone proteins orchestrate the changes in DNA organization and the recruitment of enzyme
complexes to manipulate DNA and gene-transcriptional status (Rodenhiser and Mann, 2006;
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Kouzarides, 2007). While modification of DNA by CpG methylation generally leads to gene
silencing, post-translational modifications of histone proteins (including acetylation,
methylation, phosphorylation or ubiquitination) can lead to either gene activation or
repression, depending on which specific amino acid residue is modified (Kouzarides, 2007;
Fouse and Costello, 2009). Histone acetylation is one of the most well characterized
epigenetic modifications associated with promoting transcription, and is controlled by histone
acetyltransferases (HATs). Histone deacetylation, regulated by histone deacetylases (HDACs),
correlates with CpG methylation and the inactive chromatin state (Kouzarides, 2007). The
research by Xu et al. also strongly indicated that alterations at the histone level may play a
role in glioma tumorigenesis (Xu et al., 2014).
Some non-coding RNAs (ncRNAs) such as microRNAs (miRNAs) and long non-coding
RNAs (lncRNAs) may play crucial regulatory and functional roles, and are regulated during
development in a tissue- and cell-type specific manner (Birney et al., 2007). miRNas are the
most well studied and characterized subgroup of epigenetically involved ncRNAs. These
small, ~22 nucleotides long ncRNAs negatively regulate the expression of mRNA by binding
on the untranslated mRNA and preventing their translation (Fouse and Costello, 2009; Handy
et al., 2011). In the last decade, epigenetic roles of lncRNAs are more and more recognized
(Caley et al., 2010; Grote and Herrmann, 2013). They play an essential role in fundamental
developmental processes such as genetic imprinting and X-chromosome inactivation. Their
effect of silencing the genes in mediated partly through recruiting and driving remodelling
complexes to specific sites in the genome, thereby modulating chromatin state and gene
expression (Mercer and Mattick, 2013). LncRNAs are our primary focus and are described in
greater detail in the following section 2.3.1 Long non-coding RNAs.
Both genetic and epigenetic changes contribute to development of human cancers; however,
researchers primarily focused on the role of genetic alterations and with less focus on the role
of epigenetic. Similar to genetic mutations, alterations in epigenetic regulation can lead to
uncontrolled cell division, tumour initiation and growth, invasiveness and metastasis (Fouse
and Costello, 2009). In addition, enzymes that catalyse the reversible post-translational
modification of histones on lysine residues by acetylation and methylation have received
attention as potential drug targets in cancer and other diseases (Xu et al., 2014).
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2.3.

NON-CODING RNAs

Non-coding RNAs (ncRNAs) are RNAs that do not encode a protein, but do contain
information and have biological functions. They represent the largest part of the human
genome (in contrast to protein-coding regions representing approx. 2% of the human genome),
which is pervasively transcribed, and are a very heterogeneous group of RNA molecules
(Mattick and Makunin, 2006; Birney et al., 2007). Based on the length-threshold of 200
nucleotides ncRNA transcripts are grouped in two major groups: (i) small non-coding RNAs
that are shorter than 200nt and include transfer RNAs (tRNAs), microRNAs (miRNAs), small
nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs), small interfering RNAs
(siRNAs), and piwi-interacting RNAs (piRNAs), and (ii) long non-coding RNAs (lncRNA
group), longer than 200nt (Mercer et al., 2009; Esteller, 2011; Tripathi et al., 2013; Wu et al.,
2013). It is becoming increasingly clear that these transcripts, especially miRNAs and
lncRNAs are crucial in diverse biological processes, particularly in the regulation of
epigenetic processes (Mattick, 2009; Taft et al., 2010; Shi et al., 2013).

2.3.1. Long non-coding RNAs
LncRNAs are a class of non-coding RNAs, yet they share many features with protein-coding
RNAs (mRNAs) – they are typically transcribed by polymerase II and capped, some are also
spliced and/or polyadenylated. But what distinguishes lncRNAs transcripts from mRNAs is
the lack of significant open reading frame, lower sequence conservation and lower level of
expression (Guttman et al., 2009; Djebali et al., 2012). LncRNAs are commonly defined as
molecular transcripts of a length ranging from 200 to 100.000 nucleotides, and without
functional coding capability (Gibb et al., 2011b). Among non-coding RNA transcript,
lncRNAs represent the most prevalent and functionally heterogeneous subgroup, and it was
suggested that these transcripts could explain the human genome expression complexity more
properly than mRNAs (Shi et al., 2013). According to the proximity to protein coding genes,
lncRNAs can be classified in one of the following categories: (i) sense, (ii) antisense, (iii)
bidirectional, (iv) intronic, and (v) intergenic (Figure 5) (Kaikkonen et al., 2011). As far as
their cellular role, it has been shown for a number of lncRNAs to have a critical role in
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regulation of expression of the coding genes, with direct consequences in cellular processes
(Bian et al., 2014). Like protein-coding genes, lncRNA can act as the tumour-suppressor
or/and oncogene, contributing to tumour formation and progression, prognosis and outcome of
the disease.

Figure 5. lncRNA classification according to their proximity to protein-coding genes (Matjašič and Glavač,
2015) .

There are few possible evolutionary origins of lncRNA in the genome (Figure 6) and largescale cDNA sequencing revealed numerous non-coding RNAs located throughout the human
genome. The latest GENCODE project has annotated 14.880 lncRNAs from 9277 loci
(Derrien et al., 2012). Although they appear to not code for proteins, for many of them
functional analyses showed to have key roles in imprinting control, cell differentiation,
immune responses, human diseases, tumorigenesis and other biological processes (Mercer et
al., 2009; Han et al., 2012; Mercer and Mattick, 2013). LncRNAs represent quite possibly the
largest part of transcriptional output of the cell (Roberts et al., 2014), and the lowconservation level of lncRNAs suggest they evolve more quickly than protein-coding genes,
which renders functional prediction by genomic comparison very difficult. However, it has
been proposed that the functional properties of lncRNAs are mainly related to their secondary
structure (Pang et al., 2009). Biocomputational research tools, such as lncRNAdb, ChIPBase,
LNCipeida and lncRNAtor, provide useful platforms for identifying new lncRNAs and their
interactions with other genomic elements (Kiang et al., 2015).
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Figure 6. Possible origins of lncRNAs (Matjašič and Glavač, 2015).

2.3.2. Functions of lncRNAs
To date, lncRNAs have been implicated in a wide variety of processes including modulation
of splicing, organelle formation, telomere function, post-transcriptional gene regulation,
sequestration of signalling proteins, generation of small RNAs (e.g. nucleolar RNAs
(snoRNAs), microRNAs (miRNAs) and endogenous small interfering RNAs), competition for
miRNA binding and regulation of protein localization.
Gene expression regulation seems to be one of the most important lncRNAs functions, for
which it appears to be mediated through epigenetic mechanisms. LncRNAs regulate the
expression of proximal and distal protein-coding genes through cis- and trans-acting
mechanisms (Qureshi et al., 2010). A number of studies show that as much as 20-30% of
lncRNAs have been able to physically interact with specific epigenetic enzymes and driving
them to specific genomic loci (Karapetyan et al., 2013). By binding to the chromatinmodifying proteins, such as PRC2, G9a, hnRNPK, and SWI/SNF, they modulate the
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chromatin states and thus impact gene expression of cell cycle, cell differentiation, apoptosis,
DNA repair, and cell adhesion (Qureshi et al., 2010; Mercer and Mattick, 2013; Kanduri,
2015). Moreover, lncRNAs interact with promoters and transcription factors, and in this way
modulate the transcription of certain proximally-located genes (Qureshi et al., 2010).
The involvement of lncRNAs in disease processes as one of the most important factors
controlling gene expression creates an urgency to understand the mechanisms by which these
RNAs seek their targets (Han et al., 2012), and how much the disturbance of these
mechanisms might contribute to disease development, including cancer (Table 2). A database
providing information on microarray expression, relation to protein coding genes and other of
mammalian

lncRNAs

is

available

–

NRED

(ncRNA

expression

database,

http://nred.matticklab.com/cgi-bin/ncrnadb.pl).
LncRNAs are often forming complex transcriptional loci as they are in close relation with
protein-coding genes and many of them have been found concentrated near the promoters and
initial exons and introns of genes. A great part of the protein-coding transcripts has
complementary non-coding antisense partners (naturally occurring antisense transcripts or
NATs) that can influence their transcription and translation (Katayama et al., 2005).
Perturbation of these antisense RNAs can thus alter the expression of sense genes, as it was
shown that they mediate changes to the local chromatin and the expression of proximallylocated genes in cis-acting manner (Huarte and Rinn, 2010; Qureshi et al., 2010). Although
the lncRNA transcripts were initially shown to cis- regulate the expression of neighbouring
genes they also impact the expression of distant transcriptional activators or repressors
through trans-acting mechanisms (Qureshi et al., 2010).

Many protein-coding genes have complementary antisense ncRNAs, which can affect also
post-transcriptional processing of mRNAs, such as splicing, editing, trafficking, translation
and degradation and regulate their stability. LncRNAs influence mRNA splicing through
binding to or modulating splicing factors or through direct interaction with mRNA. Further,
they can bind to translation factors or ribosomes and control the translation of mRNAs (Ma et
al., 2013).
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Table 2. Cancer-associated lncRNAs (in (Matjašič and Glavač, 2015) adapted upon (Gibb et al., 2011a;
Hauptman and Glavac, 2013; Li et al., 2013; Yang et al., 2014)).
Name

Chromosome
location (size)

Type of cancer

Tumour
expression

ANRIL

9p21.3 (3.9 kb)

prostate, leukemia

up

inhibits the expression of p15 and
thus cell proliferation

BC200

2p21 (200 nt)

up

inhibits translation

CCND1-ncRNA
GAS5

11q13.1 (7.5 kb)

breast, cervix, esophagus, lung,
ovary, parotid, tongue
various tumour cell lines

down

1q25.1 (isoforms)

breast, brain

down

H19

11p15.5 (2.3 kb)

HOTAIR

12q13.13 (2.2 kb)

bladder, lung, liver, breast,
esophagus, choriocarcinoma,
colon, cervix, brain
breast, colon, esophagus,
hepatocellular, brain

up/down
up

HULC

6p24.3 (500 nt)

Hepatocellular, brain

up

LincRNA-p21

6p21.2 (3.1 kb)

mouse models of lung
carcinoma, sarcoma,
lymphoma, brain

down

MALAT1

11q13.1 (7.5 kb)

lung, breast, prostate, colon,
liver, uterus

up

MEG3

14q32.2 (1.6 kb)

brain, hepatocellular, leukemia

down

PCA3

9q21.22 (0.6-4 kb)

prostate

up

PCGEM1

2q32.2 (1.6 kb)

prostate

up

PRNCR1
PTENP1

8q24.2 (13 kb)
9p13.3 (3.9 kb)

prostate
prostate, colon

up
down

SRA1

5q31.3 (1965 nt)

breast, uterus, ovary

up

UCA1/CUDR

XIST

19p13.12 (1.4, 2.2,
2.7 kb)
X (19 kb)

bladder, colon, cervix, lung,
thyroid, liver, breast,
esophagus, stomach
lymphoma, male testicular
germ-cell tumours, various
female cancer cell lines

up

up/down

Function

silences cyclin D1 gene expression
decoy for the glucocorticoid
receptor; induces apoptosis and
growth arrest
control of imprinting
promotes cell growth; increased
cancer invasiveness and metastasis
sponge/target mimic for miR-372
promotes cell proliferation
mediates p53-dependent
transcriptional repression
induces apoptosis
interacts with splicing factors
promotes cell migration
associated with metastasis
activates and mediates the effect of
p53; inhibits angiogenesis
unknown
promotes cell growth and inhibits
apoptosis
promotes cancer cell survival
miRNA decoy
co-activator of steroid receptors
and other transcriptional factors
promotes cell growth, migration
and invasion; associated with
metastasis
inactivation of X chromosome in
female

Legend: kb – kilobase, nt – nucleotide

2.3.3. lncRNA in glioma
Many lncRNAs are widely expressed in the brain, exhibit spatially and temporally dependent
expression profiles, and are often expressed in a cell-, tissue-, disease- or developmentalstage-specific manner (Gutschner and Diederichs, 2012; Mercer and Mattick, 2013). Among
the most differentially expressed lncRNAs, approximately 40% are expressed specifically in
the brain (Derrien et al., 2012) and expression profiles of many of these lncRNAs are
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associated with distinct neuroanatomical regions, specific cell types and subcellular
compartments (Mehler and Mattick, 2007). Ponjavic et al. found brain-expressed lncRNAs are
often located closely to protein-coding genes, highly expressed in the brain, involved in
transcriptional regulation or involved in brain and neuron development (Ponjavic et al., 2009).
More and more evidence demonstrate the importance of lncRNAs in normal brain and CNS
development, as well as in the disease processes of various CNS pathologies and different
type of cancers (Sauvageau et al., 2013; Kiang et al., 2015). Numerous lncRNAs are involved
in different aspects of CNS pathophysiology (Figure 7) and are closely associated with the
initiation, differentiation, progression, recurrence and stem-like characteristics of glioma
(Kiang et al., 2015).

Figure 7. LncRNAs and the hallmarks of cancer (adapted upon (Gutschner and Diederichs, 2012)).

Many brain-expressed lncRNAs show significantly distinctive expression profiles between
normal brain tissue and glioma. Some lncRNAs, such as CRNDE (Ellis et al., 2012), MEG3
(Wang et al., 2012), H19 (Jiang et al., 2016), GAS5 (Zhao et al., 2015), and HOTAIR (Zhang
et al., 2015), have been found consistently deregulated in glioma and associated with glioma
progression. MEG3 expression is strongly decreased in glioma compared to adjacent normal

27

Matjašič A. Epigenetic modulators of signalling pathways in glioma development.
Doctoral dissertation. Ljubljana, University of Ljubljana, Faculty of Medicine, 2017.

brain tissue, and its deregulation contributes to glioma development with MEG3 acting as a
tumour suppressor. Moreover, over-expression of the lncRNA MEG3 in human glioma cell
lines inhibits cell proliferation and promotes cell apoptosis (Wang et al., 2012; Zhou et al.,
2012). HOTAIR is the first lncRNA found to be involved in tumorigenesis, crucial for cell
growth and viability (Gupta et al., 2010). In GBMs it was found to promote cell cycle
progression by binding to the PRC2 complex, supporting its oncogenic function (Zhang et al.,
2015). Over-expression of linc-POU3F3 promotes cell viability and proliferation in glioma
cells and may have a key regulatory role in glioma progression. Expression pattern is also
associated with tumour WHO grade (Guo et al., 2015).

Genome-wide genomic and epigenomic analyses revealed that deregulation of epigenetic
mechanisms is closely associated with glioma formation (Kondo et al., 2014). Genomic
imprinting is lncRNA-dependent epigenetically regulated mechanism, and it was shown that
imprinted gene clusters contain at least one or two lncRNAs, with their promoters mapping to
differentially methylated regions (DMRs). In addition, the majority of these imprinted
lncRNAs are relatively highly conserved functionally and on the sequence level, which makes
this imprinted regions excellent model systems for uncovering lncRNAs function and roles
(Kanduri, 2015). It also raises the question whether these molecules, given their important
regulatory developmental role and functions, are also targets of epigenetic regulation. Indeed,
Amort et al. found two well studied lncRNAs XIST and HOTAIR are targets for cytosine sitespecific methylation, located within or near functionally important regions. In the case of XIST
it affects the binding properties and thus mediates interaction with chromatin-modifying
complex PRC2. As such, methylation may serve as a regulatory mechanism of lncRNAs
function (Amort et al., 2013).
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2.4.

MOLECULAR BIOMARKERS

With the emergence of genomic profiling technologies and selective molecular targeted
therapies, biomarkers play an increasingly important role in the clinical management of cancer
patients and are typically used for the characterization of malignant tumours. They are distinct
biological indicators (cellular, biochemical or molecular) of a process, event or condition that
can be measured reliably in tissues, cells or fluids, and can be used to detect early changes in a
patient’s health (Goossens et al., 2015). They can also reflect the entire spectrum of disease
from the earliest manifestation to the terminal stages (Mayeux, 2004). In oncology, there are
two classes of biomarkers: prognostic and predictive.
“A prognostic factor is a measurement that is associated with clinical outcome in the absence
of therapy or with the application of a standard therapy that all patients are likely to receive.
It can be thought of as a measure of the natural history of the disease” (Clark, 2008).
“A predictive factor is a measurement that is associated with response or lack of response to
a particular therapy. Response can be defined using any of the clinical endpoints commonly
used in clinical trials” (Clark, 2008).
Both classes predict clinical outcome, but the term “predictive biomarker” is reserved for the
association of a specific therapy with a specific clinical outcome (Pritzker, 2015). However, in
tumour characterization there are also diagnostic biomarkers, contributing additional
information for a more precise diagnosis (Manne et al., 2005; Nalejska et al., 2014).
Diagnostic (or screening) biomarker is used to detect and identify a given type of cancer, and
is expected to have high specificity and sensitivity. It is a biological parameter, such as
particular genetic/epigenetic alteration or levels of particular protein in body fluids, which is
indicative of tumour status such as tumour existence, its stage, grade, or clinical subtype
(Mayeux, 2004).
Prognostic biomarkers are assigned to a specific tumour type by determining the occurring
polymorphisms, mutations or changes in DNA methylation that lead to the enhancement or
suppression of gene expression (Nalejska et al., 2014). Gene-expression based grouping of
tumours is a more powerful biomarker of disease outcome than histological classification, as
histology provides only little insight in tumour biology and is limited in its ability to identify
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new molecular markers (Freije et al., 2004; Kawaguchi et al., 2012). As molecular biomarkers
allow us more precise characterization of cancer and provide information relevant to patients’
outcome (monitoring of therapy advances and patient’s response) the search for novel, reliable
molecular biomarkers is extremely important. The development of high-throughput
technologies, such as microarrays, new-generation sequencing methods and mass
spectrometry focused on nucleic acids, allows the use of a growing range of DNA biomarker
analyses (Nalejska et al., 2014).
Hundreds of thousands of biomarkers have been discovered or declared to be potential
biomarkers for cancer diagnosis and detection (Nalejska et al., 2014). But to be used as
reliable and cancer type-specific, biomarkers need to be highly specific and sensitive. And
with regard to poor outcome of patients with glioma there is an urgent need for glioma
biomarkers with improved specificity and sensitivity. So far, there are only a few molecular
biomarkers, such as mutational status of IDH1/2 gene, co-deletion of chromosome arms 1p
and 19q, and methylation of the MGMT promoter, identified (Cohen and Colman, 2015;
Siegal, 2016). The presence of mutations in IDH1/2 gene and the 1p19q co-deletion are used
as diagnostic, subtype differentiating factors (Figure 3) and prognostic biomarkers with
favourable prognosis. In oligodendroglioma with 1p19q co-deletion a mutated IDH it is also
predictive for chemotherapeutic response (Cohen et al., 2013; Siegal, 2016). MGMT
methylation is a favourable prognostic biomarker for patients with diagnosed high-grade
astrocytoma and has a predictive significance for chemotherapeutic response for IDH-wildtype
anaplastic glioma and GBMs (Weller et al., 2010; Siegal, 2016; Smrdel et al., 2016).
Profiling studies have revealed differential expression patterns of lncRNAs in normal and
cancerous tissue as well as across different cancer types (Gibb et al., 2011b; Han et al., 2012;
Kiang et al., 2015), and as such it may therefore be exploited for the purposes of subclassification, diagnosis and prognosis. Regarding the latter, they may serve us as novel
biomarkers for more proper diagnosis and more suitable treatment, as well as potential
therapeutic targets.
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3. MATERIALS AND METHODS
3.1.

PATIENTS AND TUMOUR SAMPLES

Our research included 154 samples of fresh brain tumour tissue that was surgically removed
between years 2007 and 2015. Tissue was stabilized in RNAlater (Applied Biosystems, USA)
immediately after surgical biopsy to stabilize and protect cellular RNA, and incubated at 4 °C
for 7 days for solution to fully permeate the tissue. After the incubation, samples were stored
at −20 °C until nucleic acid (NA) extraction, as recommended by the manufacturer.
All tumours were evaluated by neuropathologist in order to assess the tumour type, subtype
and malignancy grade. All samples were diagnosed as primary brain tumours and among
samples that were chosen for our study 98 samples were histopathologically classified as
astrocytic glioma, 34 as oligodendroglioma, and 22 as oligoastrocytoma (for more detailed
classification see Table 3). Samples were separated in five subtypes upon tumour histological
features: astrocytoma WHO I+II+III, primary GBM, oligodendroglioma WHO II+III, and
oligoastrocytoma WHO II+III. As secondary GBM we classified the GBM tumours that were
diagnosed as the secondary one or the diagnosis as primary GBM was questionable. We
obtained basic demographic data retrospectively for each patient included from our
institutional medical database. Not all samples were used for all analyses conducted. In
addition, as DNA control samples, nine samples of freshly frozen brain tissue were collected
at the autopsy of five patients (5 samples of cerebrum and 4 samples of cerebellum tissue)
(Table 4). Samples were evaluated as a normal brain tissue, without any visible signs of
neurodegeneration. The study was approved by the National Medical Ethics Committee of the
Republic of Slovenia (115/05/14).
As the reference RNA in all expression analyses we used a commercially available
FirstChoice Human Brain Reference RNA (Cat.no. 6050, Ambion; Invitrogen, USA),
obtained from the brain tissue of 23 individuals without any signs of neurodegeneration.

31

32

Matjašič A. Epigenetic modulators of signalling pathways in glioma development.
Doctoral dissertation. Ljubljana, University of Ljubljana, Faculty of Medicine, 2017.
Table 3. Patients’ demographics, tumour sample histological diagnosis and malignancy grade (WHO).
Patients demographic
Number of patients

154

Sex (Female/Male)

67/87 (1 : 1.3)
44.26 (SD ±18,82)

Mean age at diagnosis (years)
# < 45 years

83

# > 45 years

71

Glioma Classification

Astrocytoma (AC)

Oligodendroglioma (ODG)

Oligoastrocytoma (OAC)

Glioma subtype

WHO grade

14 pilocytic

WHO I

8 diffuse

WHO II

11 diffuse with signs of anaplasia

WHO II-III

9 anaplastic

WHO III

22 secondary GBM (glioblastoma)

WHO IV

34 primary GBM

WHO IV

4

WHO II

4 with signs of anaplasia

WHO II-III

26 anaplastic

WHO III

2

WHO II

3 with signs of anaplasia

WHO II-III

17 anaplastic

WHO III

Table 4. The list of control tissue samples with corresponding patients’ demographics and primary cause of
death. F – female, M – male.

Sex

Age at the time
of death

CTRL 1

F

87y

pneumonia, aortic rupture

cerebrum

cerebellum

CTRL 2

M

62y

pneumonia

cerebrum

cerebellum

CTRL 3

M

75y

pulmonary embolism, pneumonia

cerebrum

cerebellum

CTRL 4

F

70y

septic shock, pneumonia

cerebrum

/

CTRL 5

M

59y

heart failure

cerebrum

cerebellum

Sample ID

Cause of death

Control tissue sample
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3.2.

NUCLEIC ACID EXTRACTION AND QUANTIFICATION

For extraction and purification of nucleic acids we used the AllPrep DNA/RNA/miRNA
Universal Kit (Qiagen, Germany). Co-extraction from the same piece of sample tissue allows
us to collect RNA for gene expression and paired DNA for epigenetic analyses. Total DNA
and RNA were simultaneously extracted from up to 20 mg of tissue sample, homogenized
with TissueLyser LT (Qiagen, Germany) for 5 min at 50 Hz and further processed according
to manufacturer's instructions. The yield was measured spectrophotometrically using the
NanoDrop ND-1000 (Thermo Scientific, USA). The quality and purity of isolated DNA was
determined by absorbance ratio A260/A280 that should be around 1.8 (ratios between 1.7 and
1.9 are acceptable), and A260/A230 that should be above 1.7. Similarly, absorbance ratios
were also used to evaluate extracted RNA; for pure RNA the A260/A280 ratio should be close
to 2.0 (ratios between 1.8 and 2.1 are acceptable), and the A260/A230 ratio should be above
1.8. Additionally, the integrity of extracted RNA was analysed by denaturing agarose gel
electrophoresis on Bioanalyzer 2100 (Agilent Technologies, USA), using the RNA 6000 Nano
kit (Agilent Technologies, USA) according to manufacturer’s instructions.
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3.3.

EXPRESSION ANALYSES OF LONG NON-CODING AND PROTEIN-CODING
RNAs

3.3.1.

Microarray expressional profiling

lncRNA and mRNA microarray. The LncPath™ Human Epigenetic Pathway microarray
simultaneously profiles the expression of 879 lncRNA probes and their 477 potential coding
targets related to epigenetic signalling pathways. We sent 12 RNA samples (on dry ice) of
different glioma subtype with previously assessed concentration and quality (RIN > 6.0,
except one sample with RIN 5.0) to ArrayStar Inc., USA, where microarray expression
analyses were conducted (from sample labelling to integrative analysis). Samples were
classified as one of the four glioma subtypes – astrocytoma grade II or III, primary
glioblastoma, secondary glioblastoma and anaplastic oligodendroglioma; therefore, each
glioma subtype included 3 samples. We used a commercially available FirstChoice Human
Brain Reference RNA for Reference RNA.
RNA labelling and array hybridization. Prior to sample labelling, RNA was once more
tested for concentration and purity by NanoDrop ND-1000. RNA integrity and DNA
contamination were assessed by denaturing agarose gel electrophoresis. Sample preparation
and microarray hybridization were performed based on the manufacturer’s standard protocols
(Arraystar Inc.). Briefly, lncRNAs and mRNAs were purified from total RNA after removal of
ribosomal RNA (rRNA) (Arraystar rRNA removal kit). Each sample was amplified and
transcribed into fluorescent cRNA along the entire length of the transcripts without 3’ bias
utilizing a random priming method. The labelled cRNAs were purified by RNeasy Mini Kit
(Qiagen). The concentration and specific activity of the labelled cRNAs (pmol Cy3/μg cRNA)
were measured again by NanoDrop ND-1000. One μg of each cRNA was fragmented by
adding 5 μL of 10x blocking agent and 1 μL of 25x fragmentation buffer, and the mixture was
heated at 60°C for 30 min. Finally, 25 μL of 2x GE hybridization buffer was added to dilute
the cRNA. Fifty μL of hybridization solution was dispensed into the gasket slide and
assembled to the expression microarray slide. The slides were incubated for 17 hours at 65°C
in an Agilent Hybridization Oven. Hybridized arrays were washed, fixed and scanned by the
Axon GenePix 4000B microarray scanner (Molecular Devices, CA, USA).
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Data analysis and candidate gene selection. Scanned images were imported into GenePix
Pro 6.0 software (Axon) for grid alignment and data extraction. For determining RNAs
expression profiles, quantile normalization of raw data and subsequent data processing were
performed using the R software package. The probes tested for which at least 2 out of 13
samples had raw intensity above 32 were retained for further differential analyses.
Differentially expressed lncRNAs/mRNAs with statistical significance between the tumour
group and control RNA were identified through fold change filtering. The fold change (FC)
was computed for comparing expressional differences between two groups (such as disease
versus control or, in our case, glioma subtype versus reference RNA) for each lncRNA or
mRNA. Statistical significance of the difference was estimated by t-test. lncRNAs or mRNAs
having absolute FC (│FC│)  1.5 and p-value  0.05 were selected as significantly
differentially expressed.
Additionally, the integrative analysis annotated lncRNAs with the corresponding target genes
(mRNAs) and potential regulatory mechanisms, regarding their expressional relationship
(determined by quantifying lncRNAs (at transcript level) and their potential target genes (at
both gene and transcript levels) in parallel). Three types of lncRNAs are included in
LncPathTM arrays:
(i) “neighbouring lncRNAs”: lncRNAs that overlap in part with a critical pathway genes or
locate within 3kb away from the nearest pathway genes; they might exert their
functional roles by regulating the neighbouring pathway genes at transcriptional or
posttranscriptional level,
(ii) “competing endogenous (ceRNAs)”: lncRNAs that have large possibility to function as
competing endogenous RNAs of the critical pathway genes; they share miRNA
response elements with the mRNA transcripts of the corresponding target genes and
might prevent these mRNAs from being degraded as posttranscriptional gene regulator,
(iii) “enhancer-like lncRNAs”: lncRNAs that locate within 300 kb of the pathway genes and
might have functional properties of enhancers; they might positively regulate the
expression of the distal pathway genes at transcriptional level.
Upon the initial filtering of microarray profiling results and between-subtype comparison we
determined a subset of lncRNAs and mRNAs for expression validation and further analyses
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on a larger cohort of glioma samples. For choosing candidate genes to validate we took into
consideration the lncRNAs and mRNAs with │FC│  2 in at least two subtypes and p-value 
0.05, which were subsequently ranked upon FC as the most over- or under-expressed. We
performed cross sections of deregulated RNAs among glioma subtypes and searched for genes
with changed expression either in all glioma subtypes either subtypes-specific. The subset of
candidate genes was narrowed by searching through public databases, such as PubMed
(http://www.ncbi.nlm.nih.gov/pubmed),

Ensembl

(http://www.ensembl.org/index.html),

HGNC (http://www.genenames.org/), lncRNAdb (http://www.lncrnadb.org/), and Gene Cards
(http://www.genecards.org/) for information about gene’s location in the genome, its known
function or involvement in cellular pathways, and previous mention in the literature.

3.3.2.

Gene function analysis

Predicted target genes, determined by integrative lncRNA-mRNA analysis, were input to the
Database

for

Annotation,

Visualization

and

Integrated

Discovery

(DAVID,

https://david.ncifcrf.gov/), and analyzed with functional annotation tools, such as Gene
ontology (GO), to identify the molecular function. The recommended p-value cut-off is 0.05
and the lower the p-value the more significant the correlation.

3.3.3.

Validation of expression profiling results with real-time PCR

In principle, qPCR analysis allows us to monitor the progress of PCR reaction in real time and
determine the point at which the amount of PCR product is sufficient for reliable detection,
i.e. threshold value. The point at which this value is reached changes regarding the
amount/number of starting target sequences – the higher the starting template’s amount the
sooner threshold value is reached.

3.3.3.1.

Samples

For qPCR analyses, only the samples with total RNA concentration higher than 50 ng/µL and
RIN > 5.5 were included. After assessing the RNA concentration and quality, we have chosen
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125 glioma samples of different glioma subtype for validation. We created five RNA pools:
astrocytoma (I – III grade), primary GBMs, secondary GBMs, oligodendroglioma and
oligoastrocytoma, which were, along with reference RNA, used for qPCR assessment.

3.3.3.2.

Reverse transcription

For reverse transcription (RT), first strand cDNA was generated with One Taq RT-PCR kit
using random primers, according to manufacturer's instructions (New England Biolabs, UK).
We set up a 20 µL RT reaction for RNA pools and reference RNA, and a 10 µL RT reaction
for samples. Briefly, for setting up a 20 µL RT reaction we added 300 ng of total RNA and 2
µL of 60 µM random primer mix (an optimized mixture of hexamers and anchored-dT primer
(dT23VN) that provides even and consistent coverage of the RNA template). The mixture was
denatured at 70°C for 5 minutes (this step can remove secondary structures that may impede
long cDNA synthesis) and promptly chilled on ice. Next, we added 10 µL of 1x M-MuLV
Reaction mix and 2 µL of 1x M-MuLV Enzyme mix. For setting up the RT-negative control
we added 2 µL of RNase-free H2O instead of the enzyme mix, and for the RT-positive we
added total RNA sample, included in the kit. Prepared RT mixture was then incubated as
follows: 5 min at 25°C, 60 min at 42°C (synthesis reaction), 5 min at 80°C (enzyme
inactivation), and chilled to 4°C. Finally, we added 30 µL of RNAse-free H2O. The cDNA of
pools and reference RNA, along with the RT-negative and RT-positive control, was used in a
control PCR set to test the RT’s efficiency. For samples’ RT all volumes were reduced to half.

After reverse transcription and control PCR, the cDNA of pools created and reference RNA
was serially diluted and used for primer assessment. Before the sample gene expression
analysis it is important to evaluate performance of the assay, which is achieved by assessing
the standard curve, qPCR efficiency, linear dynamic range, limit of detection, and specificity
of the assay.
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3.3.3.3.

Selected genes and primers

Primer sequences for genes we chose to validate are collected in Table 5 and Table 6. Primers
were either pre-designed qPCR assays (QuantiTect Assays from Qiagen, Germany or
PrimeTime Assays, IDT – Integrated DNA Technology, USA) for intercalating dye-based
qPCR,

or

were

designed

with

PrimerQuest

Tool

software

(https://eu.idtdna.com/Primerquest/Home/Index, IDT, USA). For reference genes (endogenous
controls) we used the GAPDH and U6.

Table 5. Designed primers used for validating microarray results, primer sequence (designed by PrimerQuest
Tool, IDT), length of amplicon and annealing temperature (TA), determined by PCR optimization.
Gene

Primer sequence (5'- 3') F/R

Amplicon
length (bp)

TA (°C)

endogeneous control
CTCGCTTCGGCAGCACA
U6

AACGCTTCACGAATTTGCGT

94

60

82

60

76

60

110

60

79

61

111

60

92

60

109

58

mRNA
TCAGGAGCTGCTGGAGT
CCND2

AATGAAGTCATGAGGAGTGACAG

lncRNA
GCATCATCACATCGCAGAATAG
CTBP1-AS2

TCTTATCAAAGGGTGGGTTCAG
CAGGGCAAGAGTCTCAGC

HAR1A

CCTGGAACGCCCATCTT
TTCCTTCCGGGCTCCAG

KDM5B-AS1
KMT2E-AS1
(RP11-325F22.4)

GTGGTAGAAGCACGAGCAAG
CACGGGATGCATTCAACAATC
GCTCACCTATATCCAGACTTGAG
CCAAGAAACGGTCCAGAAGAA

RP11-264F23.3
AK024556 (SPRY4IT1)

TCAGTGTCCGGAACTAGAGAG
GCTGAGCTGGTGGTTGAAAGGAATC
GCTTGGCCCACGATGACTTGG
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Table 6. Primers used for validating microarray results, primer sequence (pre-designed assays, QT – QuantiTect,
PT - PrimeTime), length of amplicon and annealing temperature (T A).
Gene

Assay catalogue number

Amplicon
TA (°C)
length (bp)

endogeneous control
QT00079247

95

55

ACTL6B

Hs.PT.58.38867947

98

60

ATRX

Hs.PT.58.14600820

101

60

BAZ1A

Hs.PT.58.41110332

82

60

DOT1L

Hs.PT.58.27606035

97

60

HDAC1

Hs.PT.58.20534173

99

60

KDM4C

Hs.PT.58.20949892

88

60

KDM5B

QT00060648

136

55

KMT2E

Hs.PT.58.2051542

84

60

WIF1

Hs.PT.58.39742414

99

60

LOC285758

Hs.PT.58.26012748

129

60

MEG3

Hs.PT.58.40467125

104

60

NCKAP5L

Hs.PT.58.39485319

83

60

SNHG1

Hs.PT.58.2715005

106

60

GAPDH
mRNA

lncRNA

3.3.3.4.

Quantitative real-time PCR (RT-qPCR)

All efficiency qPCR reactions were prepared using the SYBR Select technology (Applied
Biosystems, USA) in 10 µL volume, with serially diluted cDNA of pools created and
reference RNA. Both efficiency and sample qPCR reactions were prepared as follows: (i) predesigned assay primers: 5 µL of 2x SYBR Select Master Mix (Thermo Fisher Scientific Inc.,
USA), 1 µL of 10x specific primer, 1 µL of ddH2 O and 3 µL of cDNA; (ii) designed primers:
5 µL of 2x SYBR Select Master Mix (Thermo Fisher Scientific Inc., USA), 1 µL of each
primer and 3 µL of cDNA. Each sample was analysed in duplicate.

Regarding the results of efficiency analyses, cDNA of samples was properly diluted (1:50)
and we added 0.9 ng of cDNA to each reaction mixture. All qPCR reactions were performed
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on Rotor Gene-Q system (Qiagen, Germany) and all samples were analysed in duplicate,
following the appropriate cycling protocol (Table 7). The signal was collected at the endpoint
of each cycle on the green channel. Following amplification melt curve analysis was
performed to verify the primers specificity. We included the NTC sample and inter-run
calibrators in each qPCR run for determining and minimizing the run-to-run variation.

Table 7. qPCR conditions applied, regarding the assay used.
qPCR conditions

Hold
Initial
Denaturation
Cycling

Melt

QuantiTect assay

PrimeTime assay

Designed primers

50°C, 2 min

50°C, 2 min

50°C, 2 min

95°C, 15 min

95°C, 15 min

95°C, 15 min

95°C, 15 s
55°C, 15 s
72°C, 60 s

40
cycles

55°-95°C,
0.7°C increment/s

95°C, 15 s
60°C, 60 s

40
cycles

60°-95°C,
0.7°C increment/s

95°C, 15 s
**°C, 60 s

40
cycles

60°-95°C,
0.7°C increment/s

Green
channel
HRM
channel

**temperature of annealing and extension depends on primer optimization (see Table 5 and Table 6)

3.3.3.5.

Processing of qPCR data and further data analysis

The qPCR data were processed with Rotor Gene Q software (Qiagen, Germany). We used the
ΔΔCt method to calculate the difference in relative quantification levels of target genes
between the tumour samples and reference RNA, normalized to geometric mean of the
endogenous control genes (Livak and Schmittgen, 2001; Latham, 2010).

∆𝑪𝒕𝒔𝒂𝒎𝒑𝒍𝒆 = 𝑪𝒕𝑮𝑶𝑰 − 𝑪𝒕𝒈𝒆𝒐𝒎𝒆𝒂𝒏 𝑹𝑮
∆∆𝑪𝒕𝒔𝒂𝒎𝒑𝒍𝒆 = ∆𝑪𝒕𝑹𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 𝑹𝑵𝑨 − ∆𝑪𝒕𝑮𝑶𝑰
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If ∆∆CT was significantly (2σ) higher or lower than zero, the expression was considered to be
significantly different. We used the ΔΔCt results for statistical analyses, using SPSS Software
ver.20 (IBM, USA). Before statistical analyses we ran an exploratory analysis to obtain the
outliers, distribution of the results (standard deviation) and mean values for each of the gene
validated. To test expression differences among all five subtypes we used the one-way
ANOVA and the Man-Whitney U-test for comparison of two subtypes. All tests were twosided and p-values ≤ 0.05 were considered statistically significant.
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3.4.

DETERMINING PROMOTER METHLYATION STATUS OF VALIDATED,
DIFFERENTIALLY EXPRESSED lncRNAs AND mRNAs WITH MS-HRM

To analyse the methylation status of CpG dinucleotides in gene’s promoter we used the
analysis of methylation-sensitive high-resolution melting (MS-HRM). MS-HRM is a simple
method for quickly analysing the methylation status of target regions based on their melting
behaviour following the PCR amplification. Methylation of cytosine in CG-dinucleotides (i.e.
CpG sites) of genomic DNA is known to have a significant impact in development and
disease. There is also increasing interest in identification of DNA methylation–based
biomarkers.

3.4.1.

Bisulfite conversion

As first step, genomic DNA is treated with bisulfite reagent, which deaminates un-methylated
cytosines (C) to form uracil (U), but does not affect methylated cytosines (Figure 8). These
changes in DNA sequence, based on methylation status of Cs in CpGs, can be detected by
HRM analysis. Bisulfite conversion was conducted by innuCONVERT Bisulfite Basic Kit
(Analytik Jena AG, Germany), with 500 ng of input amount of DNA. Bisulfite converted
DNA (bsDNA) was stored at -20°C until use.

Figure 8. The principle of bisulfite conversion of the un-methylated cytosine (C) to uracil, and the nucleotide
sequence after the PCR amplification of methylated and un-methylated C (takara.co.kr/file/manual/631968.html).
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3.4.2.

Primers for MS-HRM

For designing MS-HRM primers, we used freely available Methyl Primer Express Software
v1.0 (Thermo Fisher Scientific Inc., USA). A single pair of primers was designed to amplify
both methylated and un-methylated target region of bsDNA. Primers designed are listed in
Table 8.
Table 8. Primers used for MS-HRM, primer sequence, length of the amplicon, number of CpGs, gene location
and annealing temperature (TA).

Primer sequence (5’ – 3’) F/R

Amplicon
length (bp)

No. of
CpGs in
amplicon

Gene location

TA (°C)

174

13

5’ UTR

55

101

8

5’ UTR

55

154

6

5’ UTR

55

159

17

flanking region/
exon 1

55

134

11

flanking region

55

124

6

5’ UTR

55

99

13

5’ UTR

55

163

10

5’ UTR

57

117

14

flanking region

55

158

13

5’ UTR

55

150

8

flanking region/
exon 1

55

182

12

flanking region

55

125

8

flanking region

55

163

11

flanking region

58

118

4

flanking region/
exon 1

55

158

7

exon 1

55

134

5

flanking region

55

186

7

flanking region/
exon 1

55

114

12

flanking region

55

mRNA
ATRX F
ATRX R
BAZ1A F
BAZ1A R
CCND2 F
CCND2 R
DOT1L F
DOT1L R
HDAC1 F
HDAC1 R
KDM4C F
KDM4C R
KDM5B F
KDM5B R
KMT2E F
KMT2E R
MGMT F
MGMT R
WIF1 F
WIF1 R

TTGGAGGAGGTAGTTAATGGT
TACTACTAAAACCTCCCCACAA
GGAGAAGYGGTAGTTAGGGG
CTTATCCACCTTCTCCACTACAAAAA
AGATTAGTTTTAAGGGGAGGAT
CTAACCTCCTTCCTTTAACTAAATAA
GAGGTYGAGGTTAGGTTTT
TTCAATCTCAACTCCAACTTC
TTGGTATAGGTTTAGGGGGTT
CCCCTCCTAAACTCACCTATAA
AGAATGGGATATGTTTGTGTTT
AACTTACAAACAACTTAAAAATACCC
GGGGTGGGATTTTTTTTTT
ACAACACCTTAAACTTTTTCAACC
TTGTTGATTGTTTGGTTGTT
ACCCCCAAAAAATCTCTC
TAGGATYGGGATTTTTATTAAG
TTTTCCTATCACAAAAATAATCC
TGGTTGAGGGAGTTGTAG
CACAAAAAAATACTCCAAAACC

lncRNA
CTBP1-AS2 F
CTBP1-AS2 R
HAR1A F
HAR1A R
KDM5B-AS1 F
KDM5B-AS1 R
KMT2E-AS1 F
KMT2E-AS1 R
LOC285758 F
LOC285758 R
MEG3 F
MEG3 R
NCKAP5L F
NCKAP5L R
RP11-264F23.3 F
RP11-264F23.3 R
SNHG1 F
SNHG1 R

GTTTTGGGTTGTTTTGAGAAG
TTTCCTCCAAACCACAACT
ATATTTTGTAGTGTGAATGGAGTATG
AACCCAAACTCCCAAAAC
GGTAGTGATTTTAAGTGATGAGATTTT
CCCTAAATTCCCCTCAAAA
TTATGTGTTYGATTTTTAAGGAGTT
CTAACTACCCCCTCCCCTAC
TTGTTTTTTGAAAGTTTTTTGA
AAACACAAAAAACCTAACAAAAA
TTTTTAGGAGAGTTGGGG
CAAAACCCAAAATCAAACA
TTGGGTTGTTTTTGGTTGT
ACACACTCACTCTAACATCCAAA
AGAATTTGTTTTGGTAGTGGTGA
TCCTAACCTCCAAACTCAAAAA
GTTATATGTATTGGGTGAGAAAATT
TAAACAAAACRCCACCTAA
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3.4.3.

MS-HRM experiment

All reactions were prepared with EpiTect HRM PCR Kit (Qiagen, Germany) in a 10 µL
reaction mixture by manufacturer’s recommendations and adjustments according to primer’s
optimization analysis (see Table 9). All MS-HRM experiments were carried out on RotorGene Q (Qiagen, Germany).
We used a commercially available un-methylated and bisulfite converted EpiTect Control
DNA for the negative control, and methylated and bisulfite converted EpiTect Control DNA
for the positive control (both Qiagen, Germany). We created two pools of DNA by mixing the
DNA of 5 control samples of cerebrum and 4 control samples of cerebellum, treated them
with bisulfite and used them for comparing the methylation status between normal brain tissue
and tumour samples. We included the negative and positive control, both control pools and
no-template control (NTC) in each MS-HRM experiment. For NTC we used a ddH2O instead
of bsDNA.
Amplification conditions were set based on manufacturer’s recommendations as follows: 5
min of initial denaturation at 95°C, 45 cycles: denaturation at 95°C for 10 s, annealing at
optimized temperature (TA) for 30 s, and elongation at 72°C for 20 s, with appropriate
adjustments (see Table 10). For amplicons longer than 150 bp we set the elongation time to 20
s. After PCR amplification, the HRM analysis was conducted by increasing the temperature
from 65°C to 95°C by 0.1°C in 2 s increments. Fluorescence signal was collected from the
green channel in phase of elongation, and from the HRM channel during HRM analysis.

Table 9. MS-HRM reaction mix as it was prepared for individual gene.

2x EpiTect HRM
Master Mix
Primer F (5 µM)
Primer R (5 µM)
ddH2O
bsDNA (10 ng/ µL)

ATRX, KDM4C,
KMT2E,MGMT,
BAZ1A, CCND2,
RP11-264F23.3

KDM5B-AS1,
HAR1A, KDM5B,
WIF1

KMT2E-AS1,
SNHG1, CTBP1AS2, MEG3,
NCKAP5L

HDAC1,
LOC285758,
DOT1L

5 µL

5 µL

5 µL

5 µL

0.75 µL
0.75 µL
2.7 µL
0.8 µL

0.75 µL
0.75 µL
2.5 µL
1 µL

1 µL
1 µL
2 µL
1 µL

1.5 µL
1.5 µL
1 µL
1 µL
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Table 10. The methylation sensitive high resolution melt (MS-HRM) analysis protocol.

PCR reaction
45 cycles

Initial denaturation
Denaturation
Annealing
Elongation

HRM

95°C, 5 min
95°C, 10 s
*55° – 58°C, 30 s
72°C, 20 s
65° - 95°C,
increment 0.1°C/2 s

Green channel
HRM channel

* temperature of annealing is primer-dependent, determined by primer optimization (see Table 8)

3.4.4.
3.4.4.1.

Analysis of MS-HRM results and their validation with Sanger sequencing
Analysis of MS-HRM results

For analyzing MS-HRM results, we used the Rotor-Gene Q Series Software 2.3.1 (Qiagen,
Germany). For determining methylation status of individual sample, HRM melt plots were
normalized and melting graph was generated. Raw melt curve data is normalized by defining
pre- and post-melt region, which are selected for each primer set and must be adjusted so that
they do not encompass the melt region (example of raw data analysis is presented in Figure 9).
We validated the MS-HRM results by Sanger sequencing of few of the samples analysed
directly from MS-HRM PCR-product.
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completely
methylated
DNA control

completely
un-methylated
DNA control and
un-methylated samples

Figure 9. Example of MS-HRM raw melt plots data, before normalization.

3.4.4.2.

Sequencing reaction and Sanger sequencing

Samples were directly sequenced after the MS-HRM analysis. Prior to PCR clean-up and
sequencing reaction, HRM amplicons were diluted as the amount of amplicons after PCR
cycling is high. We used the Diffinity RapidTip (Diffinity Genomics, USA) functionalized
pipette tips to remove PCR reaction components and to obtain purified, high quality DNA for
Sanger sequencing, according to manufacturer’s protocol.
Purified HRM products were used for sequencing reaction, prepared as follows: 2 µL of
BigDye Terminator v1.1 (diluted in 1:1 ratio with sequencing buffer) (both Life Technologies,
USA), 1 µL of specific single primer (either forward or reverse), 1 µL of purified HRM
product and dH2O to final volume of 10 µL. Cycling conditions applied were: initial
denaturation for 20 s at 96°C, followed by 25 cycles with 1°C increments (denaturation for 20
s at 96°C, primer annealing for 10 s at 50°C and chain elongation for 4 min at 60°C). After
cycling sequence reaction was cleaned up by ethanol precipitation to remove left over
sequencing chemistry according to manufacturer’s standard protocol (see Table 11). Purified
reaction was dissolved in 16 µL of deionized formamide (Sigma, USA), denatured at 95°C for
1 min and promptly chilled on ice. Determining the nucleotide sequence was carried out on
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ABI Prism 310 Genetic Analyzer (Applied Biosystems, USA) using the POP-6 polymer
(Applied Biosystems, USA).

Table 11. Protocol for sequencing reaction clean-up by ethanol/sodium acetate precipitation.
1

Add 1 μL of 125 mM EDTA (Sigma, USA) to each sample.

2

Mix 1 μL of 3M sodium acetate (Riedel-de Haën, Germany)
and 25 μL of absolute ethanol (Merck, USA).

3

Add 26 μL of above mix to each sample.

4

Vortex.

5

Incubate for 15 min at room temperature.

6

Centrifuge for 30 min at 3000 x g (4°C).

7

Remove supernatant by centrifuge briefly at 185 x g inverted
on foil, and immediately add 35 μL of 70-percent ethanol.

8

Vortex.

9

Centrifuge for 15 min at 1650 x g (4°C).
Remove supernatant by centrifuge briefly at 185 x g inverted
on foil.
Add 16 μL of formamide (Sigma, USA) and incubate at 95°C
for 1 min.

10
11
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3.5.

MULTIPLEX LIGATION-DEPENDENT PROBE AMPLIFICATION (MLPA) FOR
DETERMINING THE STATUS OF KNOWN GLIOMA BIOMARKERS

Multiplex Ligation-Dependent Probe Amplification or MLPA is a semi-quantitative, relatively
rapid and high-throughput technique used for determining the relative copy number of up to
60 sequences in a single multiplex PCR-based reaction. Reaction is set-up of five steps
(Figure 10). After DNA denaturation step, two-part MLPA probes hybridise to the target
sequence. MLPA probes consist of two separate oligonucleotides (left and right), each
containing one of the PCR primer sequences (sequence X and Y), and one also the so called
stuffer sequence, the length of which varies for each probe. The two probe oligonucleotides
hybridise to immediately adjacent target sequences. In the next step the two probes are ligated,
but only if both probes hybridised completely. After the ligation step, only ligated MLPA
probes are amplified by a single, universal pair of PCR primers (sequence X and Y). Each
probe generates an amplicon of different length, between 130 nt and 490 nt, and the resulting
amplification products are analysed by capillary electrophoresis. Differences in the amount of
probe target sequence in tumour samples compared to that of reference samples result in
relative peak heights, indicating which sequences show aberrant copy numbers
(http://www.mrc-holland.com).
For our research, we used the P088-C1 Oligodendroglioma SALSA MLPA probe mix (MRCHolland, the Netherlands) to detect partial or complete loss of chromosome arms 1p and 19q,
copy number variations in CDKN2A and CDKN2B genes, and to determine the status of the
most common mutations of IDH1 (R132H and R132C) and IDH2 (R172K and R172M) genes
in different glioma subtypes. Mutations in IDH1/2 genes are a common early genetic event in
most cases of low-grade astrocytoma and oligodendroglioma, and 1p19q co-deletion is a
hallmark of oligodendroglioma. With this reason we aimed to characterize different glioma
subtypes for these known biomarkers. The results of MLPA analysis have been further
considered as criteria for sample sub-classification for additional comparison and determining
possible differences in gene expression and promoter methylation.
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.
Figure 10. Graphic representation of the MLPA technique (http://www.mrc-holland.com, MLPA Procedure).

3.5.1.

Sample preparation, MLPA reaction, fragment separation and analysis

We performed the MLPA analysis on 84 tumour and 9 control samples. DNA was diluted in
TE0.1 buffer (10 mM Tris-HCl pH 8.2 + 0.1 mM EDTA), and a total quantity of 100 ng was
used in a 5 μL volume for each MLPA reaction. All MLPA reactions were prepared according
to manufacturer's protocols (Table 12) and recommendations. Reactions for fragment analysis
were prepared as follows: 0.75 μL ddH2O, 0.5 μL GeneScan - 500 ROX Size Standard
(Applied Biosystems, USA), 13.5 μL HiDi Formamide (Sigma, USA) and 0.75 μL of MLPAPCR product. Fragment separation was performed on ABI Prism 310 Genetic Analyser
(Applied Biosystems, USA), and we used Coffalyser software (MRC-Holland, the
Netherlands) for fragment analysis.
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Table 12. Thermocycler program for the MLPA reaction (MRC-Holland, the Netherlands).
DNA
denaturation

5 min

98°C

pause

25°C

Hybridization
reaction

1 min

95°C

pause 16-20 h

60°C

pause

54°C

15 min
5 min
pause
30 sec
30 sec
60 sec
20 min
pause

54°C
98°C
20°C
95°C
60°C
72°C
72°C
15°C

Ligation
reaction

PCR reaction

3.6.

35
cycles

COMPARISON ANALYSES

Along with patient’s demographic data (in section 3.1), such as date of birth, sex and
diagnosis, we obtained also the date of diagnosis from the institutional medical records and
vital status (dead/alive) on the day 02.11.2016 from the Cancer registry of the Republic of
Slovenia. We calculated patient’s age at diagnosis and time length until death or the last
follow-up. Also, we collected data from routine imunohistochemical analysis for p53 mutation
and IDH mutation, and fluorescent in-situ hybridization analysis of 1p19q co-deletion.
We used the SPSS Software ver.20 (IBM, USA) for statistical analyses. Data of qPCR
expression, methylation status and status of established glioma biomarkers was used to
determine correlations, using Pearson’s correlation coefficient and Chi-square goodness-of-fit
(comparing observed and expected frequencies of test outcome). We used the Kaplan-Meier
estimate and log-rank univariate analysis to assess the differences in survival. To assess the
relative risk for each factor, we performed univariate and multivariate Cox regression analyses
using R language. We used the mean value as cut-off to discriminate between high and low
gene’s expression. A two-sided p-value < 0.05 was regarded as significant.
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4. RESULTS
4.1.

EXPRESSION PROFILING

Expression profiles of lncRNAs and mRNAs were determined by comparing expression levels
between 12 glioma tumours of four different histological subtypes and brain reference RNA,
using microarray cRNA technology (ArrayStar, USA). After the initial filtering of raw data
we considered only the probes with raw intensity higher than 32 in at least 2 samples for
further analyses, and found 436 lncRNAs (436/879, 49.6%) and 470 mRNAs (470/477,
98.5%) showing changed expression. After raw signal normalization, we calculated average
expression for individual probe and glioma subtype and compared it to the reference RNA
(Figure S1) and between subtypes (Figure S2 A, B). Genes considered to have significantly
changed expression were filtered and identified by setting up fold change |FC| threshold value
at 1.5 (or |log2| ≥ 0.67) and p-value at 0.05. For selecting the candidate genes for further
expression validation we used a more stringent criterion - |FC| threshold value of 2 in at least
two subtypes.

4.1.1.

Differentially expressed lncRNA

Among 436 lncRNAs, filtering analysis showed 351 lncRNA transcripts with more than 1.5fold change in expression in at least one glioma subtype (Figure 11) and 60 lncRNAs in all
four subtypes, relative to reference RNA. In all four subtypes we found a greater number of
lncRNAs showing decreased expression (Table 13). In table 14 are presented 15 most overand under-expressed lncRNA, regarding the histological subtype. Among lncRNAs that were
found differentially expressed in all four subtypes 19 showed increased level and 37 decreased
level of expression.

Table 13. Number of differentially expressed lncRNAs (|FC| > 1.5) for individual subtype and in all four
subtypes.
Astrocytoma

Secondary GBM

Primary GBM

Oligodendroglioma

All four subtypes

Increased

86

47

61

82

19

Decreased

115

125

157

101

37
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Figure 11. Heat map showing differential expression of lncRNA genes in glioma tumours of different
histological class relative to brain reference RNA. On top of the figure is presented hierarchical clustering of the
samples and the genes on the left, regarding the similar expression profiles. Legend: AC – astrocytoma, GBM –
glioblastoma, ODG – oligodendroglioma.

Unsupervised hierarchical clustering of the samples, regarding their expression similarity,
showed roughly three molecular subtypes, in contrast to four histological subtypes. As seen on
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the Figure 11, samples of oligodendroglioma were clustered, but samples of histologically
diagnosed astrocytoma were distributed. However, there is a separation of astrocytic group
from oligodendroglial, with the exception of one secondary GBM being more similar to
oligodendroglioma. Focusing on the gene clustering upon similar expression we can see
roughly three groups: two smaller ones at the top (showing higher levels of expression) and
the bottom of the heatmap (showing lower levels of expression), and the middle showing
variable gene expression.
Table 14. Top 15 lncRNAs showing increased or decreased expression, relative to reference RNA, for individual
glioma subtype determined microarray expression profiling (Matjasic et al., 2017) (lncRNAs in bold were
selected for further analyses).
Astrocytoma II+III
│FC│

GeneName

Secondary GBM
│FC│

GeneName

Primary GBM
│FC│

GeneName

Oligodendroglioma
│FC│

GeneName

RP6-201G10.2

TOP 15 OVER-EXPRESSED
9.775

RP11-434O22.1

9.840

APOC2

11.343

AK024556

10.085

7.863

LOC285758

9.105

AK024556

9.761

FJ209302

7.233

LOC285758

6.203

LOC100129034

7.971

LOC100129034

9.402

AK055628

6.241

GAS5

5.247

RP11-264F23.3

7.578

AK055628

9.267

H19

5.454

RP11-264F23.3

5.211

RP6-201G10.2

4.509

RP11-145M9.3

7.012

RP11-434O22.1

5.360

LOC100216546

5.107

APOC2

4.243

RP11-73E17.2

6.720

APOC2

5.043

SNRPE

4.374

RP11-770J1.3

3.657

KB-1836B5.1

5.527

LOC285758

4.991

AK024556

4.211

HOXA11-AS

3.394

H19

4.851

LOC100216546

4.930

AC009506.1

3.861

RP3-405J24.1

2.878

BANCR

4.770

LOC100129034

4.351

RP11-73E17.2

3.795

AK055628

2.695

AB447886

4.525

HOXA11-AS

3.846

LOC286059

3.768

RP11-73E17.2

2.687

RP11-434O22.1

3.986

MALAT1

3.650

RP11-308D13.3

3.697

AC022182.2

2.663

AC009506.1

3.773

KB-1836B5.1

3.627

CTD-2012K14.6

3.566

XIST

2.533

RP11-264F23.3

3.705

AF080092

3.511

ZFAS1

3.431

AC133141.1

2.505

HCP5

3.487

RP11-73E17.2

3.344

RP11-128A17.1

3.314

AC010677.5

2.431

GUSBP5

3.085

SNHG3

3.100

SNHG5

9.638

RP11-678P16.1

24.555

MEG3

22.494

MEG3

43.328

RP11-678P16.1

7.026

XLOC_013368

11.341

AK054921

16.532

AK054921

23.879

FABP5P3

6.797

AK054921

8.050

AF520792

11.157

RP11-678P16.1

18.840

DGCR5

6.148

MEG3

6.845

DGCR5

8.208

DGCR5

8.073

MEG3

6.003

RP11-18F14.2

6.623

XLOC_013368

8.207

XLOC_013368

7.092

AK054921

5.820

HAR1A

6.470

AK054970

7.979

HAR1B

6.887

XLOC_013368

5.052

SNAR-A2

6.243

HAR1A

6.325

HAR1A

6.318

NEAT1

4.216

FABP5P3

6.114

XIST

6.218

SNAR-A2

6.205

SEPT7P6

4.082

RP11-325F22.4

5.799

MIAT

6.066

RP11-208G20.2

6.090

CASC2

3.887

SEPT7P6

5.712

SNAR-A2

5.652

XLOC_008014

5.873

TMSB10P2

3.838

RP11-208G20.2

5.232

RP11-678P16.1

4.700

XLOC_003422

5.237

RP11-208G20.2

3.563

CTBP1-AS1

4.974

RP11-233E12.2

3.949

SNHG1

5.175

RP11-325F22.4

3.514

XLOC_001406

4.798

HAR1B

3.834

KRASP1

XLOC_008014

4.593

RP11-18F14.2

3.708

4.593

XLOC_003422

3.462

TXLNG2P

4.192

ZNF135

3.409

AC007919.18
LL0XNC0116G2.1
RP11-325F22.4

5.034

3.503

4.480

RP11-460H18.1

TOP 15 UNDER-EXPRESSED
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After determing the set of most differentially expressed lncRNAs, we cross-checked public
databases for any known reports of the gene and its function, including their involvement in
cancer. We found reports for several lncRNAs, but no mention for the majority.

4.1.2.

qPCR validation of lncRNAs

With the purpose to validate the utility of microarray expression data we determined
expression profile of selected genes on a bigger cohort of glioma samples. We selected 10
lncRNAs for validation with qPCR method (AK024556, CTBP1-AS2, HAR1A, KDMB5-AS1,
LOC285758, MEG3, NCKAP5L, RP11-264F23.3, RP11-325F22.4, and SNHG1) (their
genome location and function, if known, is presented in Table 15).
Table 15. The list of 10 lncRNAs, selected for further expression validation analyses based on microarray data
processing and literature cross-searching (PubMed, Ensembl). The table provides the genome location (REV –
gene is located on reverse strand, FW – on forward strand) and function of the gene, if known.

Gene name

Genome
Location
(GRCh38.p7)

Function

LOC285758

LINC01268 long intergenic
non-protein coding RNA 1268

6: 113,868,013 –
113,873,351, REV

function unknown

NCKAP5L

NCK-associated protein 5-like
retained intron

12: 49,791,14649,828,750

function unknown

AK024556

SPRY4 intronic transcript 1;
SPRY4-IT1

5: 142,317,620 –
142,318,332

may mediate cell growth, proliferation, and apoptosis; it regulates levels
of lipin 2, and therefore may be involved in lipid biosynthesis; upregulated in several different tumours, including melanoma, lung, breast
and prostate cancer cells

MEG3

maternally expressed gene 3

14: 100,779,410 –
100,861,031, FW

inhibits tumour cell proliferation in vitro; interacts with the tumour
suppressor p53, and regulates p53 target gene expression; expressed in
many normal tissues; tumour suppressor

HAR1A

highly accelerated region 1A

20: 63,102,205 –
63,104,386, FW

function unknown

RP11-325F22.4

KMT2E-AS1; KMT2E
antisense RNA 1

7: 105,013,425 –
105,014,321, REV

function unknown

RP11-264F23.3

CCND2 antisense RNA,
CCND2-AS1

12: 4,248,7654,276,184, RW

function unknown

CTBP1-AS2

CTBP1 antisense RNA 2

4: 1,249,300 –
1,288,291, FW

function unknown

SNHG1

small nucleolar RNA host gene
1

11: 62,851,988 –
62,855,914, REV

over-expressed in non-small cell lung cancer (You et al., 2014) and
hepatocellular cancer (Zhang et al., 2016b); promotes cell proliferation
through inhibiting p53 and p53-target genes expression, and inhibits
apoptosis

KDM5B-AS1

PCAT6, prostate cancer
associated transcript 6

1: 202,810,954 –
202,812,156, FW

oncogenic lncRNA, as it was found over-expressed in lung cancer (Wan
et al., 2016)
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Among selected lncRNAs, MEG3 has been previously associated with disease, including
glioma tumours (Wang et al., 2012; Zhou et al., 2012). SPRY4-IT1 was reported to be
differentially expressed in various tumour types, and recently also associated with glioma (Liu
et al., 2015). For lncRNAs HAR1A (Tolosa et al., 2008; Liu et al., 2016), SNHG1 (You et al.,
2014; Zhang et al., 2016b), and KDM5B-AS1 (Wan et al., 2016) there are previous reports of
their deregulation and involvement in disease, but not in glioma tumours (at least not at the
time of our research). For the remaining lncRNAs, selected for expression validation, we did
not find any reports.
To verify results, obtained by microarray profiling, we performed qPCR validation on 125
samples of five different glioma subtypes (we included also the samples of oligoastrocytoma):
astrocytoma (WHO I+II+III); secondary GBM, primary GBM, oligodendroglioma (WHO
II+III), and oligoastrocytoma (WHO II+III), respectively. Microarray expression results were
confirmed completely for four lncRNAs (LOC285758, CTBP1-AS2, HAR1A and MEG3).
Among these, we found substantially increased expression of LOC285758 and decreased
expression of MEG3, HAR1A, and CTBP1-AS2 in all glioma subtypes. For other six lncRNAs,
qPCR showed expression to be partly in concordance with the microarray results for
NCKAP5L, SNHG1, SPRY4-IT1, KDM5B-AS1, and KMT2E-AS1 or completely opposite in the
case of RP11-264F23.3. Especially interesting was expression of KDM5B-AS1, which was
near normal levels in all subtypes, except in secondary GBM (ΔΔCt = 4.28). KMT2E-AS1 and
SNHG1 (both decreased on microarray) showed opposite expression only in one subtype,
although the difference was quite low. Expression of NCKAP5L differs only in secondary
GBM, where it was near normal level (ΔΔCt = -0.011); however, qPCR showed only a little
change in overall expression in contrast to microarray. All expression results, obtained by
microarrays and qPCR, for individual lncRNA are graphically presented as average ΔΔCt in
Figure 12.
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Figure 12. Relative ΔΔCt expression of selected lncRNAs in different glioma subtypes determined by
microarray profiling (blue bars, n=12) and further validation using qPCR (green bars, n=125). qPCR expression
results of four lncRNAs (LOC285758, CTBP1-AS2, HAR1A and MEG3) confirmed the microarray results,
whereas qPCR expression of other six lncRNAs (NCKAP5L, SNHG1, RP11-264F23.3, SPRY4-IT1, KDM5BAS1, and KMT2E) was either confirmed for individual subtypes or was opposite in others. Legend: AC –
astrocytoma (I-III), sek.GBM – secondary GBM, prim.GBM – primary GBM, OAC – oligoastrocytoma (II+III),
ODG – oligodendroglioma (II+III).
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To establish the expression differences between all five glioma subtypes we used one-way
ANOVA, which showed expression of 9 lncRNAs, except for NCKAP5L, to be statistically
different. However, as one-way ANOVA does not tell us between which subtypes the
expression is significantly different, we used the non-parametric Mann-Whitney 2independent test for comparing two subtypes. As we observed, the most abundant significant
differences in analysed lncRNAs expression exist between each of the two GBM subtypes
compared to astrocytoma, oligoastrocytoma, and oligodendroglioma, respectively. All
statistical results are presented in Table 16.
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Table 16. Statistical analysis of lncRNAs qPCR expression in all five glioma subtypes, using SPSS software. The difference between all five subtypes was
calculated using one-way ANOVA, and between two subtypes by Mann-Whitney U-test. Statistically significant results are marked in bold (p < 0.05).

ANOVA
Gene

Mann-Whitney U-test

All five
subtypes

AC

AC

AC

AC

Sec.GBM

Sec.GBM

Sec.GBM

Prim.GBM

Prim.GBM

OAC

Sec.GBM

Prim.GBM

OAC

ODG

Prim.GBM

OAC

ODG

OAC

ODG

ODG

LOC285758

0.005

0.747

0.692

0.051

0.007

0.964

0.215

0.052

0.075

0.014

0.335

NCKAP5L

0.376

0.358

0.647

0.756

0.457

0.716

0.151

0.888

0.400

0.835

0.268

SNHG1

< 0.001

0.716

0.105

0.433

0.001

0.189

0.662

0.004

0.020

< 0.001

0.006

MEG3

< 0.001

0.007

< 0.001

0.398

0.614

0.113

0.076

0.024

< 0.001

< 0.001

0.715

KDM5B-AS1

< 0.001

< 0.001

0.284

0.616

0.869

< 0.001

< 0.001

< 0.001

0.509

0.232

0.748

KMT2E-AS1

< 0.001

< 0.001

< 0.001

0.664

0.849

< 0.001

< 0.001

< 0.001

0.001

< 0.001

0.446

HAR1A

< 0.001

0.019

0.030

0.208

0.250

0.694

0.002

0.002

0.002

0.002

0.873

CTBP1-AS2

< 0.001

0.100

0.300

0.013

0.098

0.521

0.001

0.013

0.002

0.022

0.888

CCND2-AS1

< 0.001

0.631

0.335

0.001

0.161

0.754

< 0.001

0.325

< 0.001

0.594

< 0.001

SPRY4-IT1

< 0.001

0.002

0.006

< 0.001

< 0.001

0.255

0.033

0.355

0.001

0.026

0.157

Legend: ANOVA – analysis of variance, AC – astrocytoma (I-III), sec.GBM – secondary GBM, prim.GBM – primary GBM,
OAC – oligoastrocytoma, ODG – oligodendroglioma.
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4.1.3.

Differentially expressed mRNAs

Among 470 mRNAs, 390 mRNA probes showed 1.5-fold change in expression in at least one
glioma subtype (Figure 13) and 72 mRNAs in all four subtypes, compared to reference RNA.
Among mRNAs that were found differentially expressed in all four subtypes 30 showed
increased level and 36 decreased level of expression. Regarding the number of differentially
expressed mRNAs, secondary GBM showed higher number of genes with increased
expression in contrast to other subtypes (Table 17). In Table 18 are presented 15 most overand under-expressed lncRNA, regarding the histological subtype.

Table 17. Number of differentially expressed mRNAs for individual subtype and in all four subtypes.
Astrocytoma

Secondary GBM

Primary GBM

Oligodendroglioma

All four subtypes

Increased

73

121

71

85

30

Decreased

138

81

148

100

36

Hierarchical clustering of the samples showed four molecular subtypes, but they were not
similar to histologically determined ones. As seen on Figure 13, samples of oligodendroglioma
were clustered, as were also for lncRNAs expression, but samples of histological astrocytoma
were somewhat distributed. Clustering of genes by similarity in their expression showed three
molecular subtypes: cluster of genes with predominantly increased (upper part of the heatmap)
and decreased expression (lower part), and the third (middle part), genes showing increased
and/or decreased expression.
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Figure 13. Heat map showing differential expression of mRNA genes in glioma tumours of different histological
class compared to brain reference RNA. On top of the figure is presented hierarchical clustering of the samples,
and on the left clustering of mRNAs regarding similar expression profiles. Legend: AC – astrocytoma, GBM –
glioblastoma, ODG – oligodendroglioma.
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Table 18. The list of top 15 mRNAs showing increased or decreased expression for individual glioma subtype,
determined by ArrayStar microarray expression profiling (mRNAs in bold were selected for further analyses).
Astrocytoma II+III
│FC│ GeneName

Secondary GBM
│FC│ GeneName

Primary GBM
│FC│ GeneName

Oligodendroglioma
│FC│ GeneName

TOP 15 UP-REGULATED
9.475

SOX2

6.712

CCND2

13.888

CDKN2A

10.070

MST1

7.201

MST1

6.279

HDAC1

12.229

DOT1L

7.086

SOX2

4.075

CIITA

6.263

SOX2

10.742

LOX

4.821

IGFBP1

3.817

ID4

6.215

NXT1

7.371

HOXA5

4.593

NXT1

3.799

NEK6

5.977

NEK6

6.870

SOX2

4.472

DGAT2

3.789

KDM5B

5.707

RUVBL1

6.445

HDAC1

4.435

PCGF2

3.563

TIMP3

5.593

BAX

5.524

THBS1

3.773

RUVBL1

3.413

BAZ1A

5.444

MEAF6

5.362

MST1

3.643

HRK

3.341

DOT1L

5.326

IGFBP1

4.732

CCND2

3.598

XPC

3.083

NXT1

4.818

DOT1L

4.177

NXT1

3.518

KDM5B

2.950

PRMT2

4.762

PRMT2

3.974

JUN

3.457

CCND2

2.947

HDAC1

4.740

HEY1

3.824

ID4

3.346

BBC3

2.941

TRIM27

4.498

PYCARD

3.642

DNMT1

3.176

SETDB1

2.938

MEAF6

4.174

PRDM2

3.534

PYCARD

3.071

NELFA

2.905

PYCARD

4.149

THBS1

3.533

MBD3

3.033

BMP2

TOP 15 DOWN-REGULATED
60.905

VSNL1

56.966

VSNL1

59.803

VSNL1

88.726

VSNL1

11.261

ACTL6B

16.831

TMEFF2

13.301

PRMT8

23.979

EPHA4

10.379

NUAK1

10.250

PRMT8

9.682

ACTL6B

12.050

NUAK1

10.196

PRMT8

9.033

NUAK1

9.010

NUAK1

7.891

TMEM66

6.274

HCFC1

7.307

RPS6KA5

6.861

TMEM66

6.993

WIF1

5.183

MORF4L2

6.896

HCFC1

5.751

MORF4L2

6.832

HCFC1

4.707

PAK1

6.204

ACTL6B

5.690

TMEFF2

5.525

HS3ST1

4.179

EPHA4

5.598

SUB1

5.545

RPS6KA5

5.146

PAK1

4.026

TP73

4.534

HDAC5

5.399

HCFC1

4.981

SMARCA2

3.852

RPS6KA5

3.950

PHC2

5.061

SETD1B

4.155

SETD1B

3.825

BMP2

3.865

TMEM66

4.066

RPS6KA3

4.041

PHC2

3.718

WIF1

3.682

ARID4B

4.058

SUB1

3.974

DKK2

3.585

SUB1

3.586

PAK1

3.746

BMP2

3.898

MORF4L2

3.501

MGLL

3.419

EPHA4

3.655

WIF1

3.803

ACTB

3.462

TMEM66

3.324

CHD9

3.545

TP73

3.747

TMEFF2

4.1.4.

qPCR validation of mRNA

We selected 10 mRNAs for qPCR validation on a bigger cohort of glioma samples (ATRX,
KDM5B, KMT2E, BAZ1A, HDAC1, CCND2, DOT1L, WIF1, and ACTL6B) (their genome
location and function is presented in Table 19).
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Table 19. The list of 10 mRNAs, selected for further expression validation analyses based on microarray data
processing and literature cross-searching (PubMed, Ensembl). The table provides genome location and function
of the gene if known.

Genome
Location

Gene name

Function

KDM5B

lysine (K)-specific
demethylase 5B

1: 202,724,491 –
202,809,470

lysine-specific histone demethylase, belonging to the jumonji/ARID domain-containing family of
histone demethylases; capable of demethylating tri-, di- and monomethylated lysine 4 of histone
H3; plays a role in the transcriptional repression or certain tumour suppressors; may also play a
role in genome stability and DNA repair.

DOT1L

DOT1-like histone
H3K79
methyltransferase

19: 2,164,149 –
2,232,578

histone methyltransferase that methylates lysine-79 of histone H3. It is inactive against free core
histones, but shows significant histone methyltransferase activity against nucleosomes

WIF1

WNT inhibitory
factor 1

12: 65,050,626 –
65,121,566

inhibits WNT proteins, the extracellular signalling molecules that play a role in embryonic
development; protein contains a WNT inhibitory factor (WIF) domain and five epidermal growth
factor (EGF)-like domains, and is thought to be involved in mesoderm segmentation; functions as
a tumour suppressor gene

KDM4C

lysine (K)-specific
demethylase 4C

9: 6,757,641 –
7,175,648

trimethylation-specific demethylase; converts specific trimethylated histone residues to the
dimethylated form.; regulates gene expression and chromosome segregation.

CCND2

cyclin D2

12: 4,273,772 –
4,305,350

function as regulators of CDK kinases; forms a complex with CDK4 or CDK6 and functions as a
regulatory subunit of the complex, whose activity is required for cell cycle G1/S transition;
interacts with and is involved in the phosphorylation of tumour suppressor protein Rb

7: 100,643,097 –
100,656,461

member of a family of actin-related proteins (ARPs) which share significant amino acid sequence
identity to conventional actins; the ARPs are involved in vesicular transport, spindle orientation,
nuclear migration and chromatin remodelling; encodes a subunit of the BAF (BRG1/brmassociated factor) complex in mammals, which is functionally related to SWI/SNF complex in S.
cerevisiae and Drosophila; the latter is thought to facilitate transcriptional activation of specific
genes by antagonizing chromatin-mediated transcriptional repression; may be involved in the
regulation of genes by structural modulation of their chromatin, specifically in the brain.

ACTL6B

actin-like 6B

ATRX

ATRX, chromatin
remodeler

X: 77,504,878 –
77,786,269

protein contains an ATPase/helicase domain, and thus it belongs to the SWI/SNF family of
chromatin remodelling proteins; this protein is found to undergo cell cycle-dependent
phosphorylation, which regulates its nuclear matrix and chromatin association, and suggests its
involvement in the gene regulation at interphase and chromosomal segregation in mitosis;
mutations in ATRX have been shown to cause diverse changes in the pattern of DNA methylation,
which may provide a link between chromatin remodelling, DNA methylation, and gene
expression in developmental processes

KMT2E

Lysine
methyltransferase 2E

7: 105,014,179 –
105,114,361

this gene is a member of the myeloid/lymphoid or mixed-lineage leukemia (MLL) family and
encodes a protein with an N-terminal PHD zinc finger and a central SET domain; over-expression
of the protein inhibits cell cycle progression; alternate transcriptional splice variants have been
characterized

BAZ1A

bromodomain
adjacent to zinc
finger domain, 1A

14: 34,752,731 –
34,875,647

encoding the accessory subunit of the ATP-dependent chromatin assembly factor (ACF), a
member of the ISWI ('imitation switch') family of chromatin remodelling complexes

1: 32,292,086 –
32,333,635

key role in regulation of the eukaryotic gene expression; member of histone deacetylase family
and is a component of the histone deacetylase complex; interacts with RB1 protein and this
complex is a key element in the control of cell proliferation and differentiation; together with
metastasis-associated protein-2, it deacetylates p53 and modulates its effect on cell growth and
apoptosis

HDAC1

Histone deacetylase 1
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Literature searching showed all mRNAs are already associated with various diseases (KDM5B
(Li et al., 2014; Wang et al., 2015b), DOT1IL (Cho et al., 2015), WIF1 (Veeck et al., 2009;
Lee et al., 2013), KDM4C (Yamamoto et al., 2013; Gregory and Cheung, 2014; Soini et al.,
2015), CCND2 (Dahlin et al., 2015; Shi et al., 2015), ACTL6B (Takeshima et al., 2015;
Nakazato et al., 2016), ATRX (Ratnakumar and Bernstein, 2013; Marinoni et al., 2014; Liau et
al., 2015; Watson et al., 2015), KMT2E (Lucena-Araujo et al., 2014; Shen et al., 2014),
BAZ1A (Jones et al., 2014; Zaghlool et al., 2016), and HDAC1 (Gonneaud et al., 2014;
Bhaskara, 2015; Ler et al., 2015; Stojanovic et al., 2016)), some also with glioma (KDM5B
(Dai et al., 2014), WIF1 (Kim et al., 2013), CCND2 (Buschges et al., 1999; Zhang et al.,
2016a), ATRX (Wiestler et al., 2013; Cai et al., 2015; Leeper et al., 2015), and HDAC1
(Campos et al., 2011)).
Similar to validation of lncRNA, we performed qPCR validation of microarray-obtained
results on a set of 125 samples of five glioma subtypes. Microarray results of mRNA
expression were confirmed completely for six mRNAs – KDM4C, BAZ1A, HDAC1, KMT2E,
CCND2, and WIF1. Among these, qPCR analysis showed decreased expression levels of
KDM4C, KMT2E and WIF1, and increased levels of BAZ1A, HDAC1 and CCND2. For mRNA
ATRX and ACTL6B expression was overall decreased, but increased in oligodendroglioma on
microarray; KDM5B and DOT1L (both were increased on microarray) showed opposite qPCR
results in astrocytic subtypes. All expression results, obtained by microarrays and qPCR, for
individual mRNA are graphically presented as average ΔΔCt in Figure 14.
To establish expression differences between all five glioma subtypes we used one-way
ANOVA, which showed expression of 7 mRNAs (ATRX, KMD4C, ACTL6B, BAZ1A, HDAC1,
DOT1L, and KDM5B) to be statistically different. For inter-subtype comparison we used the
non-parametric Mann-Whitney 2-independent test. In contrast to lncRNAs being more
differentially expressed in GBM subtypes in relation to others, we found the most
differentially expressed genes in astrocytoma in comparison to other four subtypes. This can
be observed graphically in Figure 14, and all statistical results are presented in Table 20.
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Figure 14. Average ΔΔCt expression of selected mRNAs in different glioma subtypes determined by microarray
profiling (blue bars, n=12) and further validation using qPCR (coral bars, n=125). qPCR results of six mRNAs
(KDM4C, BAZ1A, HDAC1, KMT2E, CCND2 and WIF1) confirmed the microarray results for all subtypes; qPCR
results for ATRX, ACTL6B, DOT1L, and KDM5B confirmed microarray results in some subtypes, but were
opposite in others. Legend: AC – astrocytoma (I-III), sek.GBM – secondary GBM, prim.GBM – primary GBM,
OAC – oligoastrocytoma (II+III), ODG – oligodendroglioma (II+III).
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Table 20. Significance of mRNAs qPCR expression in all five glioma subtypes. The difference between all five subtypes was calculated using one-way
ANOVA, and between two subtypes by Mann-Whitney U-test. Statistically significant results are marked in bold (p < 0.05).

ANOVA
Gene

Mann-Whitney U-test

All five
subtypes

AC

AC

AC

AC

Sec.GBM

Sec.GBM

Sec.GBM

Prim.GBM

Prim.GBM

OAC

Sec.GBM

Prim.GBM

OAC

ODG

Prim.GBM

OAC

ODG

OAC

ODG

ODG

ATRX

0.0463

0.020

0.245

0.037

0.987

0.168

0.697

0.034

0.371

0.318

0.097

KDM5B

0.0197

0.491

0.892

0.032

0.013

0.493

0.122

0.083

0.043

0.016

0.818

KMT2E

0.2153

0.048

0.347

0.965

0.268

0.265

0.047

0.448

0.349

0.769

0.339

BAZ1A

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

0.056

0.070

0.045

0.807

0.835

0.544

KDM4C

0.0019

< 0.001

0.004

0.025

0.026

0.264

0.032

0.137

0.336

0.733

0.731

HDAC1

< 0.001

0.002

< 0.001

0.344

0.001

0.550

0.055

0.491

0.006

0.722

0.039

CCND2

0.5328

0.352

0.173

0.836

0.621

0.650

0.378

0.731

0.185

0.390

0.576

DOT1L

< 0.001

0.011

< 0.001

0.001

< 0.001

< 0.001

0.840

< 0.001

< 0.001

< 0.001

< 0.001

WIF1

0.1574

0.184

0.043

0.978

0.087

0.570

0.374

0.464

0.198

0.572

0.164

ACTL6B

< 0.001

0.942

0.005

0.020

< 0.001

0.028

0.133

0.004

< 0.001

< 0.001

0.048
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4.2.

lncRNA-mRNA INTEGRATIVE ANALYSIS

Since lncRNAs act as key regulators of mRNA expression on transcriptional, posttranscriptional and also epigenetic level, we predicted potential targets of lncRNAs (lncRNAmRNA pairs) upon comparison of lncRNAs and mRNAs expression data, obtained from
microarrays. We found 400 matched lncRNA-mRNA pairs for 184 differentially expressed
lncRNAs and 171 predicted mRNA targets (at transcript and gene level); however, the change
in expression was not significant for all.
Gene annotation enrichment of the mRNA targets, determined in the above mentioned
integrative analysis of lncRNA-mRNA expression, using Gene Ontology (GO) analysis
showed their association, and thus of lncRNAs, with chromatin modification and transcription
processes (biological process, Figure 15A), binding of transcriptional factors and epigenetic
modifiers (molecular function, Figure 15B), and mainly located in nucleus (cellular
component, Figure 15C). The KEGG database was used to investigate the pathways in which
the differentially expressed genes are involved. KEGG pathway annotations showed these
genes are associated to 19 gene pathways (Table 21), and furthermore significantly linked to
lysine degradation, viral carcinogenesis and signalling pathways regulating the pluripotency of
stem cells.
Table 21. KEGG pathways of lncRNA-targeted mRNAs.
KEGG pathway
hsa00310
hsa05203
hsa04550
hsa04919
hsa05164
hsa04068
hsa05202
hsa04115
hsa04722
hsa05034
hsa04110
hsa03410
hsa05169
hsa05200
hsa04310
hsa04350
hsa04630
hsa04390
hsa04330

Term
Lysine degradation
Viral carcinogenesis
Signalling pathways regulating pluripotency of stem cells
Thyroid hormone signalling pathway
Influenza A
FoxO signalling pathway
Transcriptional misregulation in cancer
p53 signalling pathway
Neurotrophin signalling pathway
Alcoholism
Cell cycle
Base excision repair
Epstein-Barr virus infection
Pathways in cancer
Wnt signalling pathway
TGF-beta signalling pathway
Jak-STAT signalling pathway
Hippo signalling pathway
Notch signalling pathway

No. of genes
13
13
9
6
7
6
6
4
5
6
5
3
6
9
5
4
5
5
3

p-value
1.12E-13
1.26E-06
1.03E-04
6.90E-03
9.88E-03
0.013
0.032
0.033
0.038
0.039
0.042
0.047
0.050
0.054
0.058
0.059
0.067
0.075
0.091

Bonferroni
1.41E-11
1.59E-04
0.01
0.58
0.71
0.82
0.98
0.99
0.99
0.99
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
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A) Biological process
transcription, DNA-templated
negative regulation of transcription from RNA polymerase II promoter
chromatin remodeling
covalent chromatin modification
negative regulation of transcription, DNA-templated
positive regulation of transcription from RNA polymerase II promoter
chromatin modification
ATP-dependent chromatin remodeling
positive regulation of transcription, DNA-templated
histone deacetylation
regulation of transcription from RNA polymerase II promoter
DNA methylation
histone methylation
histone H3-K4 methylation
regulation of signal transduction by p53 class mediator
chromatin organization
regulation of transcription, DNA-templated
DNA repair
protein sumoylation
histone H3-K4 demethylation

B) Molecular function
histone-lysine N-methyltransferase activity
chromatin binding
transcription coactivator activity
transcription regulatory region DNA binding
methylated histone binding
zinc ion binding
transcription factor binding
protein binding
histone deacetylase activity
DNA binding
histone methyltransferase activity (H3-K4 specific)
nucleosomal DNA binding
RNA polymerase II distal enhancer sequence-specific DNA binding
transcription corepressor activity
histone binding
histone demethylase activity
androgen receptor binding
RNA polymerase II core promoter proximal region sequence-specific DNA binding
p53 binding

C) Cellular component
nucleoplasm
nucleus
nuclear chromatin
PcG protein complex
SWI/SNF complex
nBAF complex
NuA4 histone acetyltransferase complex
npBAF complex
transcription factor complex
nuclear euchromatin
PRC1 complex
chromosome
ESC/E(Z) complex
NuRD complex
protein complex
heterochromatin
nucleolus
histone methyltransferase complex
nuclear speck
MLL1 complex

Figure 15. Gene ontology (GO) enrichment analysis of mRNAs, potential lncRNAs’ targets. Pie charts show GO
analysis of genes according to (A) biological process, (B) to molecular function, and (C) cellular component.
Numbers represent the number of genes involved (among 170 mRNAs, found in lncRNA-mRNA pairs,
determined in integrative analysis).
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4.3.

lncRNA – mRNA EXPRESSION CORRELATION

We compared expression of lncRNAs and mRNAs among each other, using Pearson’s
correlation coefficient to seek potential expression relationship of genes validated (lncRNAlncRNA, lncRNA-mRNA, and mRNA-mRNA), and potential lncRNA coding target gene.
Results are presented in Table 22.
In comparing ΔΔCt results of lncRNA/mRNA expression, lncRNAs MEG3, SNHG1,
NCKAP5L, CTBP1-AS2, and SPRY4-IT1 showed multiple correlations with both lncRNAs and
mRNAs. Regarding the integrative analysis (seeking potential mRNA targets of lncRNA
expression) and genomic location of the lncRNA in relation to the coding gene (it’s host gene
or close proximity), KMT2E-AS1 and KMT2E, KDM5B-AS1 and KDM5B, HAR1A and
BAZ1A, and RP11-264F23.3 and CCND2 were potentially expected to show expression
correlation. We found positive correlation only for the KMT2E-AS1 and KMT2E pair, although
it was weak (rs= 0.212, 0.01 < p < 0.05).
Protein-protein interaction analysis of validated mRNAs (using STRING http://string-db.org/)
showed selected genes are involved in biological processes of chromatin modification and
remodelling, chromosome organization, epigenetic regulation of gene expression and
transcription. Almost all were in direct association with HDAC1 (which was found
significantly over-expressed), except for WIF1 (Figure 16).

Figure 16. STRING protein-protein interaction network of the 10 validated mRNAs (http://string-db.org/).
Legend: edges – pink: experimentally determined, turquoise: from curated databases, green: predicted gene
neighbourhood, red: predicted gene fusion, blue: predicted gene co-occurrence, light green: text-mining, black:
co-expression.
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Table 22. Pearson’s correlation between the lncRNA and mRNA expression.

LOC285758

LOC285758
NCKAP5L

NCKAP5L

.079

SNHG1

MEG3

KDM5B-

KMT2E-

AS1

AS1

CTBP1-

RP11-

AS2

264F23.3

SPRY4-IT1

ATRX

KDM5B

BAZ1A

KDM4C

HDAC1

CCND2

DOT1L

WIF1

ACTL6B

+

-

-

-

+

-

-

-

+

-

-

-

-

-

+

-

-

-

+

-

-

-

+

+

-

+

+

+

+

+

+

+

+

-

-

+

-

-

-

+

-

+

-

+

+

-

-

-

-

+

-

+

-

+

+

-

-

+

+

+

+

+

+

-

-

+

+

+

+

-

-

-

-

-

-

-

+

-

-

+

-

-

+

-

-

-

-

-

+

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

+

+

-

-

+

+

+

+

+

+

-

+

-

+

-

-

+

+

-

-

+

-

-

-

-

-

-

+

+

+

+

-

-

+

+

+

+

+

+

+

+

-

-

+

+

+

+

+

+

-

+

+

+

+

+

+

-

-

+

+

-

+

+

-

+

-

-

-

-

-

-

+

+

+

-

-

-

-

.395**

.174

MEG3

.215*

.235*

.259**

KDM5B-AS1

-.053

-.059

-.043

KMT2E-AS1

-.039

.164

.009

-.123

.625**

HAR1A

.053

-.019

.105

.265*

-.274**

-.131

-.352**

.207*

.503**

.359**

.446**

-.150

.110

.175

RP11-264F23.3

.104

.311**

-.003

.116

-.173

-.004

-.015

SPRY4-IT1

-.108

.045

-.257**

.163

-.054

.147

-.189

.065

-.137

ATRX

.136

.488**

.109

.319**

-.146

.020

.179

.395**

-.138

.189*

.071

.458**

.210*

-.125

.428**

KDM5B

KMT2E

+

SNHG1

CTBP1-AS2

HAR1A

.140

+

.338**

.501**

.484**

.318**

-.076

.047

KMT2E

.018

.671**

.250**

.278**

-.109

.212*

.014

.536**

.276**

.063

.270**

.315**

BAZ1A

-.058

.401**

.161

.312**

-.058

.062

-.060

.260**

.137

.335**

.294**

.252**

.355**

KDM4C

.086

.597**

.074

.347**

-.217*

-.018

.053

.442**

.147

.289**

.506**

.355**

.430**

.444**

HDAC1

.004

.567**

.076

.266**

-.072

.136

-.057

.447**

.287**

.292**

.368**

.421**

.469**

.606**

.510**

CCND2

.043

.323**

.131

-.010

-.090

.146

-.053

.072

.049

.209*

.305**

.259**

.278**

.017

.183

.086

DOT1L

.227*

.223*

.330**

.016

-.218*

.040

-.092

.302**

-.106

-.110

.205*

.338**

.196*

-.377**

.086

-.116

.354**

WIF1

-.163

.091

.056

.359**

.005

-.040

.291*

.151

.159

-.090

.014

-.052

.059

.257*

.168

.227*

-.198

-.204

ACTL6B

.146

-.054

.496**

.353**

-.123

-.150

.581**

.206*

-.048

-.278**

.109

.240*

.055

-.058

-.047

-.213*

.006

.089

.059

Legend: 0.2–0.4 – weak, 0.4–0.5 – moderate, > 0.6 strong correlation; + and *: correlation is significant at 0.01 < p < 0.05 (2-tailed), **: p < 0.01 level (2-tailed).
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4.4.

MS-HRM ANALYSIS OF GENE’S PROMOTER METHYLATION STATUS

We used the method of MS-HRM to determine if it is the change in methylation status of
selected lncRNA’s (except for SPRY4-IT1) and mRNA’s (except for ACTL6B) promoter the
cause of their different expression. We analysed 132 glioma samples with sufficient
concentration and quality. Example analysis of MS-HRM run is showed on Figure 17
(normalized graph of un-methylated samples) and Figure 18 (normalized graph of unmethylated samples).
We found an un-methylated promoter for the following lncRNAs: HAR1A, KDM5B-AS1,
KMT2E-AS1, and SNHG1, and mRNAs: DOT1L, HDAC1, KDM4C, KMT2E, KDM5B,
BAZ1A, and CCND2. For all genes listed we also found an un-methylated promoter in both
brain DNA control pools. For lncRNAs MEG3, CTBP1-AS2, LOC285758, RP11-264.F23.3,
and NCKAP5L, and mRNAs ATRX and WIF1 we found a change in methylation pattern
(Figure 19). We also found both brain DNA control pools to be methylated, except for WIF1
(both pools un-methylated) and CTBP1-AS2 (un-methylated “cerebellum” pool). ATRX
promoter was just slightly methylated in both control pools, but as the gene is located on the
X-chromosome, low methylation can be due to combined control samples of male and female.

completely methylated
DNA control

un-methylated samples

Figure 17. Example of MS-HRM normalized curve plot of SNHG1 gene. Melting temperature between unmethylated samples and 100% methylated control differs greatly. X axis – melting temperature, Y axis –
fluorescence intensity.
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methylated
samples

completely
un-methylated
DNA control

Figure 18. Example of MS-HRM analysis of MEG3gene. Melting temperatures between un-methylated control
and methylated samples differ greatly. X axis – melting temperature, Y axis – fluorescence intensity.

Figure 19. Pie charts show percentage of glioma samples that are or are not methylated, relative to completely
un-methylated and methylated DNA controls, determined by the MS-HRM analysis (n=132). Methylation status
of control brain DNA pools was also determined (shown beside the pie for individual gene; VM – cerebrum, MM
– cerebellum, M – methylated, UM – un-methylated). We also determined MGMT methylation status for the
comparison analysis of expression, methylation and the status of known glioma biomarkers.
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When we compared the tumour samples to control brain DNA pool (Figure 20) we observed
hyper-methylation of WIF1 (42%), MEG3 (73%), and CTBP1-AS2 (43%), corresponding to
decreased expression levels (gene silencing). ATRX was found un-methylated in 54% of the
samples and all were male patients. LOC285758 promoter was mainly found either unmethylated (47%) either hypo-methylated (36%) in comparison to control DNA pools,
suggesting the loss of methylation with tumour formation (gene activation). We also
determined methylation status of MGMT for subsequent comparison of gene expression and
methylation, since MGMT is a prognostic biomarker (Hegi et al., 2005). MGMT was hypermethylated in 54% of the glioma samples. We successfully validated the MS-HRM results by
determining the sequence of few of the PCR products of individual gene.

Figure 20. Pie charts show percentage of glioma samples with changed methylation status regarding the normal
brain DNA control pool (pool VM - cerebrum) (n = 132). All tumour samples and brain DNA controls were
analysed relative to commercially available fully un-methylated and methylated DNA controls.

Using the Pearson’s correlation coefficient method, we found significantly associated
methylation pattern with corresponding gene’s expression levels for WIF1 (Figure 21A),
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LOC285758 (Figure 21B), and MEG3 (found methylated in almost all the samples). For
several previously found gene expressional correlations (see Table 22) we also found
association of change in methylation of one gene with expression of the other (Table 23):
ATRX – SPRY4-IT1; WIF1 – HDAC1; LOC285758 – MEG3, and LOC25758 – DOT1L.

Table 23 Pearson’s association between ΔΔCt expression and promoter methylation.
MGMT
methylation

ATRX
methylation

WIF1
methylation

CTBP1-AS2
methylation

MEG3
methylation

LOC285758
methylation

RP11-264F23.3
methylation

LOC285758

-0.130

-0.039

,216*

-0.090

-0.059

-,444**

-0.143

NCKAP5L

-0.181

0.105

-0.082

-0.025

-0.115

0.136

0.112

SNHG1

-0.033

-0.160

0.128

-0.098

-0.071

0.021

-0.176

MEG3

-0.071

0.127

-0.021

-0.086

-,250*

,236*

0.017

*

lncRNA expression

KDM5BAS1

-0.047

0.023

-,242

-0.169

0.180

-0.093

0.029

KMT2EAS1

-0.119

0.072

-,201*

-,297**

-0.111

-0.120

-0.119

HAR1A

0.058

-0.047

0.124

0.085

0.008

0.138

0.146

CTBP1AS2

-0.135

0.114

0.006

-0.030

-0.124

0.086

0.055

*

*

RP11-264F23.3

,258

-0.039

0.049

0.034

-0.167

,213

0.075

SPRY4IT1

-0.119

,218*

-,217*

-0.039

-0.017

0.068

0.045

ATRX

-,252*

-0.036

-0.066

0.000

-0.072

-0.041

0.008

KDM5B

-0.138

0.028

0.094

-0.041

-0.118

-0.021

-0.102

KMT2E

-0.005

-0.019

-0.117

-0.108

-0.091

0.142

0.043

**

mRNA expression

BAZ1A

-0.022

-0.015

-0.140

0.115

-0.020

,498

,258*

KDM4C

-,222*

0.055

-0.129

0.183

-0.123

0.138

0.175

HDAC1

-,221*

-0.072

-,242*

0.017

-0.150

,335**

0.131

CCND2

-0.047

-0.057

0.107

-0.143

0.082

-0.092

-,370**

DOT1L

-0.082

-0.045

,309**

-0.165

-0.146

-,433**

-,348**

WIF1

0.115

-0.176

-,266*

0.155

-0.048

,345**

,275*

ACTL6B

-0.006

-0.089

0.147

-0.045

-0.016

0.025

-0.090

Legend: 0.2–0.4 – weak, 0.4–05 – moderate, > 0.6 strong association; *: association is significant at 0.01 < p <
0.05 (2-tailed), **: p < 0.01 level; blue fields: found correlation in expression between the two genes (Table 22)
and association in expression and methylation pattern; red bold: association of expression and methylation of
specific gene. ΔΔCt quantification of MGMT was not performed, only the MS-HRM.
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Figure 21. Graphic presentation of expression – methylation relationship, found for mRNA WIF1 (A) and
lncRNA LOC285758 (B). Legend: y-axis – ΔΔCt level of expression, x-axis – promoter methylation status (0 –
un-methylated, 1 – methylated), rs: association coefficient (0.2–0.4 – weak, 0.4–05 – moderate, >0.6 strong
relationship).

We also determined gene’s methylation relationship for individual histological subtype in
dependence to sample’s gene expression for LOC285758 and RP11-264F23.3 (Figure 22), and
also for WHO malignancy grade for LOC285758 (low (I+II+II/III) vs. high (III+IV)) (results
of association are summarized in Table 25). We found expression of LOC285758 increases
with tumour progression, since the majority of tumours of higher WHO grades showed
un-methylated promoter.

Figure 22. Graphic presentation of expression – methylation relationship regarding individual glioma subtype,
found for lncRNA LOC285758 (A) and RP11-264F23.3 (B).
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4.5.

DETERMINING THE STATUS OF GLIOMA HALLMARK MARKERS

Since there are established several diagnostic and prognostic biomarkers, most notable are
IDH1/2 mutation, changes in copy number of CDKN2A/B genes, and (co-)deletion of
chromosome arm 1p and 19q, we conducted a MLPA analysis of 84 glioma samples with the
purpose to determine status of these biomarkers and further seek potential correlation with our
expression/methylation

results.

We

additionally

collected

results

of

routine

imunohistochemical analyses from our database (p53, IDH1 and 1p19q). p53 was mutated in
62% (samples where p53 analysis showed less than 10% of antibody-positive signals were
noted as wildtype). IDH1 mutation R132H was found in 46% of samples, predominantly in
astrocytic tumours of lower WHO grades, oligoastrocytoma, and oligodendroglioma, as
expected. IDH1 mutation R132C was found in one case (< 1%), and we did not find any
mutations in IDH2. CDKN2A/B was frequently deleted in higher glioma grades (21.3% vs.
2.6%). Chromosome arm 1p was lost completely in 25.5% and 19q in 29%. Duplication of
19q was found mainly in GBM tumours. Co-deletion of 1p and 19q arm was detected in
22.6% of the samples (24 cases) and majority of them were oligodendroglioma. In Table 24
are presented results of the MLPA analysis regarding the biomarker’s status for samples
altogether and for individual glioma subtype. Examples of graphical results of MLPA analysis
(Coffalyser software, MRC Holland) are shown in Figure 23 and 24.
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Table 24. Frequency of glioma biomarkers, determined by using MLPA method for all samples analyzed and by
individual glioma subtype.
Frequency (percentage)
Analysis

P53

IDH1

1p loss

19q loss

1p19q

CDKN2A

CDKN2B

Status
ALL

AC (I – III)

SecGBM

PrimGBM

OAC

ODG

Wildtype

36 (37.9)

12 (41.4)

2 (20)

7 (33.3)

5 (31.3)

10 (52.6)

Mutated

59 (62.1)

17 (58.6)

8 (80)

14 (66.7)

11 (68.8)

9 (47.4)

Wildtype

64 (53.8)

13 (46.4)

11 (57.9)

23 (95.8)

7 (35.0)

10 (35.7)

Mutated

55 (46.2)

15 (53.6)

8 (42.1)

1 (4.2)

13 (65.0)

18 (64.3)

Wildtype

69 (65.1)

22 (95.7)

12 (66.7)

12 (75.0)

16 (76.2)

7 (25.0)

Deletion

27 (25.5)

0

1 (5.6)

3 (18.8)

5 (23.8)

18 (64.3)

Partial deletion

7 (6.6)

0

3 (16.7)

1 (6.3)

0

3 (10.7)

Duplication

3 (2.8)

1 (4.3)

2 (11.1)

0

0

0

Wildtype

49 (47.1)

18 (78.3)

10 (62.5)

7 (43.8)

9 (42.9)

5 (17.9)

Deletion

30 (28.8)

1 (4.3)

1 (6.3)

3 (18.8)

7 (33.3)

18 (64.3)

Partial deletion

14 (13.5)

4 (17.4)

1 (6.3)

0

4 (19.0)

5 (17.9)

Duplication

11 (10.6)

0

4 (25.0)

6 (37.5)

1 (4.8)

0

Wildtype

78 (73.6)

23 (100)

16 (88.9)

15 (93.8)

17 (81.0)

7 (25.0)

Co-deletion

24 (22.6)

0

1 (5.6)

1 (6.3)

4 (19.0)

18 (64.3)

Partial co-deletion

3 (2.8)

0

0

0

0

3 (10.7)

Duplication

1 (0.9)

0

1 (5.6)

0

0

0

Wildtype

44 (53)

15 (83.3)

6 (37.5)

6 (42.9)

10 (55.6)

7 (41.2)

Deletion

37 (44.6)

2 (11.1)

10 (62.5)

8 (57.1)

8 (44.4)

9 (52.9)

Duplication

2 (2.4)

1 (5.6)

0

0

0

1 (5.9)

Wildtype

45 (54.2)

16 (88.9)

6 (37.5)

6 (42.9)

10 (55.6)

7 (41.2)

Deletion

37 (44.6)

2 (11.1)

10 (62.5)

8 (57.1)

8 (44.4)

9 (52.9)

Duplication

1 (1.2)

0

0

0

0

1 (5.9)

Legend: AC – astrocytoma, SecGBM – secondary GBM. PrimGBM – primary GBM, OAC – oligoastrocytoma,
ODG – oligodendroglioma.
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Figure 23. Graphical example of MLPA results showing a glioma tumour sample (astrocytoma, grade II-III) with
wildtype IDH1/2, CDKN2A/B, and 1p/19q (i.e. normal sample).

Figure 24. Graphical example of MLPA results showing a glioma tumour sample (oligodendroglioma, grade III)
with IDH1 mutation, loss of CDKN2A/B, and 1p/19q co-deletion.
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4.6.

lncRNA/mRNA POTENTIAL AS BIOMARKERS

To determine potential biomarker value of validated lncRNAs and mRNAs, we used the
Pearson’s correlation coefficient to associate gene’s expression and/or its promoter
methylation status with already established glioma biomarkers IDH1/2, TP53, CDKN2A/B,
1p19q co-deletion and MGMT methylation, WHO malignancy grade, patient’s sex and age at
the time of diagnosis.
We did not find any association of expression with sex, but there was significant association
with age at diagnosis (younger versus older than 45 years at time of diagnosis) for mRNAs
BAZ1A (rs = -0.371, p < 0.001), HDAC1 (rs = -0.248, p = 0.006), DOT1L (rs = 0.268, p =
0.003) and WIF1 (rs = -0.256, p = 0.021).
Regarding all samples together, there is significant association of IDH1 and 1p19q co-deletion
with expression of lncRNA LOC285758, SNHG1 and KMT2E-AS1, and mRNA ACTL6B, as
Table 25 shows. Among them, KMT2E-AS1 and ACTL6B also showed association with
survival time (see Table 26).
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Table 25. Pearson’s correlation of the lncRNA and mRNA expression with glioma hallmark biomarkers, survival and histological classification.
Glioma
subtype

Glioma
biomarkers

CDKN2A
CNV

CDKN2B
CNV

loss of
1p

loss of
19q

1p/19q
co-deletion

IDH1+1p/19q
co-deletion

MGMT
methylation

0.380**
-0.062

0.109

IDH1 mutation

0.119

-0.205*

0.213

CDKN2A CNV

0.208

0.316**

-0.101

CDKN2B CNV

0.220

0.328**

-0.074

-0.204

loss of 1p

0.552**

0.082

-0.264*

0.258*

0.228

0.233*

loss of 19q

0.585**

0.216

-0.285*

0.237*

0.288*

0.294*

0.805**

1p/19q co-deletion

0.572**

0.022

-0.294*

0.344**

0.083

0.088

0.922**

0.842**

IDH1+1p/19q co-deletion

0.349**

-0.102

0.027

0.870**

-0.092

-0.080

0.700**

0.655**

-0.046

-0.083

0.080

0.234*

0.112

0.106

0.099

0.091

0.139

0.297**

0.205*

-0.083

0.362**

0.046

0.054

0.310**

0.326**

0.300**

0.385**

-0.130

-0.036

0.015

-0.017

-0.068

0.067

0.072

-0.212

-0.277*

-0.295**

-0.304**

-0.181

SNHG1

0.297**

0.002

0.185

0.439**

0.055

0.065

0.263*

0.327**

0.329**

0.466**

-0.033

MEG3

0.057

-0.363**

-0.026

0.251*

-0.118

-0.137

-0.051

0.009

0.006

0.125

-0.071

KDM5B-AS1

-0.303**

0.250**

0.088

-0.080

0.061

0.069

-0.225*

-0.344**

-0.215

-0.185

-0.047

KMT2E-AS1

-0.220*

0.380**

0.143

-0.211*

0.162

0.163

-0.145

-0.283*

-0.244*

-0.277*

-0.119

HAR1A

0.253*

-0.370**

-0.152

0.283*

-0.177

-0.161

0.111

0.177

0.178

0.254*

0.058

CTBP1-AS2

0.222*

0.037

-0.045

0.163

-0.034

-0.042

-0.074

-0.004

-0.051

0.007

-0.135
0.258*

NCKAP5L

-0.219
1.000**

0.805**
0.293**

0.041

0.072

0.014

0.073

0.212

0.228

-0.128

0.033

-0.151

-0.083

-0.416**

-0.184

-0.280*

-0.468**

0.011

-0.029

-0.091

-0.252

-0.171

-0.380**

-0.119

ATRX

0.004

-0.156

-0.468**

-0.099

0.094

0.086

0.227*

0.073

0.165

0.014

-0.252*

KDM5B

0.228*

0.152

-0.039

0.220*

0.228

0.241*

-0.001

-0.019

-0.007

0.135

-0.138

KMT2E

-0.037

-0.020

0.122

0.038

-0.012

-0.010

-0.134

-0.141

-0.184

-0.142

-0.005

BAZ1A

-0.632**

-0.341**

-0.053

0.049

-0.188

-0.196

-0.385**

-0.491**

-0.384**

-0.191

-0.022

KDM4C

-0.153

-0.223*

-0.115

0.063

-0.240*

-0.252*

-0.120

-0.206

-0.154

-0.045

-0.222*

HDAC1

-0.282**

-0.102

-0.041

-0.064

0.054

0.050

-0.347**

-0.470**

-0.438**

-0.302**

-0.221*

CCND2
DOT1L

0.014

0.133

-0.154

-0.134

0.444**

0.450**

0.184

0.182

0.099

-0.028

-0.047

0.631**

0.428**

0.036

-0.003

0.249*

0.264*

0.294**

0.327**

0.300**

0.205

-0.082

-0.162

-0.237*

0.063

0.062

-0.101

-0.102

-0.172

-0.120

-0.091

-0.044

0.115

0.365**

-0.171

0.097

0.447**

-0.047

-0.053

0.293**

0.375**

0.393**

0.462**

-0.006

ATRX

0.006

-0.028

-0.088

-0.174

0.031

0.018

-0.098

-0.103

-0.135

-0.224*

0.041

WIF1

0.212*

0.070

0.139

0.101

0.187

0.195

0.185

0.236*

0.153

0.156

0.170

CTBP1-AS2

-0.131

-0.179

-0.145

0.018

-0.240*

-0.243*

0.009

0.081

0.036

0.024

0.034

LOC285758

-0.445**

-0.433**

0.153

0.096

-0.231*

-0.240*

-0.396**

-0.360**

-0.373**

-0123

0.130

RP11-264F23.3

-0.277**

-0.242**

0.130

-0.013

-0.399**

-0.404**

-0.318**

-0.325**

-0.294**

-0.185

0.046

RP11-264F23.3
SPRY4-IT1

WIF1
ACTL6B

Promoter
methylation

IDH1
mutation

p53 mutation

LOC285758

mRNA
expression

p53
Mutation

WHO grade

MGMT methylation

lncRNA
expression

WHO
grade

Legend: 0.2–0.4 – weak, 0.4–05 – moderate, > 0.6 strong correlation; *: correlation is significant at 0.01 < p < 0.05 (2-tailed), **: p < 0.01 level (2-tailed).
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4.6.1.

Evaluation of prognostic value

For evaluation of prognostic value of lncRNA/mRNA expression we classified expression
values, in regards to gene’s mean value and regardless the subtype, as low or high. We used
the Kaplan-Meier estimate to determine cumulative survival probability and the Log-rank
(Mantel-Cox) analysis for calculating survival differences.

Figure 25. Kaplan-Meier survival plots, regarding (A) patients’ demographics (age at diagnosis, sex), (B)
histological classification (glioma subtype, WHO malignancy grade) and (C) molecular (IDH1, 1p19q codeletion) classification.
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Cumulative probability of survival was significantly better for patients younger than 45 years
at the time of tumour diagnosis (Figure 25A). Also, there are significant differences in survival
regarding glioma histological classification – poorer survival for patients with diagnosed
GBM, especially primary GBM, and with glioma of higher WHO grade (III and IV)) (Figure
25B). Considering the status of IDH1 and 1p19q biomarkers, regardless of histological
subtype, the survival probability was significantly higher for patients with mutated IDH1 gene,
1p19q co-deletion, and both biomarkers together (Figure 25C).
Table 26. Association of gene expression, promoter methylation and glioma biomarkers with patients’ survival.

WHO grade
p53 mutation
IDH1 mutation
CDKN2A CNV
CDKN2B CNV
loss of 1p
loss of 19q
1p19q co-deletion
MGMT methylation
lncRNA expression
LOC285758
NCKAP5L
SNHG1
MEG3
KDM5B-AS1
KMT2E-AS1
HAR1A
CTBP1-AS2
RP11-264F23.3
SPRY4-IT1
mRNA expression
ATRX
KDM5B
KMT2E
BAZ1A
KDM4C
HDAC1
CCND2
DOT1L
WIF1
ACTL6B
promoter methylation
ATRX
WIF1
LOC285758
CTBP1-AS2
RP11-264F23.3

event (death)

survival (months)

0.509**
0.174
-0.346**
0.487**
0.493**
-0.098
-0.016
-0.201*
-0.189*

-0.333**
-0.092
0.393**
-0.296**
-0.303**
0.163
0.094
0.189
0.200*

-0.074
0.077
-0.018
-0.264**
0.260**
0.434**
-0.202*
0.005
0.026
0.055

0.153
-0.069
0.129
0.307**
-0.301**
-0.281**
0.230*
0.239**
0.119
0.052

-0.067
0.067
0.018
-0.094
-0.169
0.081
0.168
0.215*
-0.224*
-0.110

0.041
-0.010
0.065
0.138
0.122
-0.007
-0.180*
-0.090
0.036
0.212**

0.053
0.036
-0.152
-0.147
-0.169

0.002
0.131
0.160
0.075
0.139

Legend: 0.2–0.4 – weak, 0.4–05 – moderate, >0.6 strong; *: association is significant at 0.01< p <0.05 (2-tailed),
**: p <0.01 level (2-tailed).

Firstly, we investigated correlation of lncRNA/mRNA expression with survival time (time
from diagnosis until the last follow up or death (event)). Pearson’s correlation method showed
the expression of five lncRNAs (MEG3, KDM5B-AS1, KMT2E-AS1, HAR1A and CTBP1-AS2)
and two mRNAs (CCND2 and ACTL6B) to be correlated with survival time (Table 26).
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Expression of MEG3, HAR1A, CTBP1-AS2 and ACTL6B is decreased in comparison to
reference brain RNA and lower levels are correlated to shorter survival (Table 26, column
Survival). Also correlated to poorer survival is increased expression of KDM5B-AS1, KMT2EAS1 and CCND2. lncRNAs MEG3, KDM5B-AS1, KMT2E-AS1, and HAR1A were also
associated with the probability of event (death) to occur (Table 26, column Event). Further
Kaplan-Meier analysis showed significant differences in survival probability (Figure 26)
regarding the expression (A, B). For performing the Kaplan-Meier survival plots, expression
of individual gene was designated as low or high based on the mean ΔΔCt value, determined
by statistical programme. This categorization of expression as low or high is probably the
reason for discrepancies in Pearson’s survival association table (Table 26) and Kaplan-Meier
plots (Figure 26 A,B).
With the exception of MGMT we did not find any association of gene’s promoter methylation
and the length of survival (Table 26). However, Kaplan-Meier survival plots did show
differences in survival probability regarding methylation status of CTBP1-AS2, LOC285758,
and RP11-264F23.3 (Figure 26C). In addition, patients with methylated promoter of RP11264F23.3 (Figure 26C) showed longer overall survival (approximately 3 years).

Both Kaplan-Meier survival plot and Log-rank methods are examples of univariate analysis;
they describe the survival with respect to the factor under investigation, but necessarily ignore
the impact of any others. It is more common, at least in clinical investigations, to have a
situation where several (known) quantities or covariates potentially affect patient prognosis
(Bradburn et al., 2003). It is why we also performed a univariate and subsequent multivariate
Cox regression analysis. Results are summarized in Table 27. For the multivariate analysis we
took into consideration only the parameters with p < 0.05 in univariate analysis. Results
showed patient’s age at diagnosis (younger or older than 45), promoter methylation of
lncRNA CTBP1-AS2I, and expression of lncRNAs KDM5B-AS1 and KMT2E-AS1 as
potentially independent prognostic variables.
on the next page Figure 26. Kaplan-Meier survival plots for variables showing statistically significant differences
in survival: (A) mRNA expression of DOT1L and KDM4C, (B) lncRNA expression of HAR1A, MEG3, KDM5BAS1, KMT2E-AS1, and SPRY4-IT1, and (C) gene promoter methylation status of CTBP1-AS2, LOC285758,
RP11-264F23.3, and MGMT.
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Table 27. Univariate and multivariate Cox regression analysis of potential demographic, histological and
molecular parameters affecting patient survival. Only the parameter showing p < 0.05 in univariate analysis were
included in multivariate analysis.

Univariate analysis

Multivariate Analysis

Parameter

Patients
demographics
Histopathological
classification

Glioma
biomarkers

Promoter
methylation

HR

95% CI

p-value

Sex (Male vs. Female)

1.24

0.783 - 1.961

0.359

0.006

HR

95% CI

p-value

Age group (< 45 < years)

2.674

1.668 - 4.287

4.44E-05

0.107

28.993

1.809 - 464.7

0.0174

Subtype

1.082

0.940 - 1.247

0.272

0.008

WHO grade

5.847

2.793 - 12.24

2.81E-06

0.199

P53 Mutation

1.781

0.915 - 3.467

0.089

0.034

0.297

0.006 - 13.85

0.535

IDH1 Mutation

0.229

0.124 - 0.423

2.63E-06

CDKN2A DEL

1.516

1.081 - 2.126

0.0158

0.2

0.829

0.0576 - 11.95

0.891

0.058

0.01

0 - inf

CDKN2B DEL

1.817

1.27 - 2.6

0.0011

0.099

0.999

2362.8

0 - inf

1p Loss

1.154

0.799 - 1.668

0.445

0.005

0.998

19q Loss

1.46

1.106 - 1.926

0.0076

0.063

Co-deletion 1p/19q

0.93

0.536 - 1.614

0.797

0.001

1.912

0.64 - 5.713

0.246

1q

1.187

0.856 - 1.647

0.305

0.011

19p

1.39

1.108 - 1.743

0.00442

0.08

MGMT

0.602

0.310 - 1.170

0.134

0.017

0.509

0.154 - 1.689

0.27

ATRX

0.218

0.027- 1.724

0.149

0.116

WIF1

0.973

0.589 - 1.604

0.913

0

CTBP1-AS2

0.42

0.211 - 0.837

0.0136

0.042

MEG3

0.81

0.112 - 5.858

0.835

0

1288.4

7.566 - 2.19E+5

0.006296

LOC285758

0.597

0.361 - 0.987

0.0443

0.032

/

/

/

/

2.424

0.134 - 43.85

0.549

RP11-264F23.3

0.572

0.339 - 0.966

0.0367

0.033

LOC285758

0.917

0.791 - 1.062

0.247

0.011

0.455

0.039 - 5.266

0.529

NCKAP5L

1.165

0.784 - 1.732

0.449

0.005

SNHG1

0.88

0.662 - 1.17

0.379

0.006

MEG3

0.743

0.635 - 0.870

2.28E-04

KDM5B-AS1

1.277

1.123 - 1.453

2.01E-04

0.105

0.683

0.313 - 1.488

0.337

0.102

0.321

0.14 - 0.736

0.007268

KMT2E-AS1

1.684

1.394 - 2.035

HAR1A

0.817

0.685 - 0.973

6.61E-08

0.194

107.5

7.999 - 1444

0.000418

0.0233

0.052

1.514

0.738 - 3.107

CTBP1-AS2

0.868

0.258

0.651 - 1.157

0.333

0.045

RP11-264F23.3
SPRY4-IT1

0.979

0.817 - 1.175

0.822

0

1.021

0.921 - 1.131

0.694

0.001

ATRX

0.925

0.727 - 1.178

0.529

0.003

KDM5B

0.074

0.811 - 1.423

0.616

0.002

KMT2E

0.938

0.592 - 1.487

0.787

0.001

BAZ1A

0.874

0.736 - 1.038

0.124

0.02

KDM4C

0.747

0.562 - 0.994

0.045

0.031

0.368

0.059 - 2.285

0.283

HDAC1

1.08

0.809 - 1.442

0.601

0.002

CCND2

1.42

1.068 - 1.888

0.0159

0.047

0.59

0.107 - 3.255

0.545

DOT1L

1.231

1.024 - 1.480

0.0267

0.041

1.751

0.296 - 10.35

0.537

WIF1

0.885

0.769 - 1.017

0.085

0.037

ACTL6B

0.905

0.795 - 1.029

0.127

0.02

NCKAP5L

lncRNA
expression

mRNA
expression

R-square

Legend: HR – hazard ratio, CI – confidence interval, p-value is considered statistically significant at < 0.05 (bold
red).
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5. DISCUSSION
5.1.

DETERMINING lncRNA/mRNA EXPRESSION PROFILE OF HISTOLOGICALLY
DIFFERENT GLIOMA SUBTYPES

Molecular-genetic analyses are becoming an important part in cancer diagnostics. Due to the
aggressive nature of glioma, low survival rate and especially for tumour cells acquiring
resistance against the established and/or even modern treatments there is the need for a more
precise definition of glioma molecular genetic background and new biomarkers. Accumulating
evidence indicated that lncRNAs could control carcinogenesis by regulating signalling
pathways (Mercer and Mattick, 2013). Deregulation of lncRNAs might affect pathways and
enhance cellular growth, resulting in uncontrolled tumour growth. In line with our
expectations and set hypothesis, we found new candidate lncRNA and mRNA genes involved
in the signalling pathways of glioma development on epigenetic level. Many diseases and
especially cancer are the consequence of genetic and epigenetic alterations. The latter play
crucial roles in regulating gene expression, and are closely associated with disease onset
(Handel et al., 2010; Sharma et al., 2010; Kanwal and Gupta, 2012; Virani et al., 2012).
LncRNAs exhibits similar function as one of key regulators of coding gene expression,
affecting signalling pathways and thus cellular processes (Kaikkonen et al., 2011; Han et al.,
2012; Park et al., 2014; Matjašič and Glavač, 2015) mostly through epigenetic mechanisms.
Epigenetic changes of human neoplasia have been in the shadow of the genetic basis of
tumorigenesis at least until a few years ago. Understanding the epigenetic deregulation and
disturbance in brain cancers provides new information how these alterations contribute to
glioma development, tools for a more precise characterization, diagnosis and prognosis, and
also suggesting new approaches to therapy. The involvement of lncRNAs in disease processes
creates an urgency to understand how much the disturbance of their expression and functions
might contribute to disease development.

In addition to long-established histopathological classification of glioma tumours and more
recent classification based on molecular biomarkers malignant glioma can also be classified
according to their gene expression profile (Shai et al., 2003; French et al., 2005a; Liang et al.,
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2005; Cheng et al., 2016). Such classification can contribute to a more detailed identification
of glioma subtypes and possibly further explain variations in prognosis and treatment response
(Ohgaki and Kleihues, 2011, 2013). Even though long non-coding RNAs (lncRNAs) emerged
as a major class of regulators of cellular processes and their perturbation results in the
development and progression of glioma tumours, only few approaches take the lncRNA
molecular abnormalities into consideration, and their expression profiles as potential tool for
more precise classification (Li, Qian et al., 2014).
Determining glioma subtype-specific lncRNAs patterns may be an especially helpful tool for
further glioma sub-classification, since one of the biggest problems in diagnosis is the
histological similarity of tumours. Indeed, Zhang et al. found novel tumour-related lncRNAs
to be associated with malignancy grade and histological differentiation (Zhang et al., 2012),
and also results of our previous study (unpublished data) indicate the existence of measurable
differences of individual lncRNA expression among glioma subtypes. Regulatory lncRNAs
can intercede both tumour suppressor and oncogenic effects (Huarte and Rinn, 2010; Reis and
Verjovski-Almeida, 2012; Li et al., 2013) and their aberrant expression emphasizes their role
in variety of diseases (Huarte and Rinn, 2010; Gibb et al., 2011a). Altered expression of
certain cancer type-specific lncRNAs can reflect disease progression (Zhang et al., 2012) and
thus serve as novel potential biomarkers (Gibb et al., 2011a; Reis and Verjovski-Almeida,
2012).

We used the microarray technology that enables us quick and high-throughput expression
analyses between specific tumour type and normal, healthy tissue on a greater scale (Calvo et
al., 2005). Among 879 lncRNAs and their 477 potential mRNA targets we found high
expression variability as 1.5 fold-change cut-off showed 351 lncRNAs (Matjasic et al., 2017)
and 390 mRNAs to be differentially expressed in at least one glioma subtype. Microarray
results thus supported the hypothesis that lncRNAs and mRNAs, involved in glioma
development on epigenetic level, show changed expression in comparison to brain reference
RNA. Unsupervised hierarchical clustering upon similarity of gene expression, regardless of
any additional classification, showed there are some differences between molecularly
(microarray results) and histologically defined subtypes (Walker et al., 2003; Reme et al.,
2013). Especially for the astrocytic tumours which showed more variability in comparison to
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histopathologically determined subtypes. Glioma show high inter-tumour heterogeneity, which
is mostly characterized by distinct genetic alterations and allows classification of these
tumours in different molecular subtypes while they can exhibit similar morphological features,
and also high intra-tumour heterogeneity, potentially leading to differences in treatment
outcome (Friedmann-Morvinski, 2014).

Microarrays are most commonly used only to identify predictive genes or pathways that might
aid in diagnosis or sample classification rather than to be used as diagnostic tool (Macgregor
and Squire, 2002; Slonim and Yanai, 2009). And in addition, they are performed on a smaller
set of sample. Hence, the results obtained by microarrays need to be validated on a bigger set
of biological replicates, which is usually conducted by using quantitative real-time PCR
(qPCR) (Macgregor and Squire, 2002), the most precise, accurate and common method for
analyzing gene expression (Slonim and Yanai, 2009). We selected 10 lncRNAs and 10
mRNAs for further validation, and we successfully validated the microarray expression of
some genes completely, but for others observed opposite expression in specific subtypes.
Discrepancies in validating the microarray results could be due to the small number of
biological replicates analysed on microarrays, which thus might not reflect the real state, or
differences in the probes used for microarrays and those used for qPCR (Tarca et al., 2006). In
addition, differences are also possible because of the chance tumour sample was
misdiagnosed. The latter can be supported by the fact many glioma cases are morphologically
alike, contributing to high inter-observer variability (van den Bent, 2010). Similar expression
between oligodendroglioma and secondary GBM samples might result from the fact that
secondary GBM can progress also from oligodendroglioma and oligoastrocytoma (Louis et al.,
2007; Jaeckle et al., 2011; Ohno et al., 2012; Appin et al., 2013).
Some of the genes showed only low differences in tumours relative to normal brain (KDM5B,
KMT2E, HDAC1, DOT1L, KDM5B-AS1, RP11-264F23.3 (CCND2-AS1), and SNHG1);
however, even a small change in expression of some genes, like transcriptional factors, can
have an important biological effect (Tarca et al., 2006). Just recently, lncRNA RP11-264F23.3
(CCND2-AS1) was found significantly elevated in malignant glioma tissue and cell lines,
which could potentially enhance Wnt/β-catenin signalling pathways and promote glioma cell
proliferation and growth. As such it is a potential therapeutic target for the treatment of glioma

87

Matjašič A. Epigenetic modulators of signalling pathways in glioma development.
Doctoral dissertation. Ljubljana, University of Ljubljana, Faculty of Medicine, 2017.

(Zhang et al., 2016a), further highlighting the importance of searching not only mRNAs, but
also gliomagenesis-specific lncRNAs. Interestingly, our microarray results showed its
expression to be increased, but qPCR data showed decreased expression in all subtypes,
except in oligoastrocytoma. We found expression of several lncRNAs CTBP1-AS2, MEG3,
HAR1A, and KMT2E-AS1, and mRNAs KDM4C, ACTL6B, and WIF1 to be substantially
decreased in most or all glioma subtype and as such they might exhibit a tumour suppressive
role in glioma development (Zhou et al., 2012; Qin et al., 2014). On contrary, elevated
expression of mRNA BAZ1A and potentially also of HDAC1, CCND2, and KDM5B may
indicate their oncogenic function (Buschges et al., 1999; Campos et al., 2011). Regarding the
lncRNAs, elevated expression of LOC285758 and its association to the loss of cytosine
methylation (further discussed) and higher malignancy grade suggests an oncogenic function
of this lncRNA in glioma biogenesis (Matjasic et al., 2017). Expression signature and(or)
functional role for some of the validated genes were already established in tumours, including
glioma, and further corroborate our results (Benetatos et al., 2011; Lu et al., 2012; Zhou et al.,
2012; Kim et al., 2013; Revill et al., 2013; Yamamoto et al., 2013; Nakazato et al., 2016);
however, several (especially lncRNAs) have never been reported.

Despite morphological similarities glioma subtype do show subtype-specific events and
diverse molecular mechanisms of development (Zhang et al., 2012; Ohgaki and Kleihues,
2013; Ceccarelli et al., 2016; Louis et al., 2016). Gene expression patterns have been used by
multiple research groups to molecularly classify glioma tumours (Zhang et al., 2012; Wang et
al., 2016). Numerous studies underline the association of changed expression profiles of
specific lncRNAs with tumour histological grade, which therefore may be used as diagnostic
and prognostic biomarkers (Esteller, 2011; Li et al., 2013) (also Matjašič et al., 2017b). It is
why we also expected to find new (epi)genetic factors that are potentially subtype-specific and
also significantly differ with level of malignancy (WHO grade). Using Pearson’s correlation
method, we aimed to search for differences in glioma subtype and malignancy grade. Among
validated genes we found several lncRNAs (LOC285758, SNHG1, KDM5B-AS1, KMT2E-AS1
(RP11-325F22.4), HAR1A, CTBP1-AS2, and SPRY4-IT1) and mRNAs (KDM5B, BAZ1A,
HDAC1, DOT1L, and ACTL6B) to be significantly associated with glioma subtype and/or
malignancy (low (I-II) versus high (III-IV)) grade (LOC285758, KDM5B-AS1, KMT2E-AS1,
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HAR1A, CTBP1-AS2, BAZ1A, KDM4C, DOT1L, and WIF1). Results supported our hypothesis
that glioma tumours of different histopathological features and malignancy grades have
different expression profiles of certain lncRNAs and mRNA, and thus potentially diverse
epigenetic pathways.

The search for lncRNA potential coding targets was based on expression profile similarity; we
found 400 potential lncRNA-mRNA associations for 184 lncRNAs and 171 mRNAs. Gene
enrichment analysis showed that most of the mRNA target genes are involved in chromatin
remodelling and modifications, transcription factor binding and transcription regulation. The
majority of target mRNAs was located to the nucleus and nucleoplasm, which is of no
surprise, as microarray probes are selected based on their epigenetic functions. One of key
chromatin remodelling complexes is the SWI/SNF family, involved in histone binding and
chromatin organization (Tang et al., 2010). Genes encoding the proteins of the complex were
also found to be potential targets of lncRNA regulators. Another important chromatin
modifiers, also shown as lncRNA targets, are proteins of the Polycomb group (PcG), forming
nuclear multi-subunit Polycomb Repressive Complexes (PRC1s) and functioning as
chromatin-based transcriptional repressors (Rose et al., 2016). The WNT/β-catenin signalling
pathway exhibits complex roles in cancer, regulating various key processes of tumour
progression, including initiation, growth, cell differentiation and death. The hallmark of is the
activation of β-catenin-mediated transcriptional activity. Our validated mRNA WIF1 is a
WNT-inhibitor factor, which consequently indirectly promotes the recruitment of histone
deacetylases (HDACs) and epigenetic repression of WNT-downstream genes. WNTs are
glycoproteins that act as short-range ligands to activate receptor-mediated signalling pathways
(Anastas and Moon, 2013; Yang et al., 2016). As mentioned above, Wnt/β-catenin signalling
pathways may possibly be affected by deregulated expression of lncRNA RP11-264F23.3
(Zhang et al., 2016a), which subsequently affects downstream ligands or processes. It may
also affect the expression of HDAC1, one of the most important epigenetic regulators of gene
transcription and key element in the control of cell proliferation and differentiation, as we
found positive, although moderate expression correlation between the two genes.
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Our results showed that these differentially expressed mRNAs and lncRNAs may play
important roles in glioma development, which provides basic information for defining the
mechanisms that drive the biogenesis of glioma tumours. As observed, one of the important
pathways being affected by changed expression of lncRNAs and mRNAs as well is the Wnt/βcatenin signalling pathway.

5.2.

ARE CHANGES IN lncRNA/mRNA EXPRESSION A CONSEQUENCE OF
CHANGED METHYLATION STATUS?

Epigenetic alterations have been attributed as pathogenic mechanism driving the initiation and
progression of several complex diseases. They play an important role in gliomagenesis and
patients survival through mediating gene expression (most commonly in gene silencing
through gene promoter methylation), and also by association with chromosomal instability,
induction of splice variants, epigenetic mutations, alterations in enhancer regions, changes in
miRNA binding regions and expression control regions (Smith et al., 2014). DNA methylation
is by far the best characterized epigenetic regulatory mechanisms and the most common
epigenetic modification found in tumour cells (Shi et al., 2013). Methylation patterns differ
among various tissue-types and cell-types (Alelu-Paz et al., 2012), which means the cell/tissue-specific methylation status could be a useful molecular biomarker. It is an important
regulatory mechanism of also the lncRNA’s expression, resulting in activation of silent
lncRNAs (Bian et al., 2014). In glioma, epigenetic alterations and mechanisms are relatively
unexplored.
By using the MS-HRM method, we determined the methylation pattern of promoter of 18
validated genes. We expected to find some changes in methylation status of differentially
expressed genes, and also between glioma subtypes, since they show different genetic
background and distinctive signalling pathways (Pojo and Marques Costa, 2011). Promoter of
eleven genes (lncRNAs HAR1A, KDM5B-AS1, KMT2E-AS1, and SNHG1, and mRNAs:
DOT1L, HDAC1, KDM4C, KMT2E, KDM5B, BAZ1A, and CCND2) was found un-methylated
both in tumour samples and normal brain controls. We found changed methylation pattern for
seven genes (lncRNAs MEG3, CTBP1-AS2, LOC285758, RP11-264.F23.3, and NCKAP5L,
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and mRNAs ATRX and WIF1) and there was a significant association with its expression,
although found only for WIF1, LOC285758 and MEG3. Supporting our results, expression of
MEG3 was previously found to be a consequence of promoter hyper-methylation mediated by
DNMT1, one of key epigenetic modificators (Li et al., 2016), further highlighting the
epigenetic alterations of lncRNAs. In comparison to control brain DNA, WIF1 was hypermethylated in 42% of the samples. Changes in methylation of WIF1 promoter were already
associated with different cancer types (Veeck et al., 2009; Paluszczak et al., 2015) and hypermethylated gene was also considered as an unfavourable prognostic marker (Lee et al., 2013;
Paluszczak et al., 2015). The association of expression and changes in methylation status has
also been previously observed for LOC285758; however, it was not cancer related (Punzi et
al., 2014).
ATRX is a chromatin remodeler, belonging to the SWI/SNF family of chromatin remodelling
proteins. It is X-linked (Ratnakumar and Bernstein, 2013) and as such it is probably
epigenetically regulated. However; its loss of expression in glioma is a consequence of present
mutations, leading to diverse epigenetic alterations (Cai et al., 2015). We found methylated
ATRX promoter only in samples belonging to female, whereas, in all male samples ATRX was
un-methylated.

Expression of genes that did not show any methylation changes might also be epigenetically
regulated. Differences in expression levels could be a consequence of epigenetic modification
of histones and/or alterations in chromatin-remodelling complexes that determine the dynamic
state of the chromatin and modulate gene expression (beside DNA methylation). Or perhaps
alterations in gene expression are a consequence of mutations in regulators of the epigenome,
highlighting the interconnection of genetic and epigenetic alterations in cancer (Plass et al.,
2013).

Altered methylation of RP11-264F23.3, LOC285758 and WIF1 was in an inverse relation to
WHO malignancy grade, showing methylation also changes with tumour progression as
higher-grade tumours were more frequently un-methylated. Promoter of LOC285758 was
found un-methylated in almost all primary GBM samples versus variable status in secondary
GBM. This variation in DNA methylation might be associated with secondary GBM
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developing through low-grade astrocytic precursors (Ohgaki and Kleihues, 2013), since we
found almost all astrocytic tumours of lower grades methylated. It could also indicate that
methylation pattern of lncRNA’s promoter could change as the tumour progresses.
We chose the MS-HRM method for determining methylation status of gene’s promoter as it is
simple, fast and highly sensitive; even one single base substitution can be observed as a
significant fluorescence drop and melting peak shift (Wojdacz and Dobrovic, 2007; Switzeny
et al., 2016). However, there are limitations as MS-HRM method targets a relatively short
region (optimally up to 200 bp), which encompasses a limited number of CpG. To obtain
reliable results choosing the appropriate region of interest and designing adequate primers to
cover the region is of great importance and can be challenging. Also, a step of treating DNA
with the bisulfite is the first crucial step, since incomplete bisulfite conversion of unmethylated cytosine will be interpreted as methylated change in the subsequent quantification
step using any technology and will, therefore, yield a false positive result (Weller et al., 2010).

5.3.

POTENTIAL VALUE OF EXPRESSION AND(OR) METHYLATION PROFILE AS
GLIOMA BIOMARKERS

Expression and methylation patterns show to be tissue/cell-type and even cancer-type specific,
and can significantly differ between tumour subtypes (Bian et al., 2014), and as such are
potentially useful as prognostic/predictive biomarkers with added diagnostic value. With the
exception of determining the loss of heterozygosity of 1p19q in oligodendroglioma and
IDH1/2 gene mutational status in all glioma subtypes (Cohen and Colman, 2015; Louis et al.,
2016) other reliable molecular biomarkers have not yet been determined. Both biomarkers
were just recently incorporated in routine clinical characterization and classification of glioma
(Louis et al., 2016). Epigenetically, methylation status of MGMT gene promoter was
associated with favourable prognosis of glioma, especially for GBMs (Christians et al., 2012;
Fietkau et al., 2013; Smrdel et al., 2016). By using the MLPA (multiplex ligation-dependent
probe amplification) method we determined the status of already known glioma markers and
further established the association of their status with gene expression and methylation
patterns. We found mutated IDH1 gene (all but one sample (R132C) showed the change
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R132H) in 46% of all tumours analysed, with the exception of primary GBMs (only one
sample had the mutation), which corroborates previous findings (Watanabe et al., 2009; Cohen
et al., 2013). We did not find any mutations in the IDH2 gene, which are relatively uncommon
in comparison to IDH1 gene (Hartmann et al., 2009). Our results also confirm the observation
that 1p and 19q are most frequently co-deleted in oligodendroglioma (French et al., 2005a).

We found the expression of several genes in significant relation with IDH1, 1p19q
co-deletion, CDKN2A/B and MGMT. Mutations in IDH1/2 are the initiating pathogenic events
and they appear to dramatically alter cellular epigenomic landscapes; however, mechanisms of
these events have not been characterized (Kannan et al., 2012). We did not observe any
association between changes in methylation patterns and mutated IDH1 gene, but found
changes in methylation pattern of lncRNA LOC285758 and RP11-264F23.3 in regard to
1p19q co-deletion. Methylation/demethylation of the gene promoter is associated with lower
or higher levels of gene expression and with different status of already established glioma
biomarkers, and as such it may represent a potential biomarker of individual glioma subtype.
Interestingly, expression of none of the lncRNAs was associated with loss of CDKN2A/B, but
the expression of mRNA CCND2 was, which is not of a great surprise as all are important
components of the cell cycle process (Buschges et al., 1999; Jeong et al., 2016).

Our results confirm previously identified association of IDH mutation status and 1p19q
co-deletion with favourable prognosis (Siegal, 2015), and also the homozygous deletion of
CDKN2A/B with poor prognosis (Reis et al., 2015). Mutated IDH1 is prognostically
favourable for patients with astrocytic tumours (Sanson et al., 2009). We found the expression
of several validated genes to be positively associated with IDH1 status and expression of two
inversely associated. The loss of 1p and 19q chromosome arms (Cohen and Colman, 2015) is
also prognostically favourable and is predictive biomarker of improved survival, and
expression of several lncRNAs and mRNAs differed in regard to the loss of 1p19q.

Expression of lncRNAs is deregulated in several types of cancer and has been associated to
pathophysiological characteristics of tumour growth, therefore, they can be considered as a
promising diagnostic tool and a convenient prognostic biomarker (Liu et al., 2015). More and
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more lncRNAs are found showing prognostic value in glioma tumours. Just recently, Gao et
al. reported finding higher levels of lncRNA ZFAS1 as an independent unfavourable
prognostic factor (Gao et al., 2017). Similarly, also high expression of NEAT1 (He et al.,
2016) and HOTAIR (Zhang et al., 2013) was found associated with poor prognosis. KaplanMeier survival plots showed decreased expression of lncRNA MEG3 and HAR1A, and mRNA
KDM4C associated with poorer survival. On contrary, lower expression of lncRNAs
KDM5B-AS1, KMT2E-AS1 and SPRY4-IT1, and mRNA DOT1L showed favourable
association with patients’ survival probability. In concordance to our results, expression of
SPRY4-IT1 was found to be elevated in different glioma subtypes and glioma cell lines, and
associated with poorer overall survival (Liu et al., 2015; Zhou et al., 2016). We observed a
decreased expression of SPRY4-IT1 in tumour samples with mutated IDH1, regardless of the
1p19q loss. Differences in survival probability were also observed for changed methylation
patterns of lncRNAs LOC285758, CTBP1-AS2 and RP11-264F23.3, where the un-methylated
gene’s promoter was associated with unfavourable prognosis. In addition, patients with
methylated promoter of RP11-264F23.3 showed longer overall survival (approximately 3
years). Multivariate Cox regression showed the expression of lncRNAs KDM5B-AS1 and
KMT2E-AS1 as a potential independent prognostic factor. Higher expression of KDM5B-AS1,
also known as PCAT6, was already shown to be associated with poorer overall survival as its
knockdown significantly inhibits cellular proliferation and metastasis, and induces cancer cell
apoptosis (Wan et al., 2016). In contrast, there is no reported evidence of KMT2E-AS1
expression association in any type of cancer. Our results show favourable prognosis for
patients with lower expression levels. In our study we did not determined the exact function of
the gene, but these results could suggest the potential oncogenic role of KDM5B-AS1 and
KMT2E-AS1 in glioma.

During the past two decades an enormous progress in understanding of the biology and
(epi)genetic landscape of glioma has been made. Molecular studies have revolutionized the
standard classification of glioma subtypes based on their morphological features. Several
molecular biomarkers are now used for glioma characterization, most known and used in
routine diagnosis are IDH mutation status and co-deletion of chromosome arm 1p and 19q.
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There are additional biomarkers, such as TP53, ATRX and EGFR mutation status, MGMT
methylation and change in CDKN2A and CDKN2B copy number (Liang et al., 2005; Qu et al.,
2007; Riemenschneider and Reifenberger, 2009; Ohgaki and Kleihues, 2011; Lu et al., 2012;
Cohen et al., 2013; Sahm et al., 2014; Siegal, 2015). A multi-layered diagnostic approach
combines histological features and molecular information in an "integrated diagnosis" (Louis
et al., 2016), which markedly changed glioma diagnostics and has important implications for
future development and clinical translation of novel therapeutic approaches (French et al.,
2005b; Weller et al., 2010; Mellai et al., 2013; Reifenberger et al., 2016). Alterations in gene’s
expression level (Shai et al., 2003; Freije et al., 2004; Liang et al., 2005) and differences in
methylation profile (Hegi et al., 2005; Weller et al., 2010) also show a potential prognostic
significance, further highlighting the importance of tumour’s genetic background as important
factor in determining patient’s prognosis (French et al., 2005a; Cheng et al., 2016).
Our results contribute additional information for greater understanding of the genetic and
epigenetic background of patients with glioma. They also contribute to identification of
gliomagenesis-related lncRNAs and mRNAs on epigenetic level, and highlighting the value of
lncRNAs functioning as epigenetic modulators of signalling pathways of glioma development.
Our data of some lncRNAs and mRNAs are the first in analysing their expression in
association with glioma. They revealed numerous are widely expressed in glioma and thus
once again acknowledge the complexity of the brain and brain tumours, and interweaving of
different

molecular levels. Gene expression-based molecular classification of the

histopathologically indistinguishable tumours contributes to a better understanding of the
tumour heterogeneity, help us design better therapies against malignant glioma and avoid
tumour recurrence (Liang et al., 2005; Friedmann-Morvinski, 2014). All in all, our work
shows expressional screening is an efficient method in the search of new potential
diagnostic/prognostic biomarkers and represent guidelines for further research. They form the
foundation for further research of signalling pathways in glioma development and also raise
their potential as therapeutic targets, since more and more evidence show their important
regulating nature.
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6. CONCLUSIONS (ZAKLJUČKI)
6.1.

CONCLUSIONS

Based on the results of our analysis included in this dissertation we can conclude the
following:
 Expression profiling is still one of the most efficient screening methods for searching the
genes potentially involved in tumorigenesis, as it is quick and allows us to
simultaneously analyse numerous genes in just one experiment.
 We found numerous lncRNAs and mRNAs, involved in epigenetic cellular pathways
and mechanisms, showing significantly changed expression, which once again confirm
high genetic variability of glioma tumours and between glioma subtypes.
 For both lncRNAs and mRNAs we observed higher number of genes showing decreased
expression (with the exception of mRNA expression in secondary GBM).
 By comparing similarities in microarray-determined expression, we found 400 potential
lncRNA-mRNA pairs for 184 lncRNAs and 171 mRNAs. Gene enrichment analysis
showed that most of the mRNA targets are involved in chromatin remodelling and
modifications, transcription factor binding and transcription regulation.
 Target gene-related pathway analysis showed target genes to be involved in lysine
degradation and signalling pathways regulating pluripotency of the stem cells.
 Many lncRNAs found differentially expressed have not yet been associated with glioma.
 Expression profiles of certain lncRNAs/mRNAs significantly differ between histological
glioma subtypes (lncRNAs: LOC285758, SNHG1, KDM5B-AS1, KMT2E-AS1, HAR1A,
CTBP1-AS2, and SPRY4-IT1; mRNAs: KDM5B, BAZ1A, HDAC1, DOT1L, and
ACTL6B) and as such have a strong potential as additional classification biomarkers.
 Expression profiles also differ in regard to the WHO malignancy grade (LOC285758,
KDM5B-AS1, KMT2E-AS1 (RP11-325F22.4), HAR1A, CTBP1-AS2, BAZ1A, KDM4C,
DOT1L, and WIF1).
 One of the important pathways being affected by changed expression of lncRNAs, and
mRNAs as well, is the Wnt/β-catenin signalling pathway.
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With these conclusions we can confirm our hypothesis: lncRNAs and mRNAs involved in
glioma development on epigenetic level show changed expression in comparison to brain
reference RNA. Gliomas of different histopathological features and malignancy grades have
different expression profiles of certain lncRNAs and mRNA, and thus diverse epigenetic
pathways.

 We found changed methylation pattern for gene WIF1, ATRX, MEG3, NCKAP5L,
LOC285758 and RP11-264F23.3, and there was a significant correlation with its
expression found for WIF1, LOC285758 and MEG3.
 Change in methylation pattern of RP11-264F23.3, LOC285758 and WIF1 was in an
inverse relation to WHO malignancy grade, showing methylation also changes with
tumour progression as higher-grade tumours were more frequently un-methylated.
 Expression of several lncRNAs and mRNAs was associated with the IDH1 mutations
and the 1p19q co-deletion, and the latter was also associated with the change in
methylation of two lncRNAs.
 Expression of mRNAs BAZ1A, HDAC1, DOT1L and WIF1 was associated with patient’s
age at diagnosis (younger versus older than 45 years at time of diagnosis).
 Decreased expression of MEG3, HAR1A, CTBP1-AS2, and ACTL6B correlates with
shorter survival.
 Increased expression of KDM5B-AS1, KMT2E-AS1 and CCND2 was correlated to
poorer survival.
 Multivariate Cox-regression analysis showed patient’s age at diagnosis (younger or
older than 45), promoter methylation of lncRNA CTBP1-AS2I, and expression of
lncRNAs KDM5B-AS1 and KMT2E-AS1 as potentially independent prognostic variables.

With these conclusions we can confirm our hypothesis: Methylation/demethylation of the gene
promoter is associated with lower or higher levels of gene expression, and as such it
represents potential biomarker of individual glioma subtype, although we found change in
methylation for only a few genes analysed.
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6.2.

ZAKLJUČKI

Na podlagi rezultatov, vključenih v doktorski nalogi, lahko podamo sledeče zaključke:
 Določanje profila izražanja genov je še zmeraj ena izmed najučinkovitejših presejalnih
metod iskanja genov, ki so morebiti vključeni v procese tumorogeneze. Metoda je hitra
in nam omogoča istočasno analizo izražanja velikega števila genov v enem samem
eksperimentu.
 Našli smo številne lncRNA in mRNA, ki so vključene v epigenetske signalne poti in
mehanizme in imajo bistveno spremenjeno izražanje. Slednje znova potrjuje veliko
genetsko raznolikost glialnih tumorjev, celo med posameznimi podtipi gliomov.
 Tako za lncRNA kot mRNA smo zasledili večje število genov z znižanim izražanjem (z
izjemo izražanjem mRNA pri sekundarnih glioblastomih).
 Na podlagi sprememb v izražanju 184 lncRNA in 171 predvidenih tarčnih mRNA smo
odkrili 400 morebitnih parov lncRNA-mRNA. Analiza genske ontologije je pokazala, da
so predvidene tarčne mRNA vključene v različne biološke procese, kot sta npr.
modifikacija

kromatina

in prepisovanje,

večina

pa

ima

molekularno

vlogo

transkripcijskega faktorja ali epigenetskega modulatorja.
 Analiza vključenosti mRNA v signalne poti je pokazala, da je največ genov vključenih v
proces katabolizma lizina in signalne poti, ki regulirajo pluripotentnost matičnih celic.
 Mnoge lncRNA z značilno spremenjenim izražanjem še niso bile povezane z gliomi.
 Profil izražanja nekaterih lncRNA in mRNA, vključenih v validacijo, se značilno
razlikuje med histološkimi podtipi gliomov (lncRNA: LOC285758, SNHG1, KDM5BAS1, KMT2E-AS1, HAR1A, CTBP1-AS2 in SPRY4-IT1; mRNAs: KDM5B, BAZ1A,
HDAC1, DOT1L in ACTL6B) in je lahko v pomoč pri nadaljnjem razvrščanju glialnih
tumorjev.
 Profil izražanja nekaterih lncRNA in mRNA se značilno razlikuje tudi glede na WHO
stopnjo malignosti (LOC285758, KDM5B-AS1, KMT2E-AS1 (RP11-325F22.4), HAR1A,
CTBP1-AS2, BAZ1A, KDM4C, DOT1L in WIF1).
 Ena izmed pomembnejših signalnih poti, ki je motena zaradi spremenjenega izražanja
lncRNA in mRNA je Wnt/β-katenin signalna pot.
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Glede na te zaključke lahko potrdimo našo hipotezo, da lncRNA in mRNA, vključene v razvoj
glialnih tumorjev na epigenetski ravni, kažejo bistveno spremenjeno izražanje v primerjavi z
zdravimi možgani. In nadalje, gliomi z različnimi histopatološkimi značilnostmi in stopnjo
malignosti izkazujejo različen profil izražanja določenih lncRNA in mRNA ter lahko imajo
različne epigenetske poti.

 Našli smo spremenjen vzorec metilacije v promotorju sledečih genov: WIF1, ATRX,
MEG3, NCKAP5L, LOC285758 in RP11-264F23.3 ter statistično značilno korelacijo z
izražanjem gena WIF1, LOC285758 in MEG3.
 Spremembe v metilacijskem vzorcu promotorja RP11-264F23.3, LOC285758 in WIF1
so bile v obratnem razmerju s stopnjo malignosti, kar nakazuje, da se metilacija
spreminja tudi z napredovanjem tumorja, saj so pri bolj malignih tumorjih geni
pogosteje nemetilirani.
 Izražanje nekaterih lncRNA in mRNA je v povezavi z mutacijskim statusom gena IDH1
in kodelecijo 1p19q; pri slednjem smo našli povezavo tudi s spremembo v metilaciji
promotorja dveh lncRNA.
 Izražanje mRNA BAZ1A, HDAC1, DOT1L in WIF1 je bilo povezano s starostjo bolnika
ob postavitvi diagnoze (primerjava mlajših od in starejših od 45 let).
 Zmanjšano izražanje MEG3, HAR1A, CTBP1-AS2 in ACTL6B ter zvišano izražanje
KDM5B-AS1, KMT2E-AS1 in CCND2 je povezano s krajšim preživetjem.
 Analiza multivariatne Coxove regresije je pokazala, da izražanje lncRNA KDM5B-AS1
in KMT2E-AS1 izkazuje potencial neodvisnega prognostičnega dejavnika.

S temi sklepi lahko potrdimo podano hipotezo, da je metilacija/demetilacija promotorja gena
povezana z njegovim spremenjenim izražanjem in predstavlja morebitnega diagnostičnega
biooznačevalca posameznega podtipa gliomov, čeprav smo spremenjen vzorec metilacije
ugotovili le pri nekaterih validiranih genih.
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7. SUMMARY (RAZŠIRJEN POVZETEK)
7.1.

SUMMARY

Despite many research in the biology of glioma, the most common primary brain tumours, the
genetic background of their development and progression remains poorly characterized.
Glioma are clinically extremely heterogeneous primary brain tumours that are presenting a
great challenge in clinical oncology. This heterogeneity of glioma subtypes is reflected in the
lack of knowledge about the exact mechanisms leading to tumour formation and progression,
subsequently leading to less accurate classification, choosing the appropriate treatment and
patient’s outcome. In recent time long non-coding RNAs (lncRNAs) are becoming more and
more recognized as an important part of glioma pathology. They have a crucial role in
development of the brain and neuron function- They are known to have an important role in
regulating the expression of numerous protein-coding genes through modulating their
transcription and translation or reducing their stability, also through epigenetic mechanisms,
and in cancer an aberrant gene expression has a crucial developmental role. Like for mRNAs,
expression of some lncRNAs is cell-type or tissue-type specific and an aberrant expression of
several lncRNAs has been in correlation with specific tumour type. As such they represent
potential biomarkers, and overall it is becoming unequivocally that many lncRNAs play a key
role in glioma formation and development.

The primary aim of our research was to find new genetic factors that potentially contribute to
development of glioma tumours, since the comparative studies of gene expression showed we
can arrange glioma in different subtypes upon similar expression patterns. In first part of the
research we used an ArrayStar microarray technology to determine expression profiles of
epigenetically involved lncRNAs and their potential coding targets related to epigenetic
signalling pathways on a smaller set of histologically different glioma samples. We found 351
lncRNAs and 390 mRNAs showing significant differences in transcript level in at least one
glioma subtype, which once again supported the complex genetic nature of glioma tumours.
We found expression of lncRNAs to be more variable between the subtypes. Through
lncRNA-mRNA expressional integrative analysis we found 171 lncRNA-potential mRNA
targets, which are involved in various transcription processes by regulating the activity of
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transcription factors, chromatin remodelling and methylation (GeneOntology analysis). We
validated the microarray expression results of a few selected lncRNAs and mRNAs; however,
not all results were in concordance. Nevertheless, we found several potential genes showing
distinctive expression levels in different glioma subtypes (lncRNAs LOC285758, SNHG1,
KDM5B-AS1, KMT2E-AS1, HAR1A, CTBP1-AS2, and SPRY4-IT1, and mRNAs KDM5B,
BAZ1A, HDAC1, DOT1L, and ACTL6B) and WHO malignancy grade (LOC285758, KDM5BAS1, KMT2E-AS1 (RP11-325F22.4), HAR1A, CTBP1-AS2, BAZ1A, KDM4C, DOT1L, and
WIF1).
Expression of many genes is regulated by diverse epigenetic mechanisms and among them
DNA methylation is the most common epigenetic modification found in tumour cells. We seek
to establish if changes in expression levels of mRNA and lncRNA as well are a consequence
of changed methylation status, and moreover, if there are differences in methylation patterns
of gene’s promoter between glioma subtypes. In addition, we compared lncRNA and mRNA
expression and methylation results with histological classification (presumed cell of origin and
malignancy grade) and classification based on glioma markers that are routinely used in
clinical practice to establish their value as potential candidate biomarkers.
Thus, for the second part of dissertation, we used the MS-HRM method to determine
methylation status of our 20 selected genes. We found mRNA genes to be mostly unmethylated, since only 2 genes out of 10 showed changed methylation. On contrary, among 10
lncRNAs 5 of them showed alterations of methylation. We found the expression of three genes
significantly associated with methylation. In addition, using the MLPA we determined the
status of already known and clinically relevant glioma biomarkers, and found expression of
some of the genes to be significantly associated.

Using Kaplan-Meier survival estimate and multivariate Cox regression, we also evaluated the
change in expression and promoter methylation for their potential prognostic value.
Expression of mRNAs BAZ1A, HDAC1, DOT1L and WIF1 was associated with patient’s age
at diagnosis. Expression of MEG3, HAR1A, CTBP1-AS2 and ACTL6B is decreased in
comparison to reference brain RNA and lower levels are correlated to shorter survival.
Increased expression of KDM5B-AS1, KMT2E-AS1 and CCND2 was correlated to poorer
survival. Multivariate Cox-regression analysis showed patient’s age at diagnosis (younger or
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older than 45), promoter methylation of lncRNA CTBP1-AS2I, and expression of lncRNAs
KDM5B-AS1 and KMT2E-AS1 as potentially independent prognostic variables.

We can conclude the microarray expression profiling proved useful for identifying novel (non)coding genes involved in epigenetic pathways of glioma development as we determined
several candidate lncRNAs and mRNAs. Furthermore, we found a distinctive gene’s
expression and methylation patterns in different histological subtypes, which may contribute
an additional diagnostic value in histopathological classification of glioma tumour. As
observing high molecular variability, results open numerous further questions and present the
foundation for further research of signalling pathways in glioma development, and also being
potential therapeutic targets, since more and more evidence show their important regulating
nature. However, our research is more basic and does not show or determines the exact
mechanism of ncRNAs in tumour development, but it does show that the analyses of
expressional screening are efficient in the search of new potential diagnostic/prognostic
biomarkers, or represent guidelines for further research.
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7.2.

RAZŠIRJEN POVZETEK V SLOVENSKEM JEZIKU

Opredelitev problema
Gliomi so najpogostejši primarni možganski tumorji pri odraslih (približno 80%), so izjemno agresivne
narave in v veliki meri še zmeraj neozdravljivi (Louis, 2006; Pojo and Marques Costa, 2011). Kljub
številnim raziskavam v biologiji gliomov pa je genetsko ozadje njihovega nastanka in razvoja še
zmeraj slabo opredeljeno. V zadnjem času so dolge nekodirajoče RNA (angl. lncRNA) vedno bolj
prepoznane kot pomemben dejavnik nastanka gliomov. Imajo eno ključnih vlog pri razvoju možganov
in funkcije nevronov (Wu et al., 2013), saj so mnoge izmed pogosto izraženih lncRNA v možganih v
genomu v neposredni bližini genov, ki kodirajo proteine (mRNA) in so ključni za normalen razvoj
živčnega sistema (Qureshi and Mehler, 2013). Za lncRNA je znano, da imajo eno izmed
pomembnejših vlog v regulaciji izražanja številnih mRNA, motnje v izražanju pa so izjemnega pomena
v procesu nastanka in nadaljnjega razvoja rakaste tvorbe. LncRNA uravnavajo proces prepisovanja in
prevajanja ter stabilnost mRNA-transkriptov tudi na podlagi epigenetskih mehanizmov (Mehler and
Mattick, 2007; Esteller, 2011). Veliko primerov histološko različnih podtipov gliomov kaže
medsebojno zelo podobne fenotipske značilnosti, zaradi česar je postavitev natančne diagnoze samo na
podlagi histološki značilnostih otežena in nagnjena k napačni opredelitvi, kar posledično lahko privede
do zmanjšanega učinka zdravljenja (Louis, 2006; Pojo and Marques Costa, 2011). Vendar pa raziskave
na molekularnem nivoju kažejo, da (lahko) imajo različni vzorci gliomov za podtip-specifične zgodnje
genetske dogodke in različne molekularne mehanizme (Ohgaki and Kleihues, 2013), kar je mnoge
raziskovalce spodbudilo k iskanju novih genetskih dejavnikov in molekularnih poti, ki vodijo k
transformaciji normalnih celic v tumorske oziroma razvoju tumorja. Dejavniki so kot taki lahko
uporabljeni kot biološki označevalci, ki posredujejo dodatno znanje o poteh, vključenih v nastanek
tumorja in so lahko koristni pri postavitvi natančnejše diagnoze. Prav tako so lahko koristni pri izbiri
ustreznega zdravljenja in razvoju novih terapevtskih pristopov, kar prispeva k boljši prognozi
(Goossens et al., 2015). Primerjalne študije izražanja genov kažejo, da lahko gliome na podlagi
podobnosti med vzorci izražanja razporedimo v različne molekularne podtipe (Brat et al., 2015).
Podobno kot mRNA je tudi izražanje lncRNA tkivno-specifično, motnje v njihovem izražanju pa so v
povezavi s posameznimi tipi tumorjev. Glede na slednje lncRNA predstavljajo potencialne
biooznačevalce (Esteller, 2011; Gibb et al., 2011a; Li et al., 2013) in vedno bolj postaja jasno, da je
njihova vloga v nastanku in razvoju gliomov ena izmed ključnih.
Molekularno-genetske analize postajajo vedno pomembnejši del v diagnostiki rakavih obolenj. Glede
na agresivno naravo gliomov, nizko stopnjo preživetja in še posebej glede na odpornost tumorskih
celic proti uveljavljenim in (ali) novejšim načinom zdravljenja (Van Meir et al., 2010) je natančnejša
razjasnitev in opredelitev genetskega ozadja gliomov ter določitev novih biooznačevalcev toliko večja.
Namen in hipoteze
Primarni namen raziskave je bil najti nove genetske dejavnike, ki so morebiti vključeni v razvoj
glialnih tumorjev. Osredotočili smo se na določevanje profila izražanja lncRNA, ki so potencialno
vključene v epigenetske mehanizme in signalne poti ter izražanja potencialnih tarčnih mRNA, za
katere je že znano, da sodelujejo v epigenetskih procesih. Drugi dela naloge je sestavljen iz dveh delov
– določili smo metilacijski status promotorja gena (lncRNA/mRNA) s spremenjenim izražanjem in
nadalje ovrednotili potencial profila izražanja in vzorca metilacije kot nov biooznačevalec.
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V skladu z našim namenom smo oblikovali naslednje hipoteze:
-

lncRNA in mRNA vključene v razvoj gliomov na epigenetski ravni kažejo značilno spremenjeno
izražanje v primerjavi z zdravimi možgani (referenčno RNA).

-

Gliomi z različnimi histopatološkimi značilnostmi in različno stopnjo malignosti imajo različen
profil izražanja nekaterih lncRNA in mRNA ter tako različne epigenetske modulatorje.

-

Metilacija/demetilacija promotorja gena je povezana z njegovim spremenjenim izražanjem in
predstavlja morebitnega diagnostičnega biooznačevalca posameznega podtipa gliomov.

Profil izražanja lncRNA in mRNA histološko različnih podskupin gliomov
Za določitev profila izražanja večjega števila genov med specifičnim tumorskim tipom in normalnim,
zdravim tkivom smo uporabili tehnologijo mikromrež, saj metoda, v nasprotju z drugimi
molekularnimi metodami, ki omogočajo analizo posameznega gena ali nabor manjšega števila genov,
vključuje večje število genov ali gene določenih signalnih poti. Mikromreže tako tudi olajšajo
odkrivanje novih, z boleznijo povezanih genov in njihove potencialne vloge (Calvo et al., 2005). Z
uporabo mikromrež ArrayStar smo na naboru dvanajstih histološko različnih tipov gliomov (nadalje
razvrščenih v štiri podskupine gliomov) določili profil izražanja 879 lncRNA, vključenih v epigenetske
poti in 477 potencialnih tarčnih mRNA. Analiza profiliranja je pokazala množico 351 lncRNA in 390
mRNA z vsaj 1.5-večkratnikom spremembe v izražanju v vsaj eni podskupini gliomov (sliki 1 A in B)
ter 60 lncRNA in 72 mRNA v vseh štirih podskupinah.
Mikromreže niso uveljavljene kot diagnostično orodje, temveč se uporabljajo kot metoda za
identifikacijo genov z napovedno vrednostjo ali odkrivanje signalnih poti, ki bi lahko (dodatno)
prispevala k postavitvi natančnejše diagnoze. In ker so mikromreže običajno narejene na manjšem
številu vzorcev, je potrebno tako pridobljene rezultate za zanesljivejše ugotovitve preveriti na naboru
večjega števila bioloških vzorcev, za kar se običajno uporablja kvantitativni PCR v realnem času
(qPCR) (Slonim and Yanai, 2009). Ostrejši pogoji filtriranja rezultatov mikromrež so nam pomagali
zožiti nabor genov s spremenjenim izražanjem in na podlagi teh rezultatov smo za validacijo in
nadaljnje analize izbrali deset lncRNA in deset mRNA, katerih izražanje je bilo statistično značilno
spremenjeno v vsaj dveh ali pa v vseh štirih podskupinah gliomov (izbrane lncRNA: AK024556
(SPRY4-IT1), CTBP1-AS2, HAR1A, KDMB5-AS1, LOC285758, MEG3, NCKAP5L, RP11-264F23.3
(CCND2-AS1), RP11-325F22.4 (KMT2E-AS1) in SNHG1; in izbrane mRNA: ATRX, KDM5B,
KMT2E, BAZ1A, HDAC1, CCND2, DOT1L, WIF1 in ACTL6B).
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Slika 1. Prikaz rezultatov analize mikromrež vzorcev gliomov. Slika prikazuje spremenjeno izražanje lncRNA
(A) in mRNA (B) pri histološko različnih podskupinah gliomov v primerjavi z možgansko referenčno RNA.
Vrednosti izražanja (logaritemske vrednosti) so prikazane z barvno lestvico. Na vrhu slike je predstavljeno
nenadzorovano hierarhično grupiranje vzorcev glede na medsebojne podobnosti izražanja genov, na levi pa
grupiranje genov s podobnimi vrednostmi izražanja. Legenda: AC – astrocitom, GBM – glioblastom, ODG –
oligodendrogliom.

Validacijo smo izvedli na naboru 125 vzorcev razvrščenih na podlagi histoloških značilnosti oziroma s
strani nevropatologa postavljene diagnoze v pet podskupin: astrocitomi I+II+III; sekundarni GBM,
primarni GBM, oligodendrogliomi (II+III) in oligoastrocitomi (II+III) (slednji sicer niso bili vključeni
v analizo mikromrež, smo pa želeli preveriti izražanje izbranih genov tudi v tej skupini gliomov).
Rezultate mikromrež smo v celoti potrdili v primeru štirih lncRNA (LOC285758, CTBP1-AS2, HAR1A
in MEG3). Pri vseh podskupinah gliomov smo našli značilno povečano izražanje LOC285758 in
zmanjšano izražanje MEG3, HAR1 in CTBP1-AS2. Izražanje preostalih šestih lncRNA, ki smo ga
določili z analizo qPCR, se je pri nekaterih podskupinah gliomov ujemalo z rezultati mikromrež, a je
bilo v nasprotju pri drugih (slika 2). V primeru mRNA smo potrdili rezultate mikromrež v celoti za 6
mRNA (KDM4C, BAZ1A, HDAC1, KMT2E, CCND2 in WIF1). Med temi je bilo izražanje KDM4C,
KMT2E in WIF1 statistično značilno zmanjšano in izražanje BAZ1A, HDAC1 in CCND2 povečano v
vseh podskupinah (slika 3). Razlike v neujemanju rezultatov bi lahko bile posledica majhnega števila
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bioloških vzorcev posamezne podskupine analiziranih na mikromrežah ali pa so nastale zaradi razlik
med začetnimi oligonukleotidi, ki so bili uporabljeni na mikromrežah in tistimi, ki so bili uporabljeni
za validacijo s qPCR (Tarca et al., 2006). Izražanje nekaterih genov (KDM5B, KMT2E, HDAC1,
DOT1L, KDM5B-AS1, RP11-264F23.3 (CCND2-AS1) in SNHG1) se je v tumorskih vzorcih v
primerjavi z normalnimi možgani (referenčna RNA) le malo razlikovalo, vendar lahko že majhna
sprememba izražanja nekaterih genov, kot so na primer transkripcijski faktorji, povzroči velik biološki
učinek (Tarca et al., 2006).
Slika 2. Relativno izražanje (ΔΔCt) izbranih
lncRNA v različnih podskupinah gliomov,
določeno z mikromrežami (modri stolpci, n=12)
in nadaljnja validacija z uporabo qPCR (zeleni
stolpci, n=125). S qPCR določeni rezultati
izražanja so v skladu z rezultati mikromrež v
primeru štirih lncRNA (LOC285758, CTBP1-AS2,
HAR1A in MEG3), medtem ko se rezultati
preostalih šestih (NCKAP5L, SNHG1, RP11264F23.3, SPRY4-IT1, KDM5B-AS1 in KMT2E)
le deloma ujemajo. Legenda: AC – astrocitom,
sek.GBM – sekundarni GBM, prim.GBM –
primarni GBM, OAC – oligoastrocitom, ODG –
oligodendrogliom.

Rezultate, dobljene z metodo qPCR, smo nadalje uporabili za statistično obdelavo podatkov in
določevanje razlik v izražanju posameznega gena med različnimi podskupinami gliomov ter tako želeli
preveriti ali je izražanje specifično za določeno podskupino. Medsebojna primerjava podskupin je
pokazala največ statističnih razlik v izražanju lncRNA v primerjavi tako primarnih kot sekundarnih
GBM z drugimi tremi podskupinami. Med primarnimi in sekundarnimi GBM sta se statistično
razlikovale le lncRNA KDM5B-AS1 in KMT2E-AS1. V nasprotju z lncRNA pa smo največ statistično
značilnih razlik v izražanju mRNA ugotovili, ko smo primerjali astrocitome z drugimi štirimi
podskupinami.

106

Matjašič A. Epigenetic modulators of signalling pathways in glioma development.
Doctoral dissertation. Ljubljana, University of Ljubljana, Faculty of Medicine, 2017.
Slika 3. Relativno izražanje (ΔΔCt) izbranih
mRNA v različnih podskupinah gliomov,
določeno z mikromrežami (modri stolpci, n=12)
in nadaljnja validacija z uporabo qPCR (koralni
stolpci, n=125). S qPCR določeni rezultati
izražanja so v skladu z rezultati mikromrež v
primeru šestih mRNA (KDM4C, BAZ1A, HDAC1,
KMT2E, CCND2 in WIF1), medtem ko se
rezultati preostalih štiri (ATRX, ACTL6B, DOT1L
in KDM5B) le deloma ujemajo. Legenda: AC –
astrocitom, sek.GBM – sekundarni GBM,
prim.GBM – primarni GBM, OAC –
oligoastrocitom, ODG – oligodendrogliom.

mRNA kot potencialne tarče lncRNA
S primerjavo vzorcev izražanja lncRNA in mRNA, dobljenih z metodo mikromrež, smo predvideli
potencialne tarčne gene, ki kodirajo proteine. Na podlagi sprememb v izražanju 184 lncRNA in 171
predvidenih tarčnih mRNA smo odkrili 400 morebitnih parov lncRNA-mRNA. Analiza genske
ontologije (angl. Gene Ontology – GO) je pokazala, da so predvidene tarčne mRNA vključene v
različne biološke procese, kot sta npr. modifikacija kromatina in prepisovanje, večina pa ima
molekularno vlogo transkripcijskega faktorja ali epigenetskega modulatorja. Analiza vključenosti
mRNA v signalne poti (izvedena z analizo KEGG) je pokazala, da je največ genov vključenih v proces
katabolizma lizina (13 genov), z virusi-povzročeno karcinogenezo in poti, ki regulirajo pluripotentnost
matičnih celic.
Med potencialnimi tarčnimi mRNA najdemo gene, ki spadajo v družino SWI/SNF kompleksov. Ti
proteinski kompleksi so eni ključnih kompleksov vključenih v vezavo histonov in preoblikovanje
kromatina (Tang et al., 2010). Med pomembne modifikatorje kromatina, prav tako potencialne tarče
lncRNA, spadajo geni, ki kodirajo proteine Polycomb skupine (angl. Polycomb Group – PcG). Ti
proteini tvorijo podenoto Polycomb represivnih kompleksov (PRC1s), ki so v jedru in na ravni
kromatina zavirajo proces prepisovanja genov (Rose et al., 2016). Med ključnimi signalnimi potmi v
razvoju raka so tudi WNT signalne poti, ki so vključene v regulacijo številnih pomembnih bioloških
procesov, kot so celična delitev, diferenciacija in apoptoza. WIF1, ena izmed validiranih mRNA, je
inhibitor signalne poti WNT, ki posledično neposredno spodbuja delovanje histonskih deacetilaz
(HDACs) in tako epigenetsko utišanje genov vzdolž signalne poti WNT (Anastas and Moon, 2013).
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Ali je sprememba v metilaciji promotorja gena vzrok spremenjenega izražanja?
Metilacija DNA je eden ključnih epigenetskih mehanizmov uravnavanja izražanja genov in ena
najpogostejših epigenetskih sprememb pri raku (Shi et al., 2013). Kot se je izkazalo, vloga metilacije
DNA ni pomembna samo v uravnavanju izražanja mRNA ampak tudi v uravnavanju lncRNA (Bian et
al., 2014). Čeprav je spremenjena metilacija v promotorju gena O6-metilgvanin-DNA metiltransferaza
(MGMT) povezana z boljšo prognozo bolnikov z gliomom (Fietkau et al., 2013), pa je vpliv
epigenetskih sprememb in mehanizmov v razvoju gliomov še v veliki meri neraziskan. Tako kot
izražanje genov se lahko tudi vzorec metilacije značilno razlikuje med posameznimi tipi tkiv ali celo
celic (Alelu-Paz et al., 2012). To pomeni, da bi vzorec metilacije promotorja posameznega gena lahko
služil kot biooznačevalec z morebitno napovedno oziroma diagnostično vrednostjo. Zanimalo nas je,
ali je vzrok spremenjenega izražanja validiranih lncRNA in mRNA posledica sprememb v metilaciji
promotorja gena. Z uporabo metode metilacijsko-specifične talilne krivulje pri visoki ločljivosti (MSHRM) smo določili metilacijski status promotorja genov in dobljene rezultate nadalje uporabili za
primerjalno analizo. Nemetilirani promotor smo določili za naslednje lncRNA: HAR1A, KDM5B-AS1,
KMT2E-AS1 in SNHG1 ter mRNA: DOT1L, HDAC1, KDM4C, KMT2E, KDM5B, BAZ1A in CCND2.
Promotor vseh naštetih genov je bil prav tako nemetiliran v kontrolnih vzorcih možganov. Smo pa
spremembe v vzorcu metilacije odkrili pri lncRNA MEG3, CTBP1-AS2, LOC285758, RP11-264.F23.3
in NCKAP5L ter mRNA ATRX in WIF1. Z uporabo Pearsonovega korelacijskega koeficienta smo našli
statistično značilno povezavo med spremembo metilacije promotorja in nivojem izražanja gena v
primeru WIF1, LOC285758 in MEG3. Glede na stopnjo malignosti (razred WHO) so spremembe v
metilaciji RP11-264F23.3, LOC285758 in WIF1 v obratnem razmerju, saj so bili vzorci tumorjev višje
malignosti (razred WHO III in IV) pogosteje nemetilirani, kar pa nakazuje, da se metilacija lahko
spreminja tudi med napredovanjem tumorja. Vzorec metilacije se značilno razlikuje tudi med
posameznimi podskupinami gliomov, kar smo ugotovili v primerih lncRNA LOC285758 (slika 4A) in
RP11-264F23.3 (slika 4B).
Prav tako smo določili metilacijski status gena MGMT in rezultate uporabili v nadaljnji primerjalni
analizi sprememb v izražanju in metilaciji s statusom že uveljavljenih biooznačevalcev gliomov.
Ali spremenjeno izražanje in metilacija promotorja gena izkazuje potencial biooznačevalca
gliomskih tumorjev?
Z uporabo Pearsonovega korelacijskega koeficienta smo preverili ali obstaja povezava izražanja in (ali)
metilacije posameznega gena z že uveljavljenimi molekularnimi biooznačevalci gliomov, kot so
IDH1/2, TP53, CDKN2A/B, kodelecija 1p19q in metilacija promotorja gena MGMT ter
histopatološkimi lastnostmi, kot sta stopnja malignosti (WHO) in podskupine gliomov.
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Slika 4. Grafična predstavitev rezultatov izražanja in metilacije glede na posamezno podskupino gliomov za
lncRNA LOC285758 (A) in RP11-264F23.3 (B).

Ugotovili smo statistično značilne spremembe v izražanju več genov glede na stopnjo malignosti in
podskupino gliomov (lncRNA LOC285758, SNHG1, KDM5B-AS1, KMT2E-AS1, HAR1A, CTBP1AS2, in SPRY4-IT1 ter mRNA KDM5B, BAZ1A, HDAC1, DOT1L, in ACTL6B). Izražanje lncRNA
LOC285758, SNHG1 in KMT2E-AS1 ter mRNA ACTL6B je značilno povezano tako z mutacijskim
statusom gena IDH1 kot s kodelecijo kromosomskih ročic 1p in 19q. Spremembe v izražanju lncRNA
SPRY4-IT1 so bile značilno povezane s TP53 in IDH1 ter z izražanjem gena ATRX, vendar pa ne s
kodelecijo 1p19q. ATRX in kodelecija se izključujeta, kar bi lahko pomenilo, da se tudi izražanje
SPRY4-IT1 in kodelecija izključujeta in je izražanje dotične lncRNA bolj značilnost astrocitomov.
Zmanjšano izražanje lncRNA MEG3 in HAR1A ter mRNA KDM4C je povezano s slabšim preživetjem.
Nasprotno pa je zmanjšano izražanje lncRNA KDM5B-AS1, KMT2E-AS1 in SPRY4-IT1 ter mRNA
DOT1L povezano z boljšo prognozo (slika 5). Razlike v preživetju smo opazili tudi pri spremembi
metilacije v primerih lncRNA LOC285758, CTBP1-AS2 in RP11-264F23.3, saj je bila prognoza pri
vzorcih tumorjev z nemetiliranim promotorjem slabša. Analiza multivariatne Coxove regresije je
pokazala, da izražanje lncRNA KDM5B-AS1 in KMT2E-AS1 izkazuje potencial neodvisnega
prognostičnega dejavnika.

Na naslednji strani: Slika 5. Kaplan-Meier-jeve krivulje preživetja za spremenljivke, ki so pokazale statistično
značilne razlike v preživetju: (A) izražanje mRNA DOT1L in KDM4C, (B) izražanje lncRNA HAR1A, MEG3,
KDM5B-AS1, KMT2E-AS1, in SPRY4-IT1, (C) metilacijski status promotorja gena CTBP1-AS2, LOC285758,
RP11-264F23.3 in MGMT. Vrednost izražanja je opredeljena kot nizka ali visoka vrednost glede na izračunano
mediano izražanja za posamezni gen.
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Zaključki
V doktorski nalogi smo določili več novih in že odkritih dolgih nekodirajočih RNA, ki zelo verjetno
sodelujejo v procesih tumorogeneze gliomov in regulirajo izražanje nekaterih ključnih epigenetskih
modulatorjev. Tehnologija mikromrež se je izkazala kot učinkovit način določanja profila izražanja
genov in prepoznavanja novih nekodirajočih in kodirajočih genov, vključenih v signalne poti na
epigenetski ravni razvoja glialnih tumorjev. Glede na profil izražanja kažejo gliomi visoko stopnjo
variabilnosti, kar omogoča mnogo izhodišč za nadaljnje raziskave signalnih poti pri tvorbi in
napredovanju bolezni ter iskanju potencialnih terapevtskih tarč, tako med kodirajočimi kot tudi
nekodirajočimi geni. Rezultate mikromrež za določene gene smo preverili z uporabo qPCR metode in
dobljene rezultate nato uporabili za asociacijske analize. Ugotovili smo, da se vzorec sprememb v
izražanju nekaterih genov (lncRNA LOC285758, SNHG1, KDM5B-AS1, KMT2E-AS1, HAR1A,
CTBP1-AS2, in SPRY4-IT1 ter mRNA KDM5B, BAZ1A, HDAC1, DOT1L, in ACTL6B) in metilaciji
promotorja gena (LOC285758 in RP11-264F23.3) spreminja med posameznimi podtipi, kar bi lahko
bil dodaten diagnostični dejavnik pri določevanju histološkega podtipa gliomov. Prav tako se vzorec
izražanja in/ali metilacije lahko razlikuje glede na stopnjo malignosti. Ugotovili smo značilne razlike v
izražanju genov v povezavi z nekaterimi že uveljavljenimi biooznačevalci, kot so npr. mutacije v genu
IDH1/2, 1p19q ko-delecija in metiliranost promotorja gena MGMT, in potencialno prognostično
vrednost (lncRNA KDM5B-AS1 in KMT2E-AS1). Nekodirajoči geni so vedno bolj uveljavljeni kot
kritični dejavnik uravnavanja genov, ki kodirajo proteine in porušenje njihovega izražanja v veliki meri
prispeva k razvoju tumorjev. Čeprav naša raziskava ne razkrije točnega mehanizma delovanja lncRNA,
pa pokaže, da je določevanje profila izražanja učinkovit način iskanja novih potencialnih
diagnostičnih/prognostičnih biooznačevalcev oziroma predstavlja smernice za nadaljnje raziskave na
področju nekodirajočih RNA.
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SUPPLEMENTAL FILES
Figure S1. Scatter plots of lncRNAs and mRNAs expression in tumour samples in comparison to reference RNA, determined by
microarray profiling.
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Figure S2-A. Volcano plots of lncRNAs expression comparison between different glioma subtypes, determined by microarray
profiling.
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Figure S2-B. Volcano plots of mRNAs expression comparison between different glioma subtypes, determined by microarray
profiling.

126

