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 6 Summary 

Summary 

Glioblastomas without mutations in the isocitrate dehydrogenase (IDH) 1 or 2 gene, 

i.e., IDH-wildtype glioblastomas, are the most common and most malignant type of 

primary brain tumors in adults. Patients are treated with multimodal therapy consisting 

of surgical resection followed by radiotherapy and systemic chemotherapy with the 

DNA-alkylating drug temozolomide. Despite this aggressive therapy, IDH-wildtype 

glioblastoma remains a fatal disease and patient survival is poor as indicated by a 

median survival time of less than 2 years after diagnosis. Although there are growing 

insights into glioblastoma molecular genetics, only few molecular markers have been 

identified that may inform clinical decision making and guide therapy planning. 

Moreover, molecularly targeted therapies have failed in clinical trials to date and hence 

have not been implemented as a standard of care.  

Previously depicted as ‘transcriptional noise’, it is now clear that long non-coding RNAs 

(lncRNA) play important roles in many aspects of cell biology and disease 

pathogenesis, including cancer growth. Previous studies by other authors as well as 

data from the own research group showed that elevated expression of the lncRNA 

HOXA Transcript Antisense RNA, Myeloid-Specific 1 (HOTAIRM1) is correlated with 

poor prognosis in glioblastoma patients. To investigate functional roles of 

HOTAIRM1, HOTAIRM1-knockdown glioblastoma cell line models were generated 

that uniformly showed reduced cell viability, less invasive growth and diminished 

colony formation capacity upon HOTAIRM1 downregulation.  

Integrated proteogenomic analyses revealed evidence for mitochondrial dysfunction 

upon HOTAIRM1 depletion and impaired mitochondrial function could be 

experimentally validated in vitro by tricarboxylic acid cycle (TCA) metabolomics, 

Seahorse Mito Stress assays as well as HEt and MitoSOX reactive oxygen species 

(ROS) quantification. Moreover, antioxidant treatment using N-acetylcysteine 

antioxidant (NAC) was able to rescue the phenotype caused by HOTAIRM1 

knockdown and hence further verified the ROS staining data. In addition, TCA 

metabolomics revealed that HOTAIRM1 knockdown increased asparagine and 

decreases aspartate levels. HOTAIRM1 knockdown protected glioblastoma cells 

against the effects of asparaginase treatment due to excess asparagine levels. 

Most importantly, HOTAIRM1 knockdown was found to increase radiosensitivity of 

glioblastoma cells in vitro and in vivo. Moreover, in silico microRNA binding analysis 

suggested a potential role of HOTAIRM1 acting as a microRNA sponge for miR-17-5p 

targeting TGM2. In line, HOTAIRM1 knockdown decreased expression of 
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transglutaminase 2 (TGM2) as a candidate protein implicated in mitochondrial 

function, and knockdown of TGM2 mimicked the in vitro phenotype of HOTAIRM1 

downregulation in glioblastoma cells. In conclusion, the data summarized in this 

thesis support a role for HOTAIRM1 as a driver of biological aggressiveness and 

radioresistance in glioblastoma. 
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Zusammenfassung 

Glioblastome ohne Mutationen im Isocitrat-Dehydrogenase (IDH) - Gen 1 oder 2, 

sogenannte IDH-Wildtyp-Glioblastome, sind die häufigste und bösartigste Form von 

primären Hirntumoren bei Erwachsenen. Die Patienten werden mit einer multimodalen 

Therapie behandelt, die aus einer chirurgischen Resektion, gefolgt von 

Strahlentherapie und systemischer Chemotherapie mit dem DNA-alkylierenden 

Medikament Temozolomid besteht. Trotz dieser aggressiven Therapie bleibt das IDH-

Wildtyp-Glioblastom eine tödliche Erkrankung und die Überlebenschancen sind 

schlecht, wie eine mittlere Überlebenszeit von weniger als 2 Jahren nach der Diagnose 

zeigt. Obwohl es immer mehr Erkenntnisse über die molekulare Genetik des 

Glioblastoms gibt, wurden nur wenige molekulare Marker identifiziert, die die klinische 

Entscheidungsfindung und die Therapieplanung unterstützen können. Darüber hinaus 

sind gezielte molekulare Therapien in klinischen Studien bisher gescheitert und wurden 

daher nicht als Behandlungsstandard eingesetzt.  

Früher als "transkriptionelles Rauschen" bezeichnet, ist heute klar, dass lange nicht-

kodierende RNAs (lncRNA) eine wichtige Rolle in vielen Aspekten der Zellbiologie und 

Krankheitspathogenese, einschließlich des Krebswachstums, spielen. Frühere Studien 

anderer Autoren sowie Daten aus der eigenen Forschungsgruppe zeigten, dass eine 

erhöhte Expression der lncRNA HOXA Transcript Antisense RNA, Myeloid-Specific 1 

(HOTAIRM1), mit einer schlechten Prognose bei Glioblastompatienten verknüpft ist. 

Um die funktionellen Rollen von HOTAIRM1 zu untersuchen, wurden HOTAIRM1-

Knockdown-Glioblastom-Zelllinienmodelle generiert, die nach HOTAIRM1-

Herrunterregulierung alle eine reduzierte Zelllebensfähigkeit, ein weniger invasives 

Wachstum und eine verminderte Koloniebildungskapazität zeigten.  

Integrierte proteogenomische Analysen ergaben Hinweise auf mitochondriale 

Funktionsstörungen bei HOTAIRM1-Abschaltung. Eine beeinträchtigte mitochondriale 

Funktionfähigkeit konnte experimentell in vitro durch Tricarbonsäurezyklus-(TCA)-

Metabolomik, Seahorse-Mito-Stress-Assays sowie HEt- und MitoSOX-ROS-

Quantifizierung validiert werden. Darüber hinaus konnte die antioxidative Behandlung 

mit N-Acetylcystein-Antioxidans (NAC) den durch den HOTAIRM1-Knockdown 

verursachten Phänotyp retten und damit die ROS-Färbedaten weiter verifizieren. Des 

Weiteren zeigten die TCA-Metabolomikdaten, dass der Knockdown von HOTAIRM1 

den Spiegel von Asparagin erhöht und den von Aspartat senkt. HOTAIRM1-

Knockdown beschützte Glioblastom-Zellen vor der Wirkung einer Asparaginase-

Behandlung.  
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Am wichtigsten ist, dass der Knockdown von HOTAIRM1 die Strahlenempfindlichkeit 

der Glioblastomzellen in vitro und in vivo erhöht. Darüber hinaus deutete eine in silico 

microRNA-Bindungsanalyse eine potenzielle Rolle von HOTAIRM1 als mikroRNA-

Schwamm für miR-17-5p an, welche TGM2 als Ziel hat. Folgerichtig verringerte ein 

HOTAIRM1-Knockdown die Expression von Transglutaminase 2 (TGM2), dessen 

Protein mutmaßlich eine Funktion in Mitochondrien ausübt. Ein Knockdown von TGM2 

spiegelte den in vitro - Phänotyp der HOTAIRM1-Herrunterregulierung in 

Glioblastomzellen. Zusammenfassend lässt sich sagen, dass die Daten dieser Arbeit 

die These unterstützen, dass HOTAIRM1 als Treiber der biologischen Aggressivität 

und Strahlungsresistenz bei Glioblastomen fungiert. 
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1 Introduction 

1.1 Glioblastoma 

Primary central nervous system (CNS) tumors include a broad range of tumors of 

which gliomas encompass 80% of malignant CNS tumors in adulthood [175]. 

Glioblastoma is the most common malignant primary brain tumor and is supposed to 

arise from neural stem or progenitor cells [115, 131]. Histopathological features of 

glioblastoma include necrosis and/or microvascular proliferation, atypical nuclei 

(nuclear atypia), cellular pleomorphism (variation in the size and shape of the tumor 

cells) and mitotic activity [115]. Median overall survival of glioblastoma patients is 15-18 

months, and the five-year survival rate is less than 10% [152, 154, 174]. 

In 2016, the World Health Organization (WHO) updated the classification system for 

CNS tumors with integrated histologic and molecular data [2]. Glioblastoma is a WHO 

grade IV tumor that is stratified according to the isocitrate dehydrogenase (IDH) gene 1 

and 2 mutation status: IDH-wildtype (~90% of cases), IDH-mutant (~10% of cases) and 

NOS (not otherwise specified, <1% of cases) [116]. The most frequent group is IDH-

wildtype glioblastoma which lacks IDH1-R132 or IDH2-R172 mutations. This group is 

preferentially found in patients over 55 years and typically develops as primary or de 

novo glioblastoma [130]. Unlike IDH-wildtype glioblastoma, IDH-mutant glioblastoma 

are less frequent. This group is more common in younger patients and includes so-

called secondary glioblastomas that progress from preexisting lower grade diffuse 

gliomas [130]. Rarely, the IDH status of glioblastomas cannot be evaluated and these 

cases are classified as glioblastoma, NOS [116]. 

 

1.1.1 Genetics of glioblastoma 

Over the past decade, molecular genetics and cell biology studies have greatly 

improved our understanding of glioblastoma biology. Several molecular profiling 

strategies highlighted important intertumoral heterogeneity of glioblastoma. Hallmark 

alterations in IDH-wildtype glioblastoma include large copy number alterations, focal 

amplifications and deletions, mutations and promoter methylation of various genes. 

Common alterations are trisomy 7 and chromosome 10 loss [165], epidermal growth 

factor receptor (EGFR) or platelet-derived growth factor receptor alpha (PDGFRA) 

gene amplification [126], loss of the cyclin dependent kinase inhibitor 2A (CDKN2A) 

gene [36], as well as mutations of the RB transcriptional corepressor 1 (RB1) gene 

[171], the tumor protein p53 (TP53) gene [114, 171], the neurofibromin 1 (NF1) gene 
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[62], the phosphatase and tensin homolog (PTEN) gene, the telomerase reverse 

transcriptase (TERT) promoter [10, 77, 127], the B-Raf proto-oncogene, 

serine/threonine kinase (BRAF)-V600E [76], and aberrant methylation of O-6-

methylguanine-DNA methyltransferase (MGMT) gene promoter. Conversely, IDH-

mutant glioblastomas have fewer hallmark alterations which include frequent IDH1 or 

IDH2, ATRX chromatin remodeler (ATRX), and TP53 mutations [111, 130]. According 

to the Cancer Genome Atlas (TCGA) reports, mutations or gene copy number 

alterations in p53 and retinoblastoma (Rb) pathways are profoundly dominant in 

glioblastoma patients, i.e., 87% and 78% of the cases, respectively. Crucial activators 

or upstream repressors of either the p53 or Rb pathways are either homozygously 

deleted (CDKN2A locus) [21, 134, 135, 164] or up-regulated by gene amplifications 

(such as cyclin dependent kinase 4 (CDK4) and MDM2 proto-oncogene (MDM2)) [23]. 

Additionally, oncogenic pathways such as PI3K-AKT-mTOR and RAS–MAPK signaling 

pathways, and receptor tyrosine kinases (RTKs) are activated in glioblastoma. 

Moreover, constitutively activating deletion mutations in RTKs such as EGFR (~40 % of 

cases) [53, 100, 126, 134, 180] and in PDGFRA (~13 % of cases) are observed in 

glioblastomas [132].  

Activating mutations in catalytic domain (phosphatidylinositol-4,5-bisphosphate 3-

kinase catalytic subunit alpha (PIK3CA)) or regulatory domain (phosphoinositide-3-

kinase regulatory subunit 1 (PIK3R1)) of phosphatidylinositol 3-kinase (PI3K) (~15 % of 

cases), and deletions or inactivating mutations in the primary negative regulator of the 

PI3K-AKT signaling pathway PTEN (~30 % of cases) are common alterations in this 

pathway [58, 74, 89, 121, 178]. Somatic gene mutations or deletions in NF1, a RAS 

antagonist, are detected in 15–18 % of IDH-wildtype glioblastomas [62].  

Key clinicopathological characteristics of IDH-wildtype and IDH-mutant glioblastomas 

are summarized in Table 1.1. Furthermore, IDH1/2 mutations are positively correlated 

with TP53 and ATRX mutations and 1p/19q co-deletion. However, IDH1/2 mutations 

are negatively correlated with EGFR gene amplification and monosomy of 

chromosome 10 that occur more often in IDH-wildtype glioblastomas. Thus, the 

development of IDH-mutant lower grade gliomas, as well as secondary glioblastomas 

derived therefrom, is clearly different compared to IDH-wildtype glioblastomas at the 

molecular level [2].  
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Table 1.1: Key characteristics of IDH-wildtype and IDH-mutant glioblastomas. The table is 
adapted from Ohgaki and Louis et al. [116, 130].

 IDH-wildtype glioblastoma IDH-mutant glioblastoma 

Synonym Primary glioblastoma, IDH-
wildtype 

Secondary glioblastoma, 
IDH-mutant 

Precursor lesion Not identifiable; 
develops de novo 

Diffuse astrocytoma 
Anaplastic astrocytoma 

Proportion of glioblastoma ~90% ~10% 
Median age at diagnosis ~62 years ~44 years 

Male-to-female ratio 1.42:1 1.05:1 
Mean length of clinical 

history 4 months 15 months 

Median overall survival 
Surgery + radiotherapy 

Surgery + radiotherapy + 
chemotherapy 

 
9.9 months 
15 months 

 
24 months 
31 months 

Location Supratentorial Preferentially frontal 
Necrosis Extensive Limited 

TERT promoter mutations 72% 26% 
TP53 mutations 27% 81% 
ATRX mutations Rare 71% 

EGFR amplification 35% Rare 
PTEN mutations 24% Rare 

 

1.1.2 Treatment  

Current standard therapy for glioblastoma patients includes maximal surgical resection, 

followed by radiotherapy and treatment with the DNA alkylating agent temozolomide 

(TMZ) [157]. The vast majority of glioblastomas demonstrate remarkable resistance to 

radiation and chemotherapeutic agents, either upfront or during the course of treatment 

[2, 154, 174]. 

Still, only a few alterations have been established as robust predictive or prognostic 

biomarkers for clinical stratification of glioblastoma patients. Epigenetic silencing of the 

DNA repair gene MGMT predicts better response to TMZ and is associated with 

significantly prolonged survival in TMZ-treated patients due to its capacity to repair the 

alkylating lesions of the DNA caused by TMZ [69, 173, 177]. Furthermore, patients 

whose tumors are IDH-mutant have a better prognosis [176, 188]; however, the exact 

mechanism is still not fully understood. 
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1.2 Long non-coding RNAs 

Increasing technology, specifically next-generation sequencing technologies, and 

better algorithms in bioinformatics made it possible to show that more than 75% of the 

human genome is actively transcribed into RNA, and while protein-coding transcripts 

(mRNAs) represent only a small portion (<2%), the remainder are non-coding RNAs 

(ncRNAs, Figure 1.1). [181]. Long non-coding RNAs (lncRNAs) are transcripts that do 

not code for proteins and are longer than 200 base pairs by definition. In the past, 

lncRNAs were assumed to be products of pervasive transcription, however, they have 

been shown to have different functions than classical (ribozymes, rRNAs) or small 

(microRNAs) non-coding RNAs [95]  

 

 

Figure 1.1: Classification of RNAs. RNAs are divided in to protein coding RNAs (messenger 
RNAs = mRNAs) and non-coding RNAs (ncRNAs), which are separated into two classes: 
housekeeping (ribosomal and transfer RNAs, rRNAs and tRNAs, respectively) and regulatory 
(small and long ncRNAs). This figure is adapted from Inamura et al. [78].  
 

1.2.1 Classification 

Long non-coding RNAs are classified according to their genomic location and positional 

relationship to mRNAs. There are seven classes of lncRNAs: intergenic, intronic, 

bidirectional, enhancer, promoter-associated, sense and antisense lncRNAs [40] 

(Figure 1.2). The largest group of lncRNAs, long intergenic ncRNAs (lincRNAs), is 

located in the intergenic region of genome and do not overlap with any coding or non-

coding genes. The lncRNAs that are transcribed from sense strand or antisense strand 

of the coding genes are referred to as sense lncRNAs or antisense lncRNAs, 

respectively. Both sense and antisense lncRNAs can overlap with intron(s) and/or 
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exon(s) of the coding genes. The lncRNAs located within introns of coding genes are 

referred to as intronic lncRNAs. LncRNAs transcribed from promoter and enhancer 

regions of the genome are called promoter-associated and enhancer lncRNAs 

(elncRNAs), respectively. Bidirectional lncRNAs are transcribed on the opposite site of 

coding genes within 1 kb of promoters and quite often sharing a promoter [40, 181].  

Just like mRNAs, the majority of lncRNAs have classical 5’ cap (m7G) and 3’ poly(A) 

tail, multiple exons, spliced variants (alternative isoforms) and they are mostly 

transcribed by RNA polymerase (Pol) II [46]. Despite the similarities with their mRNA 

counterparts, lncRNAs are less abundant than mRNAs. They are less conserved 

between species and often have tissue specific expression [133]. Finally, subcellular 

localization of lncRNAs is highly associated with their function [51, 95, 181].  

 

 

Figure 1.2: The diversity of long non-coding RNAs (lncRNAs) in the mammalian genome. 
Different compartments of the genome can produce various lncRNAs, such as enhancer 
lncRNAs (eIncRNAs), long intergenic non-coding RNAs (lincRNAs), intronic lncRNAs, sense 
lncRNAs, antisense lncRNAs, promoter-associated lncRNAs and bidirectional lncRNAs. This 
figure is adapted from Hauptman and Glavac [66]. 

 

Circular RNAs (circRNAs) are another type of ncRNAs which have a closed loop 

structure, have no poly(A) tail and are more stable compared to other ncRNAs. They 

are produced from RNA Pol II-mediated transcripts and by the spliceosome machinery 

[28, 98, 190].  

 

1.2.2 Detection of long non-coding RNAs 

The identification of lncRNAs depends on the detection of transcripts that are larger 

than 200 bases but not translated into a protein. Moreover, transcripts lacking protein 

coding potential are differentiated from transcriptionally active chromatin byproducts by 

considering specific histone marks like histone 3-(H3)-K4–K36 domains in the promoter 

region [123]. LncRNAs can be directly detected and identified by microarrays, tiling 
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arrays and RNA sequencing. These methods are not mutually exclusive, rather often 

combined to identify lncRNAs in a single study. 

Microarray-based approaches have been most commonly used as large-scale 

screening method within the past decade. Since there are microarrays designed to 

detect mRNAs which include certain lncRNAs, many researchers revealed that arrays 

like Affymetrix (MG_ 430 2.0, HG_U133plus2, U133A and B) could be used to study 

lncRNAs [110, 122, 144]. Therefore, publicly available published data in repositories 

like European Genome-phenome Archive (https://www.ebi.ac.uk/ega/), National Center 

for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) repository 

(https://www.ncbi.nlm.nih.gov/gds) and The Cancer Genome Atlas (TCGA) Genomic 

Data Commons (GDC) Data Portal (https://portal.gdc.cancer.gov/), and analysis 

platforms such as the R2 platform (R2: Genomics analysis and visualization platform 

(http://r2.amc.nl)) are an important resource for the study of lncRNAs.  

 

1.2.2.1 RNA sequencing 

RNA sequencing (RNA-seq) is based on next-generation sequencing principles that 

can detect and quantify both known and novel transcripts including lncRNAs at single 

nucleotide resolution. RNA-seq can be performed using ribosome depleted total RNA 

[99] or polyadenylated RNA. However, since not all lncRNA contain a poly-A tail, the 

latter starting material would not provide a complete picture of the lncRNAs expressed 

in a sample, thus ribosome depleted total RNA is advantageous [45].  

Sequencing reads are aligned to reference genomes by using specific software 

programs like STAR and Bowtie2, and the output is then used to assemble the data at 

gene or transcript level. In addition, the unannotated transcripts which were not present 

in databases such as RefSeq, NONCODE or ENSEMBL, can be potential novel 

lncRNAs [85]. The potential novel lncRNA should then be verified for 1) whether or not 

the reads are transcriptional noise, 2) if those transcripts do not have coding potential 

and 3) if the transcript is greater than 200 bases before being considered as lncRNA. 

The candidates that have RNA Pol II binding sites and located within K4-K36 region 

are likely products of active transcription and are not considered as transcriptional 

noise [20, 52, 91]. The Coding Potential Calculator (CPC) algorithm, as an example, 

can be used to estimate the protein-coding potential of the new detected RNA species 

and can clarify, if it is a lncRNA or not [35, 90]. 
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1.2.3 Functional roles and actions of mechanism of long non-coding 
RNAs 

Long non-coding RNAs play important roles in gene expression regulation, 

physiological conditions and disease conditions [51]. The regulation of eukaryotic gene 

expression occurs on multiple levels, like on chromosome and chromatin, 

transcriptional, and post-transcriptional levels (Figure 1.3). At each level, lncRNA 

regulation is taking place. For example, the regulation of gene expression at 

chromosome and chromatin levels by lncRNAs is mediated through the regulation of 

genomic structures and nuclear architecture organization (Figure 1.3 (1)) [86]. H19 

imprinted maternally expressed transcript (H19) and X inactivation-specific transcription 

(XIST) are examples of lncRNAs which regulate chromosome and chromatin by 

interfering with chromatin structure and organization [142]. 

 

 

Figure 1.3: Long non-coding RNAs (lncRNAs) in gene expression regulation. Different 
lncRNA can regulate gene expression through histone modifications (chromatin and 
chromosome condensation (1), by direct recruitment of transcription factors (TF) (2), via binding 
to RNA Pol II (3), through mediating alternative splicing (4) and mRNA stability (5), by 
interacting with miRNA (6), by recruiting polysomes (7), and via secretion in vesicles may 
modulate gene expression in neighboring cells (8). This figure is obtained from Fernandes et al. 
[51].  

 

Additionally, some lncRNAs can regulate gene expression at the transcriptional level by 

either indirectly or directly binding to RNA Pol II (Figure 1.3 (3)). Examples of lncRNAs 

acting at this regulatory level are antisense organic cation/carnitine transporter 4 – 



 17 Introduction 

pseudogene 5 (asOct4-pg5), which can regulate epigenetic markers by acting cis and 

regulating its antisense mRNA counterpart, Oct4 [67], and circRNA eukaryotic 

translation initiation factor 3 subunit J (circEIF3J) and circRNA poly(A) binding protein 

interacting protein 2 (circPAIP2) [31, 107], which bind directly to RNA Pol II. Other 

lncRNAs, such as long non-coding RNA-regulator of reprogramming (lncRNA-ROR) 

[49], can regulate transcription factor (TFs) recruitment (Figure 1.3 (2)) and lncRNAs 

like extra coding CCAAT enhancer binding protein alpha (ecCEBPA) [42] can control 

DNA methyltransferases recruitment [112]. It has also been shown that lncRNAs, such 

as metastasis associated lung adenocarcinoma transcript 1 (MALAT1) [56], can be 

secreted via extracellular vesicles (Figure 1.3 (8)), thereby acting as messengers in 

cell-to-cell communication to affect neighboring and distant cells [70].  

Post-translational regulation by lncRNAs takes place at several points: interplay 

between lncRNAs and miRNAs (figure 1.4), alternative splicing (Figure 1.3 (4)), mRNA 

stability (Figure 1.3 (5)) and translation (Figure 1.3 (7)). Long non-coding RNAs can 

also act as “miRNA sponges”, which means as endogenous competitors RNAs 

(ceRNAs), by containing miRNA binding sequences that may result in less binding of 

miRNAs to the actual target mRNAs (Figure 1.4 A) [55, 65]. Both linear and circular 

RNAs can function as this kind of sponges [65], while this function is more common for 

circRNAs [13, 200]. In addition, lncRNAs can also act as miRNA precursors, primary 

miRNA (lnc-pri-miRNA), by using microprocessor Dicer and/or Drosha 

endoribonuclease cleavage to terminate transcription rather that the canonical 

cleavage-and-polyadenylation pathway (Figure 1.4 B) [41]. The lncRNA LOC554202 is 

shown to be the precursor of miR-31 which was shown to play a role in preventing 

breast cancer metastasis [8]. Conversely, miRNAs can target lncRNAs to regulate their 

stability and half-lives (Figure 1.4 C) [194] which is the case for miR-152 that targets 

and decreases expression of lncRNA XIST in glioblastoma [191]. Finally, lncRNAs and 

miRNAs can compete in binding to the same target site of mRNAs (Figure 1.4 D) [48]. 

The lncRNA beta-secretase-1-antisense (BACE1-AS) is shown to compete with miR-

485-5p to bind to its sense partner BACE1 [48].  
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Figure 1.4: Interaction between microRNAs and long non-coding RNAs (lncRNAs). Both 
linear and circular forms of lncRNAs can act as miRNA sponges to reduce interaction between 
target mRNA-miRNA (A); lncRNAs can act as miRNA precursors to produce mature miRNAs 
after microprocessor (Dicer and/or Drosha) cleavage (B); lncRNAs can be degraded by miRNAs 
(C); lncRNAs can compete with miRNAs for the same mRNA binding site (D). circRNA: circular 
lncRNA; AGO: argonaute: proteins; miRISC: miRNA-induced silencing complex; Dicer: 
endoribonuclease; Drosha: endoribonuclease. This figure is obtained from Fernandes et. al. 
[51]. 

 

1.2.4 Long non-coding RNAs in physiological conditions and 
diseases  

Due to their relevance and important roles in gene regulation, lncRNAs can be quite 

often linked to the development of several diseases such as cancer [73], 

cardiovascular disease [63], and fibrosis [82]. There are notable examples of potential 

oncogenic lncRNAs in the literature. One example is the lncRNA nuclear paraspeckle 

assembly transcript 1 (NEAT1) [75]. It is upregulated and associated with poor 

prognosis [50] in many cancers like hepatocellular carcinoma [170], non-small cell lung 

cancer (NSCLC) [79], cholangiocarcinoma [195] and breast cancer [105, 106]. NEAT1 

is associated with cell proliferation, invasion, tumorigenesis, and metastasis [79, 105, 

106, 170, 195]. Another potent oncogenic lncRNA, which is associated with 

tumorigenesis in various tumor types [14], is HOX transcript antisense RNA (HOTAIR) 

[143]. HOTAIR promotes proliferation and migration in cervical cancer [80, 182], 

contributes to chemoresistance in colorectal cancer [22] and is associated with 

metastasis and poor survival in breast cancer [61]. Recently, a number of lncRNAs 
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were also studied in glioblastoma: maternally expressed 3 (MEG3) controls 

proliferation via interaction with p53 and MDM2 proteins [11]; colorectal neoplasia 

differentially expressed (CRNDE) regulates glioma cell growth via mTOR signaling 

[169]; HOXA11 antisense RNA (HOXA11-AS) promotes glioma cell growth and 

metastasis by targeting the miR-130a-5p/high mobility group box 2 (HMGB2) axis. 

Although most of the studies describe the role of lncRNAs in cancer, there are also 

many lncRNAs dysregulated during chronic multifactorial diseases such as 

cardiovascular and neurological diseases [26, 34]. Certain lncRNAs are dysregulated in 

schizophrenia [37, 150], autism spectrum disorders [179, 203], and neurodegenerative 

diseases such as Alzheimer’s [119], Parkinson’s [83], and [128] Huntington’s diseases. 

Dysregulation of lncRNAs has been detected in cardiovascular diseases [88, 94, 189, 

201] and in diabetes mellitus [201]. Tissue specific expression pattern and the 

correlation of their expression with certain disease promoting genes, which can 

modulate cancer progression, immune response or cell pluripotency [73], make 

lncRNAs attractive as potential prognostic or predictive biomarkers in various types of 

diseases [151]. 

 

1.2.5 HOXA transcript antisense RNA myeloid-specific 1  

The long non-coding RNA HOXA transcript antisense RNA myeloid-specific 1 

(HOTAIRM1) gene locus maps between the HOX1 and HOXA2 genes on chromosome 

7 and is transcribed in antisense orientation from the same CpG island where the 

HOXA1 start site is embedded [196]. In this study, the authors originally described that 

up-regulation of HOTAIRM1 is associated with retinoic acid (RA)–driven myelopoiesis 

of normal human hematopoietic and NB4 promyelocytic leukemia cells via modulating 

gene expression in the HOXA cluster.  

HOTAIRM1 was shown to be transcribed in a number of tissues and dysregulated in 

certain diseases and various cancers [43, 117, 118, 167, 183, 198, 199]. Previous 

studies have reported that HOTAIRM1 expression is increased in high-grade gliomas 

and in recurrent compared to primary glioblastomas [30, 197]. More recently, 

HOTAIRM1 has been shown to promote glioma growth and invasion through up-

regulation of HOXA1 expression [104]. Despite the fact that HOTAIRM1 was shown to 

be upregulated in higher grade of gliomas in that study, it’s relevance in patient survival 

and its contribution to therapy resistance remained unanswered to date. 

In our laboratory, Daniel Picard performed bioinformatic analyses by using published 

expression datasets of glioblastomas from patients with long-term survival of more than 
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3 years as well as patients with short-term survival of less than 1 year after diagnosis 

[139]. A Volcano plot of lncRNAs associated with short-term versus long-term survival 

was generated (Figure 1.5 A). Only three lncRNAs were found to be upregulated and 

associated with short-term survival. Based on fold-change and statistical significance, 

HOTAIRM1 was one of the strongest candidates. Two independent, non-overlapping 

studies (Gravendeel et al., (2009) [59], TCGA (2009) [23] 

(https://www.cancer.gov/tcga) were used to validate that higher HOTAIRM1 expression 

was associated with poorer overall survival (Figure 1.5 B-C). 

 

Figure 1.5: High HOXA transcript antisense RNA myeloid-specific 1 (HOTAIRM1) 
expression is associated with poorer prognosis in glioblastoma. The Volcano plot shows 
differential expression of tumors from patients with long-term versus short-term survival. Blue 
circles represent significant genes (±2 fold change and p < 0.05), the red circle highlights 
HOTAIRM1 as gene of interest and grey circles are not significant (A). Kaplan-Meier survival 
plot for HOTAIRM1 expression based on a publicly available glioblastoma data set [59] (B) and 
the TCGA data set [23] (C). Cut-off was determined by third quartile and log rank statistics were 
calculated. 

 

Interestingly, using the Gravendeel et al. dataset [59], the prognostic value of 

HOTAIRM1 was found to be independent of the IDH1 mutation status (Figure 1.6 A-B). 

Additionally, HOTAIRM1 was observed to be the only lncRNA upregulated when 

comparing samples with trisomy 7 against typical two copy number samples (Figure 

1.6 C-D). This analysis was achieved using samples with both expression data and 

copy number information. Only by combining samples from 3 datasets (Murat et al., 

(2008); Sturm et al., (2012); Vital et al, (2010) [124, 158, 166] enough samples from the 

U133 P2 array (29 samples) were accumulated for the analysis, whereas the TCGA  

data set (https://www.cancer.gov/tcga), which was processed using the human exon 

1.0 ST array, had 413 samples. 
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Figure 1.6: High HOXA transcript antisense RNA myeloid-specific 1 (HOTAIRM1) 
expression is independent of IDH status and is associated with trisomy 7 in 
glioblastoma. Subdivided Kaplan-Meier survival plot of Gravendell et al. based on IDH1 status; 
IDH1 wiltype (A) and mutant (B). Red and blue lines indicate high and low HOTAIRM1 
expression, respectively. Expressional analysis of combined (Murat et al., (2008); Sturm et al., 
(2012); Vital et al, (2010) [129, 164, 172] (C) and TCGA (2009) [23] 
(https://www.cancer.gov/tcga) (D). Cut-off was determined by third quartile and log rank 
statistics were calculated. 
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2 Aim of the study 

Recent molecular genetic and cell biological studies have markedly improved our 

understanding of glioblastoma biology [2, 140]. However, only few alterations have 

been established as clinically relevant biomarkers to date, therefore, clinically relevant 

molecularly targeted therapy approaches are still missing. Since long non-coding RNAs 

(lncRNAs) have largely been ignored in previous studies and are found to have 

functional roles in tumorigenesis, cancer progression and therapy resistance [9, 68, 

149], they might serve as potential biomarkers. Previous studies have reported that the 

long non-coding RNA HOXA transcript antisense RNA myeloid-specific 1 (HOTAIRM1) 

expression is increased in high-grade gliomas and in recurrent compared to primary 

glioblastomas [30, 197]. Moreover, our laboratory has also observed that high 

HOTAIRM1 expression is associated with poor outcome glioblastoma patients.  

Accordingly, the aim of this study is to elucidate the role of the long non-coding RNA 

HOTAIRM1 in glioblastoma pathogenesis. If HOTAIRM1 is a marker for aggressive 

biology in glioblastoma, a reduction in oncogenic potential of glioblastoma cells should 

be observed using siRNA- or shRNA-mediated knockdown, in line with other studies 

[104, 109]. To determine how HOTAIRM1 can promote glioblastoma growth, a 

proteogenomic approach was performed. The final part of this thesis aimed to study 

HOTAIRM1 in the context of glioblastoma therapy. To accomplish this, radiosensitivity 

of glioblastoma cells was assessed following HOTAIRM1 downregulation and 

bioinformatic as well as experimental in vitro studies were performed to uncover 

underlying molecular pathomechanisms. 
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3 Materials  

3.1 Cell culture media and reagents 

The cell culture media and reagents used in this study are listed below in Table 3.1. 

Table 3.1: List of media and cell culture reagents. 

Name Company Catalog/Order number 
Dulbecco´s Modified Eagle 
Medium (DMEM) (1x) + 
GlutaMAXTM 

Thermo Fisher Scientific, 
Waltham, MA, USA 

31966021 

Penicillin/Streptomycin  Merck Millipore, Burlington, MA, 
USA 

P4333-100ML  

FBS (Fetal Bovine Serum), 
heat inactivated  

Sigma-Aldrich, Taufkirchen, 
Germany 

F9665 

Phosphate Buffered Saline 
(PBS) 

Sigma-Aldrich, St. Louis, MO, 
USA 

D8537 

Penicillin/Streptomycin  Merck Millipore, Burlington, MA, 
USA 

P4333-100ML  

Dimethylsulfoxide (DMSO) AppliChem, Darmstadt, Germany A3672 
Puromycin InvivoGen, San Diego, CA, USA ant-pr-5 
Blasticidin InvivoGen, San Diego, CA, USA ant-bl-1 
Cell-Tak™ Corning, New York, USA 354240 

 

3.2 Cell lines 

The human glioblastoma cell lines T98G [156], U251MG [137], and U87MG [137] were 

obtained from American Type Culture Collection (ATCC, Manassas, VA). LN229 and 

LN18 [44] cell lines were provided by Dr. M. Hegi, Lausanne, while the SF126 [147] cell 

line was obtained from Japanese Collection of Research Bioresources Cell Bank 

(JCRB, Osaka, Japan). 

 
 
3.3 Kits, reagents and others materials 
The kits, chemicals, stains, and reagents used in this study are listed in Table 3.2. 

Table 3.2: List of kits, chemicals, reagents and others. 

Name Company Reference 
TRIzol Thermo Fisher Scientific, 

Waltham, MA, USA 
15596026 

RSC simplyRNA Tissue Thermo Fisher Scientific, 
Waltham, MA, USA 

AS1340 

MMLV-RT Thermo Fisher Scientific, 
Waltham, MA, USA 

M3683 

Lipofectamine RNAiMAX Thermo Fisher Scientific, 13778150 
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Transfection Reagent Waltham, MA, USA 
Opti-MEMTM Thermo Fisher Scientific, 

Waltham, MA, USA 
31985062 

Polyethylenimine (PEI) Merck Millipore, Burlington, MA, 
USA 

408727 

Polybrene (hexadimethrine 
bromide) 

Merck Millipore, Burlington, MA, 
USA 

107689 

TruSeq RNA Sample Preparation 
v2 Kit 

Illumina, San Diego, USA RS-122-2001/2002 

4´,6-Diamidin-2- 
phenylindol (DAPI) 

Thermo Fisher Scientific, 
Waltham, MA, USA 

62248 

Protein Assay Dye Reagent 
Concentrate 

Bio-Rad, Hercules, USA 500-0006 

Precision Blue Real-Time  
PCR Dye 

Merck Millipore, Burlington, MA, 
USA 

1722-5555 

Protease Inhibitor Cocktail Roche, Basel, Switzerland 4693132001 
White bottom 96-well plate Thermo Fisher Scientific, 

Waltham, MA, USA 
136101 

CellTiter-Glo Promega, Madison, USA G7570 
BioCoat™ Matrigel Invasion 
Chamber 

Corning, New York, USA 354480 

Toluidine Blue Sigma-Aldrich, St. Louis, MO, 
USA 

89640 

Vectashield Mounting Medium  
for Fluorescence 

Vector Laboratories, Eching, 
Germany 

H-1000 
 

SuperSignalTM West Femto 
Maximum Sensitivity 

Thermo Fisher Scientific, 
Waltham, MA, USA 

C118A 

Crystal violet  Sigma-Aldrich, St. Louis, MO, 
USA 

32675 

Eukitt Quick-Hardening  
Mounting Medium 

Sigma-Aldrich, St. Louis, MO, 
USA 

3989 

Dihydroethidium (HEt) Thermo Fisher Scientific, 
Waltham, MA, USA 

D11347 

MitoSOX ™ Red Thermo Fisher Scientific, 
Waltham, MA, USA 

M36008 

Random Primer Promega, Mannheim, Germany 34095 
TaqMan® Gene Expression  
Master Mix 

Applied Biosystems,  
Foster City, USA 

4369016 

WhatmanTM Gel Blot Paper GE Healthcare, Chicago, USA GB003 
Protein Standard Sigma-Aldrich, St. Louis, MO, 

USA 
P0914 

NovexTM WedgeWellTM  
4-12% Tris-Glycine Gel 

Thermo Fisher Scientific, 
Waltham, MA, USA 

XP04122BOX 

Oligo(dT) Primer Promega, Madison, USA C110A 
PageRulerTM Prestained Protein 
Ladder 

Thermo Fisher Scientific, 
Waltham, MA, USA 

26616 

Ethanol absolute VWR, Radnor, PA, USA 20.821.330 
Formalin 10% Neutral Buffered ScyTek Laboratories, Utah, USA FRN999 
2-Propanol VWR, Radnor, PA, USA 20.842.330 
Chloroform Merck Millipore, Burlington, MA, 

USA 
102.445 

Albumin Fraction V Roth, Karlsruhe, Germany 8076.4 
GoTaq® qPCR Master Mix (2x) Promega, Madison, USA A600A 
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M-MLV Reverse Transcriptase  Promega, Madison, USA M3681 
RNase A (DNase-free) AppliChem, Darmstadt, Germany A3832 
AmershamTM ProtranTM 0.45 μm 
nitrocellulose membrane  

Sigma-Aldrich, St. Louis, MO, 
USA 

10600002 

Seahorse XF96 Cell Culture 
Microplates 

Agilent, Santa Clara, CA, USA 101085-004 

Seahorse Mito Stress Test Kit Agilent, Santa Clara, CA, USA 103015-100 
Seahorse XF base assay medium Agilent, Santa Clara, CA, USA 103334-100 

 

3.4 Antibodies 

The antibodies used in this study are listed below in Table 3.3. 

Table 3.3: List of antibodies. 

Name Company Reference 
anti-Actin B (C4) Merck Millipore, Burlington, MA, 

USA 
MAB1501 

anti-TGM2  Cell Signaling, Danvers, MA, 
USA 

3557S 

anti-ASNS Cell Signaling, Danvers, MA, 
USA 

20843 

anti-ASPG Cell Signaling, Danvers, MA, 
USA 

65552 

Anti-Mouse IgG, HRP-linked Santa Cruz Biotechnology, 
Dallas, TX, USA 

H2014 

Anti-Rabbit IgG, HRP-linked Cell Signaling, Danvers, MA, 
USA 

7074S 

 

3.5 Buffers  

The buffers used for western blotting analysis in this study are listed below in Table 
3.4. 

Table 3.4: List of buffers. 

Name Composition 
TBS-T 20 mM Tris (pH 7,5); 150 mM NaCl; 0,1% Tween 20 
RIPA Lysis Buffer (10x) Sigma-Aldrich, St. Louis, MO, USA (Reference #20-188) 
Sample Buffer (5x) 1 M Tris/HCL (pH 6,8); 62,5% (v/v) Glycerin; 10% (w/v) 

sodium dodecyl sulfate (SDS)  
Tris-Glycine SDS Running Buffer Thermo Fisher Scientific, Waltham, MA, USA (Reference 

#LC2675) 
Transfer Buffer (10x) 25 mM Tris; 190 mM Glycine 
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3.6 Oligonucleotides 

The TagMan probes and siTOOLs, and the shRNA sequence, plasmids and primers 
used in this study are listed below in Table 3.5 and Table 3.6, respectively. 

Table 3.5: List of TagMan and siTOOLs probes. 

Name Company Reference 
HOTAIRM1 (exon 1-3) specific 
TagMan probes 

Integrated DNA 
Technologies (IDT), 
Coralville, IA, USA 

Hs.PT.58.45434173 

PGK1 specific TagMan probes IDT, Coralville, IA, USA Hs.PT.58v.606641 
TGM2 specific TagMan probes IDT, Coralville, IA, USA Hs.PT.58.23141755 
HOTAIRM1-siPOOLs (5 nmol) siTOOLs Technology, 

Munich, Germany 
100506311 

neg control siPOOLs (5 nmol) siTOOLs Technology, 
Munich, Germany 

 

TGM2 siPOOLs (5 nmol) siTOOLs Technology, 
Munich, Germany 

7052-TGM2 

 
 

Table 3.6: List of shRNA sequence, plasmids and primers for GoTaq® real-time PCR. 

Name Sequences [5’-3’] Company/Reference 
HOTAIRM1 siRNA GGAGACTGGTAGCTTATTAAA IDT, Leuven, Belgium 
pLK0.1-TRC cloning 
vector 

 AddGene, Watertown, 
USA (#10878) 

pMDL/pRRE  AddGene, Watertown, 
USA (#12251) 

pRSV-Rev  AddGene, Watertown, 
USA (#12253) 

pMD2.G  AddGene, Watertown, 
USA (#12259) 

ASNS-forward CTGCACGCCCTCTATGACAA  IDT, Leuven, Belgium 
ASNS-reverse GGCAGCCAATCCTTCTGTCT  IDT, Leuven, Belgium 
 
 

3.7 Software and hardware 

The software and hardware used in this study are listed below in Table 3.7 and Table 
3.8, respectively. 

Table 3.7: List of software. 

Software Company 
Partek Flow Partek Incorporated, Missouri, USA 
STAR v2.4.1d aligner https://github.com/alexdobin/STAR 
Bowtie 2 v2.2.5 aligner http://bowtie-bio.sourceforge.net/bowtie2/index.shtml 
ENSEMBL Genome browser https://www.ensembl.org  
AxioVision Version 4.8 https://www.zeiss.com/microscopy/int/products/microscope-

software/axiovision.html 
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Wave Version 2.4.0.60 Agilent, Santa Clara, CA, USA 
ImageJ Wayne Rasband at the National Institutes of Health; 

http://rsbweb.nih.gov/ij/  
R2 platform  R2: Genomics Analysis and Visualization Platform 

(http://r2.amc.nl) 
Proteome Discoverer 
(version 1.4.1.14)  

Thermo Fisher Scientific, Waltham, MA, USA 

Mascot (version 2.4) Matrix Science, London, UK 
TCGA https://www.cancer.gov/tcga  

 
 

Table 3.8: List of hardware. 

Hardware Product Company 
Maxwell RSC instrument RNA Isolation System Promega, Madison, USA 
CFX384 Touch™  Real-Time PCR 

Detection System 
Bio-Rad, Hercules, USA 

Bioanalyzer  RNA quality analyzer Agilent, Santa Clara, CA, USA 
HiSeq 2500 Sequencer Illumina, San Diego, USA 
TissueLyser Homogenizer Qiagen, Hilden, Germany 
RSLCnano U3000 HPLC Mass spectrometer Thermo Fisher Scientific, 

Waltham, MA, USA 
QExactive plus  Mass spectrometer Thermo Fisher Scientific, 

Waltham, MA, USA 
Spark 10M Microplate reader Tecan, Maennedorf, Switzerland 
Axiovert 200  Microscope Zeiss, Oberkochen, Germany 
Vi-CELL XR Cell counter Beckman Coulter, Brea, CA. USA 
Gulmay RS225  Irradiation machine  Gulmay Medical, Surrey, UK 
Axio Observer Z1  Microscope  Zeiss, Oberkochen, Germany 
stereotactic device  Stoelting, IL, USA 
cBot  Illumina, San Diego, USA 
Acclaim PepMap RSLC C18, 
2 cm x 100 μm x 3 μm, 100 Å 

Trapping column Thermo Fisher Scientific, 
Waltham, MA, USA 

Acclaim PepMap RSLC C18, 
25 cm x 75 μm x 2 μm, 100 Å 

Analytical column Thermo Fisher Scientific, 
Waltham, MA, USA 

LAS-3000  Imaging System Fujifilm, Tokyo, Japan 
Axio Observer Z1  Microscope Zeiss, Oberkochen, Germany 
Progenesis QI (version 2.0)  Proteomics Nonlinear Dynamics, Newcastle, 

UK 
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4 Methods 

4.1 Cell culture 

Established human glioblastoma cell lines T98G [156], LN229 [44], U251MG [137], 

LN18 [44], SF126 [147] and U87MG [137] were used in this study. All cell lines were 

grown in Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fischer Scientific) 

supplemented with 10% heat–inactivated fetal bovine serum (FBS, Sigma-Aldrich) and 

with 1% Penicillin-Streptomycin (Merck). The cells were grown in a humidified 

atmosphere with 5% CO2 atmosphere at 37 °C. Stable cells were grown and/or 

selected with the culture media containing either Blasticidin [T98G, LN18, SF126 and 

U87MG] (20 μg/ml, InvivoGen) or Puromycin [LN229 and U251MG] (2 μg/ml, 

InvivoGen). 

 

4.2 RNA isolation and real-time quantitative PCR 

Total RNA extraction was performed by using TRIzol (Thermo Fischer Scientific) or by 

using the Maxwell RSC instrument (RSC simplyRNA Tissue, Promega) according to 

the manufacturers’ protocol. Reverse transcription for total RNA (1 μg) was performed 

using a MMLV-RT kit (Promega) with random hexamers according to the 

manufacturer’s instructions. Real-time q-PCR (RT-qPCR) was subsequently performed 

with a 1:10 dilution of reverse-transcribed cDNA by using a CFX384 Touch™ Real-

Time PCR Detection System (Bio-Rad). RT-qPCR TagMan Universal Master Mix II 

(Applied Biosystems) was employed, with HOTAIRM1 specific TagMan probes (exon 

1-3; Integrated DNA Technologies (IDT)), TGM2 (IDT), ASNS (IDT) or PGK1 (IDT) as 

an internal control.  

 

4.3 SiRNA- and shRNA-mediated knockdown 

T98G, LN229, LN18 and SF126 were seeded (100.000 cells per well) into 6 well-plates 

the day before either transient or stable knockdown. HOTAIRM1 and TGM2 transient 

knockdown and their negative controls were achieved by HOTAIRM1 specific siPOOLs 

(siTOOLs Technology), TGM2 specific siPOOLs (siTOOLs Technology) and non-target 

siPOOLs (Neg. control; siTOOLs Technology), respectively. Transfection of siPOOLs 

was performed by using Lipofectamine RNAiMAX Transfection Reagent (Gibco). 

Briefly, 7.5 μl RNAiMAX Transfection Reagent in 125 μl Opti-MEM (Gibco) pipetted 

well with 0.5 μl (5 pM) siPOOL in 125 μl Opti-MEM. 
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Lentivirus containing HOTAIRM1 siRNA segments (sequence is 5′-

GGAGACTGGTAGCTTATTAAA-3′) was obtained from IDT. HOTAIRM1-pLK0.1-TRC 

plasmid with third generation lentiviral packing plasmids (pMDL/pRRE, pRSV-Rev and 

pMD2.G) were transfected into HEK-293T cells using polyethylenimine (PEI, Merck) by 

following the manufacturer's protocols. Fresh culture media was added (without 

antibiotics) after 24 and 48 hours post transfection. The virus containing medium (48 

hours and 72 days after transfection) was stored at -80°C. Cells were seeded at 6 well 

plates the day before transduction and were infected with 1.5 ml the viral suspension 

containing DMEM, 10% FBS and 2 μg/ml polybrene (Merck) for stable cell line 

generation. The virus medium was removed 24 hours post transduction and selected in 

medium supplemented with puromycin or blasticidin for at least a week. 

 

4.4 RNA sequencing  

Total RNA was isolated from HOTAIRM1 knockdown and control cells of T98G, 

LN229 and LN18 72 hours post transfection using TRIzol reagent according to the 

manufecturer’s protocol. Samples were then processed using the TruSeq RNA 

Sample Preparation v2 Kit (low-throughput protocol; Illumina) to prepare the 

barcoded libraries from 500ng total RNA. Libraries were validated and quantified 

using either DNA 1000 or high-sensitivity chips on a Bioanalyzer (Agilent). 7.5 pM 

denatured libraries were used as input into cBot (Illumina), followed by deep 

sequencing using HiSeq 2500 (Illumina) for 101 cycles, with an additional seven 

cycles for index reading. Fastq files were imported into Partek Flow (Partek 

Incorporated). Quality analysis and quality control were performed on all reads to 

assess read quality and to determine the amount of trimming required (both ends: 

13 bases 5´and 1 base 3´). Trimmed reads were aligned against the hg38 genome 

using the STAR v2.4.1d aligner. Unaligned reads were further processed using 

Bowtie 2 v2.2.5 aligner. Finally, aligned reads were combined before quantifying the 

expression against the ENSEMBL (release 84) database by the Partek Expectation-

Maximization algorithm. Partek flow default settings were used in all analyses.  

 

4.5 Western blotting 

Cells were lysed and protein was extracted using RIPA Lysis Buffer (Sigma-Aldrich) 

supplemented with protease and phosphatase inhibitor cocktail. Protein was quantified 

with the Bradford method using the Protein Assay Dye Reagent Concentrate (BioRad). 

Samples were separated by SDS polyacrylamide gel electrophoresis (SDS-PAGE, 30 
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min at 65 V, followed by 90 min at 130 V) using NovexTM WedgeWellTM 4-12% Tris-

Glycine Gels (Invitrogen) and transferred to AmershamTM ProtranTM 0.45 μm 

nitrocellulose membranes (Sigma-Aldrich) by wet blot (1h at 10 V) using the Mini Gel 

Tank and Blot Module (Thermo Fisher Scientific). In order to block unspecific binding 

sites, membranes were incubated with 5% BSA in TBS-T for 1 h at RT. Subsequently, 

membranes were incubated with primary antibodies diluted in blocking solution 

overnight at 4 °C. The next day, membranes were washed three times with TBS-T for 5 

min at RT and incubated with secondary antibodies diluted in blocking solution for 1 h 

at RT. Following three washing steps with TBS-T for 5 min at RT, proteins were 

visualized using the SuperSignal® West Femto Maximum Sensitivity Substrate 

(Thermo Fisher Scientific) and detected using the LAS-3000 Imaging System (Fujifilm). 

 

4.6 Proteomics  

Proteins were extracted from frozen tissue sections as described elsewhere [138]. 

Briefly, cells were homogenized in urea buffer with a TissueLyser (Qiagen) and 

subsequent sonication. After centrifugation for 15 min at 14,000 xg and 4°C, 

supernatants were collected. Protein concentration was determined via Pierce 660 nm 

Protein Assay Dye Reagent Concentrate (BioRad) and 10 μg protein per sample were 

desalted through electrophoretic migration at 50 V for 10 min on a 4 -12 % Bis-Tris 

polyacrylamide gel (Thermo Fischer Scientific). After silver staining, protein bands were 

cut out, reduced, alkylated and digested with trypsin before peptide extraction via 

sonication. Peptides were dissolved and diluted with 0.1 % TFA (v/v). 

For mass spectrometric analysis, 15 μL peptide solution per sample were analyzed on 

a nano-high-performance liquid chromatography electrospray ionization mass 

spectrometer. The analytical system was composed of a RSLCnano U3000 HPLC 

coupled to a QExactive plus mass spectrometer via a nano-electrospray ion source 

(Thermo Fischer Scientific). Injected peptides were concentrated and desalted at a flow 

rate of 6 μL/min on a trapping column (Acclaim PepMao C18, 2 cm x 100 μm x 3 μm 

particle size, 100 Å pore size; Thermo Fischer Scientific) with 0.1 % TFA (v/v) for 10 

min. Subsequently, peptides were separated at a constant flowrate of 300 nL/min over 

a 120 min gradient on an analytical column (Acclaim PepMap RSLC C18, 25 cm x 75 

μm x 2 μm particle size, 100 Å pore size; Thermo Fischer Scientific) at 60°C. 

Separation was achieved through a gradient from 4 to 40% solvent B (solvent A: 0.1% 

(v/v) formic acid in water, solvent B: 0.1% (v/v) formic acid, 84% (v/v) acetonitrile in 

water). Afterwards, peptides were ionized at a voltage of 1,400 V and introduced into 

the mass spectrometer operated in positive mode. MS scans were recorded in profile 
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mode in a range from 350-2000 m/z at a resolution of 70,000 while tandem mass 

spectra were recorded at a resolution of 17,500. Tandem mass spectra were recorded 

with a data dependent Top10 method and 30% normalized collision energy. Dynamic 

exclusion was activated with a repeat count of 1 for 100 s. 

Proteome Discoverer (version 1.4.1.14, Thermo Fisher Scientific) was applied for 

peptide/protein identification with Mascot (version 2.4, Matrix Science) as search 

engine employing the UniProt database (human; including isoforms; date 2016-03-01). 

A false discovery rate of 1% (p ≤ 0.01) on peptide level was set as identification 

threshold. Proteins were quantified with Progenesis QI for Proteomics (Version 2.0, 

Nonlinear Dynamics). 

 

4.7 CellTiter-Glo luminescent cell viability assay 

Cells were seeded (1000-4000 cells per well) into white bottom 96-well plates (Thermo 

Fischer Scientific) and incubated for 72 hours. Afterwards, cells were incubated with 

sterile 100 μl of 1:1 diluted (with PBS) CellTiter-Glo (Promega) for 10 min at RT, 

shaken for 2 min and the absorbance was measured with a Spark 10M microplate 

reader (Tecan). All experiments were performed in a minimum of triplicates. 

 

4.8 In vitro invasion assay 

BioCoat™ Matrigel Invasion (Boyden) Chambers (Corning) were used for the invasion 

assay. Boyden membranes were activated by adding 500 μl serum free medium for 2 

hours at RT. Afterwards, 750 μl medium containing 10 % FBS was added into the 

lower chamber. 2.5 × 105 cells in 500 μl were resuspended in a serum free medium 

and were added to the upper chamber. The chambers were removed after 48 h 

incubation (at 37 °C) and the medium was removed and the membrane was washed 

once with PBS. Next, the cells that migrated across the polycarbonate membrane were 

fixed with methanol for 2 min and stained with 1 % toluidine blue for 2 min. The 

membrane was washed 4 times with distilled water and cells remaining in the upper 

chamber were removed using a cotton swap. Membranes were allowed to air dry for a 

minimum of one hour before being mounted on a glass slide with oil. Finally, six 

random fields were selected and imaged (20X) using an Axiovert 200 microscope 

(Zeiss) and the AxioVision (Version 4.8) software. Invading cells from a single 

membrane were counted and summed. The experiments were done a minimum of 

three times.  
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4.9 Colony formation assay, N-acetyl cysteine treatment and in 
vitro radiation assay 

Cells were harvest by trypsin and counted with Vi-CELL XR (Beckman Coulter), plated 

on culture treated 100 mm dishes (500 - 1000 cells per plate) and cultured for 21 days. 

At the end of the incubation period, medium was removed from dishes and cells were 

washed once in PBS and fixed with 10% formalin for 45 min. Cells were then stained 

with 0.1% crystal violet for 1h, washed in H2O to remove excess dye and were allowed 

to air dry overnight. The following day, colonies that are visible with naked eye were 

counted. All experiments were performed a minimum of three biological replicates. 

For the N-acetyl cysteine (NAC) treatment, colony formation assay was performed as 

described above with NAC (1 mM) or with PBS (control) to evaluate the effect of the 

treatment. 

For the in vitro radiation assay, cells were harvested and counted as previously, 

suspended in 50 ml Falcon (10,000 cells per ml) and irradiated at 2 and 4 Gy by using 

Gulmay RS225 irradiation machine (Gulmay Medical). Afterwards, colony formation 

assay was performed as described above to evaluate the effect of the irradiation. 

 

4.10 Seahorse mito stress assay 

LN229 and U251 HOTAIRM1 knockdown and control cells were seeded into Cell-

Tak™ (Corning) coated Seahorse XF96 Cell Culture Microplates (Agilent 

Technologies) one day prior to the assay at densities of 7500 and 15000 cells per well. 

Optimal cell numbers for Seahorse experiments (ECAR 10-90, OCAR 40-200) were 

determined prior to final experiments. Mitochondrial flux was assessed using the 

Seahorse Mito Stress Test Kit (Agilent Technologies). This assay consists of three 

subsequent injections of oligomycin (1 μM), carbonyl cyanide-4-phenylhydrazone 

(FCCP) (0.75 μM) and rotenone/antimycin A (0.5 μM). The assay is done according to 

the manufacturer instructions. Before the assay, culture medium was exchanged for 

Seahorse XF base assay medium (Agilent Technologies), supplemented with 2 mM 

glutamine and 10 mM glucose and the cell culture microplate placed in a non-CO2 

incubator at 37°C for one hour. Preparation of compounds, loading of the sensor 

cartridge and the assay run were performed according to manufacturer’s protocol – 

standard assay. 4´,6-Diamidin-2-phenylindol (DAPI; Thermo Fisher Scientific) staining 

was performed after the assay and measured parameters were normalized to DNA 

content (relative fluorescence). The analysis of Seahorse data was conducted using 
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the Seahorse XF Mito Stress Test Report Generator and Wave Software (version 

2.4.0.60, Agilent Technologies). 

 

4.11 Reactive oxygen staining 

The measurements of cellular and mitochondrial ROS production were performed with 

some modifications as described previously [44]. Briefly, cells were incubated with 

dihydroethidium (HEt, 10 μM, 10 min, and 37°C; Thermo Fisher Scientific) or the 

mitochondria-targeted variant MitoSOX ™ Red (5 μM, 10 min, 37°C; Thermo Fisher 

Scientific). Reaction was stopped by washing the cells three times with PBS. The red 

fluorescence was documented using an Axio Observer Z1 microscope (Zeiss) with the 

dihydroethidium filter set (F39-500, F48-515, F47-895; AHF Analysetechnik). Images 

were analysed and fluorescence intensity was quantified using ImageJ software 

(Wayne Rasband at the National Institutes of Health; http://rsbweb.nih.gov/ij/). 

 

4.12 In vivo mouse experiments  

The in vivo mouse experiments were performed by Dr. M. Silginer and Dr. P. Roth in 

the laboratory of Prof. Dr. M. Weller, Department of Neurology, University Hospital 

Zurich, Switzerland. All procedures were performed in accordance with the guidelines 

of Swiss federal law on animal protection. Crl: CD1 Foxn1 nude mice were purchased 

from Charles River Laboratories (Sulzfeld, Germany). 6-10 week old mice were used in 

all experiments. Mice were anaesthetized using an intraperitoneal 3 component 

injection consisting of fentanyl, midazolam and medetomidin, fixed under a stereotactic 

device (Stoelting) and a burr hole was drilled in the skull 2 mm lateral and 1 mm 

posterior to the bregma. A Hamilton syringe needle was introduced to a depth of 3 mm 

and LN229 human glioma cells (75,000) in a volume of 2 μl PBS were injected into the 

right striatum. Local cranial radiotherapy with a single dose of 12 Gy was performed at 

day 15 after tumor implantation using a Gulmay 200 kV X-ray unit (Gulmay Medical) at 

1 Gy/min at room temperature. The mice were observed daily and euthanized when 

neurological symptoms developed or at defined time points for histological analysis. 

Tumor incidences and sizes were determined on 8 μm thick cryosections stained with 

hematoxylin and eosin. 
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4.13 Bionformatics and statistical analyses  

Protein coding genes were filtered out from the Affymetrix U133 Plus 2 array for a final 

set of 2858 lncRNAs. Initial identification of lncRNAs in long-term versus short-term 

survivors of glioblastoma was carried out based on the GSE53733 data set (139), 

excluding the patients with intermediate-term survival.  

Kaplan-Meier survival curves for GSE16011 were generated using the R2 platform (R2: 

Genomics Analysis and Visualization Platform (http://r2.amc.nl)) filtered for 

glioblastoma samples only and IBM SPSS statistics (version 21 IBM corporation) for 

the TCGA data (Affymetrix Human Exon 1.0 ST array, https://www.cancer.gov/tcga) 

using the last quartile to categorize samples as high HOTAIRM1 for both datasets. 

Trisomy analysis was performed by plotting expression fold change based on trisomy 

status versus wildtype. U133 Plus 2 glioblastoma datasets with copy number 

information (n = 29) were taken from GSE7696, GSE36245 and GSE43289, and TCGA 

samples from the Affymetrix Human Exon 1.0 ST array were plotted separately 

(samples with undetermined copy number status were removed).  

GeneSet Enrichment Analysis was performed using the t value from the paired T-test 

for both transient transfected RNA Sequencing and proteomics data. Gene sets were 

comprised of curated pathways from several databases including GO, Reactome, 

KEGG (March 24 2016 version; 

http://download.baderlab.org/EM_Genesets/current_release/Human/symbol/) and 

visualized by using Cytoscape (www.cytoscape.org; p ≤ 0.001, q ≤ 0.05, similarity 

cutoff 0.5). 

Micro-RNAs were predicted using the miRanda tool (https://omictools.com/miranda-

tool) for HOTAIRM1 and the 12 downregulated proteins (stable LN229 knockdown 

proteomics). miRNAs were filtered for overlap HOTAIRM1 and the 12 downregulated 

proteins, miRNAs present and negatively correlated with HOTAIRM1 expression in 

gliomas in the TCGA data set. 

Statistical analyses were performed with GraphPad Prism (version 5.0). The mean ± 

SEM of at least three independent experiments was used to express obtained data. 

Two-way ANOVA was used for statistical analyses. Paired T-test and Mann-Whitney 

test (non-parametric t-test) were used for comparison between two groups. The 

differences were considered statistically significant at p < 0.05. 
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5 Results 

5.1 Functional consequences of knockdown of HOXA 
transcript antisense RNA, myeloid-specific 1 in 
glioblastoma cell lines 

5.1.1 Expression of HOXA transcript antisense RNA, myeloid-specific 
1 in glioblastoma cells 

Our laboratory previously identified HOTAIRM1 as a marker of worse prognosis in 

glioblastoma patients and, therefore, the cellular and molecular effects of modulating 

HOTAIRM1 in glioblastoma cell lines were determined. Using previously published 

data, HOTAIRM1 was detected to have lower expression in non-neoplastic (“healthy”) 

brain tissues relative to various glioma cell lines whose HOTAIRM1 expression levels 

were in the range of those detected in primary glioblastoma tissues (Figure 5.1). 

 

  

Figure 5.1: Expression of HOXA transcript antisense RNA, myeloid-specific 1 
(HOTAIRM1) in non-neoplastic (“healthy“) brain tissues, primary glioblastoma tissues 
and various cell lines. HOTAIRM1 expression levels were derived from Affymetrix U133 Plus 
2 array data as obtained via the R2 platform (R2: Genomics Analysis and Visualization Platform 
(http://r2.amc.nl)). Arrows indicate glioma cell lines available in the own working group.  

 

To validate the expression of HOTAIRM1 levels in the glioma cell lines available in our 

group, qRT-PCR experiments were performed, the results of which are shown in Figure 

5.2. The cell lines with relatively high HOTAIRM1 expression levels were used for the 

HOTAIRM1 knockdown experiments, while LN308 cell line was excluded.  
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Figure 5.2: Relative expression of HOXA transcript antisense RNA, myeloid-specific 1 
(HOTAIRM1) in glioblastoma cell lines. qRT-PCR was performed using TaqMan probes 
against HOTAIRM1 or phosphoglycerate kinase 1 (PGK1) (housekeeping gene). Mean +/-SEM 
is shown. n = 3. 

 

5.1.2 SiRNA-mediated knockdown of HOXA transcript antisense RNA, 
myeloid-specific 1 decreases oncogenic potential of 
glioblastoma cells 

To functionally investigate the role of HOTAIRM1 in glioblastoma cells, siRNA-

mediated knockdown experiments were performed using siPOOLs (purchased from 

siTOOLS) against HOTAIRM1 or non-targeting siRNA controls. A HOTAIRM1 

knockdown efficiency greater than 80% was achieved in all cell lines after 72 hours 

post-transfection as measured by qRT-PCR (Figure 5.3 B). After successful transient 

knockdown in all used cell lines, in vitro characterization of cell viability via CellTiter-Glo 

(72 hours, Figure 5.3 B), invasiveness using a Boyden chamber assay (48 hours, 

Figure 5.3 C), and stemness using a colony formation assay by low density seeding 

(21 days, Figure 5.3 D) were performed. These experiments revealed that HOTAIRM1 

knockdown significantly reduced cell viability by 20-30%, invasiveness by 35-50%, and 

colony formation by 25-40% in various glioblastoma cell lines relative to control 

transfected cells. 
  

HOTAIRM1 relative expression

LN308 LN18 U87MG U251MG T98G SF126 LN229
0.000

0.005

0.010

0.015

0.020

Glioblastoma cell lines

R
el

at
ive

H
O

TA
IR

M
1

ex
pr

es
si

on
co

m
pa

re
d 

to
PG

K1



 37 Results 

 

Figure 5.3: SiRNA-mediated HOXA transcript antisense RNA, myeloid-specific 1 
(HOTAIRM1) knockdown decreases oncogenic potential in established glioblastoma cell 
lines. SiRNA-mediated knockdown was achieved using siPOOLS (siTOOLS). qRT-PCR was 
performed using TaqMan probes against HOTAIRM1 or phosphoglycerate kinase 1 (PGK1) 
(housekeeping gene) (A). Cell viability was measured using CellTiter-Glo assays (B). Invasive 
propensity was measured using Boyden chamber assays (C). Colony formation assays were 
done by seeding cells at a density of 500 (U251MG and LN18) to 1000 (LN229 and T98G) cells 
into 10 cm dishes (D). Histogram bars are as follows, outline bars are indicating the results of 
the respective control-transfected cells set to 100%. Filled bars are results obtained with 
HOTAIRM1 knockdown cells. siControl: non-target siRNA; siHOTAIRM1: siRNA against 
HOTAIRM1. Two-way ANOVA was used for statistical analyses; mean +/-SEM, *** p < 0.001, ** 
p < 0.01. n = 3. 

 

5.1.3 Stable knockdown of HOXA transcript antisense RNA, myeloid-
specific 1 decreases oncogenic potential of glioblastoma cells 

To further validate the findings obtained by transient HOTAIRM1 knockdown, a stable 

knockdown system using a lentiviral shRNA was established. Twenty-four hours post 

infection, cell lines were selected initially using puromycin (LN229 and U251MG) and 

subsequently using blasticidin (LN18, SF126 and U87MG). Once the LN229 and 

U251MG cell lines were transduced and selected using puromycin, a knockdown of 

65% was achieved (Figure 5.4 B). However, the relative expression of HOTAIRM1 for 

the LN229 shControl in the stably transfected cell line was observed to be much higher 

than the parental samples (Figure 5.4 A). Therefore, clones were established for both 

LN229 and U251MG. Avoiding this unintentional overexpression of HOTAIRM1, 
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another selection marker (Figure 5.4 B) was tested. Blasticidin did not significantly alter 

the expression of HOTAIRM1 and, therefore, new stable HOTAIRM1 knockdown cell 

lines were generated with a plasmid carrying blasticidin as selection marker. 

 

 

 

Figure 5.4: HOXA transcript antisense RNA, myeloid-specific 1 (HOTAIRM1) expression is 
affected by selection antibiotic.Comparison of relative HOTAIRM1 expression after 
puromycin selection (parental, shControl and shHOTAIRM1) in stably transfected LN229 cells 
(A). HOTAIRM1 expression after blasticidin (2 μg/ml) treatment in SF126 and U87MG (parental, 
shControl and shHOTAIRM1) cells (B). qRT-PCR was performed using TaqMan probes against 
HOTAIRM1 or phosphoglycerate kinase 1 (PGK1) (housekeeping gene). Calculations were 
based on relative HOTAIRM1 expression normalized to PKG1 expression. Parental: non-treated 
cells; shControl: non-target shRNA; shHOTAIRM1: shRNA against HOTAIRM1. Two-way 
ANOVA was used for statistical analyses; mean +/-SEM, *** p < 0.001, * p < 0.05. n = 3. 
Stable knockdown efficiency of 65-85% was achieved in all cell lines (Figure 5.5 A) and 

the functional characterization of knockdown and control cells was performed like it 

was shown in the siRNA-mediated HOTAIRM1 knockdown models (Figure 5.5 B-D). 

Cell viability was decreased by 20-40% (Figure 5.5 B) and invasiveness by 10-70% 

(Figure 5.5 C) similar to the results obtained by siRNA-mediated knockdown. 

Additionally, colony formation potential was reduced in most cell lines by 25-70% 

(Figure 5.5 D). 
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Figure 5.5: Stable HOXA transcript antisense RNA, myeloid-specific 1 (HOTAIRM1) 
knockdown decreases oncogenic potential in established glioblastoma cell lines. Stable 
knockdown was achieved using shRNA against HOTAIRM1. qRT-PCR was performed using 
TaqMan probes against HOTAIRM1 or phosphoglycerate kinase 1 (PGK1) (housekeeping 
gene) (A). Cell viability was measured using CellTiter-Glo assays (B). Invasive propensity was 
measured using Boyden chamber assays (C). Colony formation assays were done by seeding 
cells at a density of 500 (U251MG and LN18) to 1000 (LN229, U87MG and SF126) cells into 10 
cm dishes (D). Histogram bars are as follows: outline bars represent results obtained for 
control-transfected cells set to 100% and filled bars are results obtained for the respective 
glioma cells after HOTAIRM1 knockdown. shControl: non-target shRNA; shHOTAIRM1: shRNA 
against HOTAIRM1. Two-way ANOVA was used for statistical analyses; mean +/-SEM, *** p < 
0.001, ** p < 0.01. n = 3. 

 

5.2 Proteogenomic analysis indicates mitochondrial 
dysfunction upon HOXA transcript antisense RNA, 
myeloid-specific 1 knockdown in glioblastoma cells  

5.2.1 Results of RNA sequencing following siRNA-mediated HOXA 
transcript antisense RNA, myeloid-specific 1 knockdown 

To gain a better understanding of the molecular consequences of HOTAIRM1 

knockdown in glioblastoma cells RNA sequencing was performed for U251MG, LN229 

and T98G cells 72 hours post-transfection with either the HOTAIRM1 siPOOL or with 

control siRNA. Raw reads were trimmed for quality, aligned using STAR 

(https://research.csc.fi/-/star-aligner) against the whole genome and annoted against 
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ENSEMBL (https://www.ensembl.org), both hg19, and finally normalized using counts 

per million. T-tests were performed comparing HOTAIRM1 knockdown glioblastoma 

cells against controls. Data were analysed using GeneSet Enrichment Analysis (GSEA) 

and the output was visualized using cytoscape (p < 0.05, q < 0.05). The GSEA input 

uses all available gene information without filtering for significance. Therefore, as seen 

in our previous experiments, if a false discovery rate (FDR) q value > 0.05 is used, the 

results can only rarely be validated.  As shown in Figure 5.6, all of the significant 

genesets were negatively enriched for the HOTAIRM1 knockdown glioblastoma cells, 

with overall descriptive terms including DNA damage, transcription, mitochondrial 

respiration and mitosis.  

 

Figure 5.6: RNA sequencing results upon siRNA-mediated HOXA transcript antisense 
RNA, myeloid-specific 1 (HOTAIRM1) knockdown in U251MG, LN229 and T98G 
glioblastoma cell lines. The analysis was based on comparison between control cells vs 
HOTAIRM1 knockdown cells. The genesets with significant p- and q-value (p < 0.05, q < 0.05) 
were used in Cytoscape molecular interaction visualization. Red circles: negatively enriched 
genesets in HOTAIRM1 knockdown cells.  
 

Table 5.1 and Table 5.2 show the positively and negatively enriched genesets in the 

HOTAIRM1 knockdown cells, respectively. None of the positively enriched genesets for 

HOTAIRM1 knockdown cells showed a significant false dicovery rate (q < 0.05). The 

top 10 hits of the negatively enriched genesets include transcription, cell cycle and ATP 

production, as it was demonstrated in Figure 5.6. 
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Table 5.1: GeneSet Enrichment Analysis (GSEA) based on RNA sequencing upon HOXA 
transcript antisense RNA, myeloid-specific 1 (HOTAIRM1) siRNA-mediated knockdown in 
glioblastoma cells. Positively enriched genesets in the HOTAIRM1 knockdown cells are listed 
according to their normalized expression score values. NES: normalized expression score; 
NOM: nominal; FDR: false discovery rate. 

GeneSet details NES NOM 
p-value 

FDR 
q-value 

CADHERIN SIGNALING PATHWAY_PANTHER 
PATHWAY_P00012 

2.11899 <0.001 0.16766 

LIMB DEVELOPMENT_GOBP_GO:0060173 2.01167 0.00238 0.30982 
APPENDAGE DEVELOPMENT_GOBP_GO:0048736 1.99275 <0.001 0.25373 
APPENDAGE MORPHOGENESIS_GOBP_GO:0035107 1.93417 <0.001 0.34565 
HISTONE-LYSINE N-METHYLTRANSFERASE 
ACTIVITY_GOMF_GO:0018024 

1.92291 <0.001 0.30706 

 
 

Table 5.2: GeneSet Enrichment Analysis (GSEA) based on RNA sequencing upon HOXA 
transcript antisense RNA, myeloid-specific 1 (HOTAIRM1) siRNA-mediated knockdown in 
glioblastoma cells. Top 10 negatively enriched genesets in the HOTAIRM1 knockdown cells 
are listed according to their normalized expression score values. NES: normalized expression 
score; NOM: nominal; FDR: false discovery rate 

GeneSet details NES NOM 
p-value 

FDR 
q-value 

RUNX1 REGULATES TRANSCRIPTION OF GENES 
INVOLVED IN DIFFERENTIATION OF 
HSCS_REACTOME DATABASE ID RELEASE 
61_8939236 

-2.22344 <0.001 <0.001 

REGULATION OF MITOTIC CELL 
CYCLE_REACTOME DATABASE ID RELEASE 
61_453276 

-2.17473 <0.001 <0.001 

ACTIVATED PKN1 STIMULATES TRANSCRIPTION 
OF AR (ANDROGEN RECEPTOR) REGULATED 
GENES KLK2 AND KLK3_REACTOME_R-HSA-
5625886.1 

-2.16665 <0.001 3.36E-04 

DEPOSITION OF NEW CENPA-CONTAINING 
NUCLEOSOMES AT THE 
CENTROMERE_REACTOME_R-HSA-606279.1 

-2.16189 <0.001 2.52E-04 

RESPIRATORY ELECTRON TRANSPORT, ATP 
SYNTHESIS BY CHEMIOSMOTIC COUPLING, AND 
HEAT PRODUCTION BY UNCOUPLING 
PROTEINS._REACTOME_R-HSA-163200.1 

-2.15902 <0.001 2.01E-04 

APC C-MEDIATED DEGRADATION OF CELL CYCLE 
PROTEINS_REACTOME DATABASE ID RELEASE 
61_174143 

-2.15268 <0.001 4.19E-04 

APC C:CDC20 MEDIATED DEGRADATION OF 
MITOTIC PROTEINS_REACTOME_R-HSA-176409.2 

-2.15107 <0.001 3.59E-04 

ACTIVATION OF APC C AND APC C:CDC20 
MEDIATED DEGRADATION OF MITOTIC 
PROTEINS_REACTOME DATABASE ID RELEASE 
61_176814 

-2.15100 <0.001 3.14E-04 
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NUCLEOSOME ASSEMBLY_REACTOME_R-HSA-
774815.1 

-2.15021 <0.001 2.79E-04 

RNA POLYMERASE I PROMOTER 
OPENING_REACTOME_R-HSA-73728.2 

-2.14531 <0.001 2.51E-04 

 
 

5.2.2 Results of proteomic analyses following siRNA-mediated HOXA 
transcript antisense RNA, myeloid-specific 1 knockdown in 
glioblastoma cells 

In addition to RNA sequencing, proteomics analyses of the same cell lines with or 

without HOTAIRM1 knockdown were performed. Peptides were detected and proteins 

with two or more peptides were considered. Protein abundance data were processed 

using GSEA and visualized as for RNA sequencing. As shown in Figure 5.7, upon 

siRNA-mediated HOTAIRM1 knockdown, genesets were differentially enriched both 

positively and negatively, unlike the RNA sequencing. Positively enriched genesets 

upon HOTAIRM1 knockdown include terms related to cytoskeleton, vesicle transport 

and post-translational modifications. As for the negatively enriched genesets, these 

terms include mRNA processing and mitochondrial translation. 

 

 

Figure 5.7: Proteomics results obtained upon siRNA-mediated HOXA transcript antisense 
RNA, myeloid-specific 1 (HOTAIRM1) knockdown in U251MG, LN229 and T98G cell lines. 
The analysis was based on comparison between control cells vs knockdown cells. The 
genesets with significant p- and q-value (p < 0.05, q < 0.05) were used in Cytoscape interaction 
visualization. Red circles: negatively enriched genesets in HOTAIRM1 knockdown cells; blue 
circles: positively enriched genesets in HOTAIRM1 knockdown cells. 

 

Table 5.3 demonstrates that the top 10 positively enriched geneset terms are related to 

the golgi vesicle transportation, as well as antigen processing and phosphorylation. In 

Table 5.4, the majority of the top 10 negatively enriched genesets upon HOTAIRM1 

knockdown involve ribosome RNA processing. 
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Table 5.3: GeneSet Enrichment Analysis (GSEA) results using proteomic data upon 
HOXA transcript antisense RNA, myeloid-specific 1 (HOTAIRM1) siRNA-mediated 
knockdown. Top 10 positively enriched genesets in the HOTAIRM1 knockdown cells are listed 
according to their normalized expression score values. NES: normalized expression score; 
NOM: nominal; FDR: false discovery rate. 

GeneSet details NES NOM 
p-value 

FDR 
q-value 

CLASS I MHC MEDIATED ANTIGEN PROCESSING & 
PRESENTATION_REACTOME_R-HSA-983169.3 

2.30708 <0.001 5.23E-04 

GOLGI VESICLE TRANSPORT_GOBP_GO:0048193 2.21344 <0.001 0.005067 
REGULATION OF PHOSPHATASE 
ACTIVITY_GOBP_GO:0010921 

2.19807 <0.001 0.005149 

ANTIGEN PRESENTATION: FOLDING, ASSEMBLY 
AND PEPTIDE LOADING OF CLASS I 
MHC_REACTOME DATABASE ID RELEASE 
61_983170 

2.1921 <0.001 0.004262 

PROTEIN UBIQUITINATION INVOLVED IN 
UBIQUITIN-DEPENDENT PROTEIN CATABOLIC 
PROCESS_GOBP_GO:0042787 

2.12129 <0.001 0.010577 

ER TO GOLGI ANTEROGRADE 
TRANSPORT_REACTOME_R-HSA-199977.3 

2.12091 <0.001 0.008901 

ANTIGEN PROCESSING: UBIQUITINATION & 
PROTEASOME DEGRADATION_REACTOME 
DATABASE ID RELEASE 61_983168 

2.11776 <0.001 0.007933 

TRANSPORT TO THE GOLGI AND SUBSEQUENT 
MODIFICATION_REACTOME_R-HSA-948021.2 

2.10455 <0.001 0.008475 

GOLGI-TO-ER RETROGRADE 
TRANSPORT_REACTOME DATABASE ID RELEASE 
61_8856688 

2.07161 <0.001 0.01416 

REGULATION OF 
DEPHOSPHORYLATION_GOBP_GO:0035303 

2.05964 9.29E-04 0.015143 

 
 
Table 5.4: GeneSet Enrichment Analysis (GSEA) using proteomic data upon HOXA 
transcript antisense RNA, myeloid-specific 1 (HOTAIRM1) siRNA-mediated knockdown. 
Top 10 negatively enriched genesets in the HOTAIRM1 knockdown cells are listed according to 
their normalized expression score values. NES: normalized expression score; NOM: nominal; 
FDR: false discovery rate. 

GeneSet details NES NOM 
p-value 

FDR 
q-value 

RIBOSOME BIOGENESIS_GOBP_GO:0042254 -3.206222 <0.001 <0.001 
RNA PROCESSING_GOBP_GO:0006396 -3.094729 <0.001 <0.001 
RRNA PROCESSING_GOBP_GO:0006364 -3.088324 <0.001 <0.001 
RRNA PROCESSING_REACTOME_R-HSA-72312.3 -3.081031 <0.001 <0.001 
MAJOR PATHWAY OF RRNA PROCESSING IN THE 
NUCLEOLUS AND CYTOSOL_REACTOME_R-HSA-
6791226.3 

-3.06467 <0.001 <0.001 

RRNA PROCESSING IN THE NUCLEUS AND 
CYTOSOL_REACTOME_R-HSA-8868773.2 

-3.03982 <0.001 <0.001 

RRNA METABOLIC PROCESS_GOBP_GO:0016072 -3.029373 <0.001 <0.001 
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RIBONUCLEOPROTEIN COMPLEX 
BIOGENESIS_GOBP_GO:0022613 

-2.961836 <0.001 <0.001 

NCRNA PROCESSING_GOBP_GO:0034470 -2.935496 <0.001 <0.001 
STRUCTURAL CONSTITUENT OF 
RIBOSOME_GOMF_GO:0003735 

-2.858148 <0.001 <0.001 

 
 

5.2.3 Integrated proteogenomic analysis of the HOXA transcript 
antisense RNA, myeloid-specific 1 knockdown results indicate 
mitochondrial dysfunction  

Integrative proteogenomics is a powerful approach that combines multiple data types. 

In this instance, RNA sequencing and proteomic data were used. First, data from the 

siRNA-mediated HOTAIRM1 knockdown of both data types were visualized in 

Cytoscape as before. Data were then merged and only genesets present in both RNA 

sequencing and proteomics analyses were retained. Genesets were further manually 

curated so that enriched terms without consistent activation or inhibition between RNA 

sequencing and proteomics were removed. 

 

 

Figure 5.8: Integrative proteogenomics analysis results. GeneSet Enrichment Analysis 
(GSEA) was done for merged RNA sequencing and proteomics data. The integrative analysis 
shows genesets that are enriched in both data types. Red circles: negatively enriched genesets 
in HOXA transcript antisense RNA, myeloid-specific 1 (HOTAIRM1) knockdown cells. 

 

As can be seen in Figure 5.8, overlapping nodes contain genesets for mRNA 

processing and translation, as well as, mitochondrial translation and membrane. 

According to Table 5.5, five out of the top 10 genesets are involved in mitochondria 

regulation, specifically translation, three are for ribosome and the other two are for 
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general translation. In summary, mitochondrial dysregulation after HOTAIRM1 

knockdown was revealed using a proteogenomic approach. 

 
Table 5.5: GeneSet Enrichment Analysis (GSEA) of integrated proteogenomic datasets 
obtained upon HOXA transcript antisense RNA, myeloid-specific 1 (HOTAIRM1) siRNA-
mediated knockdown in glioma cells. The genesets printed in red color are mitochondria-
related genesets. The genesets are listed according to the RNA sequencing q-values. RNA-seq: 
RNA sequencing; NES: normalized expression score; NOM: nominal; FDR: false discovery rate. 

GeneSet details RNA-
seq 
NES 

RNA-
seq 

NOM 
p-

value 

RNA-
seq 
FDR 

q-value 

Proteo-
mics 
NES 

Proteo-
mics 
NOM 

p-value 

Proteo-
mics 

FDR q-
value 

MITOCHONDRIAL INNER 
MEMBRANE_GOCC_GO:0
005743 

-2.108 <0.001 0.00014 -2.072 <0.001 0.01962 

STRUCTURAL 
CONSTITUENT OF 
RIBOSOME_GOMF_GO:00
03735 

-2.100 <0.001 0.00017 -2.858 <0.001 <0.001 

MITOCHONDRIAL 
TRANSLATION 
ELONGATION_REACTOM
E_R-HSA-5389840.1 

-2.092 <0.001 0.00019 -2.306 <0.001 0.00112 

RIBOSOMAL 
SUBUNIT_GOCC_GO:0044
391 

-2.141 <0.001 0.00021 -2.715 <0.001 <0.001 

MITOCHONDRIAL 
TRANSLATION 
INITIATION_REACTOME 
DATABASE ID RELEASE 
61_5368286 

-2.082 <0.001 0.00022 -2.345 <0.001 0.00061 

MITOCHONDRIAL 
TRANSLATION_REACTOM
E DATABASE ID RELEASE 
61_5368287 

-2.074 <0.001 0.00023 -2.330 <0.001 0.00074 

RIBOSOME_GOCC_GO:00
05840 

-2.073 <0.001 0.00023 -2.707 <0.001 <0.001 

MITOCHONDRIAL 
TRANSLATIONAL 
ELONGATION_GOBP_GO:
0070125 

-2.075 <0.001 0.00023 -2.307 <0.001 0.00109 

TRANSLATION_REACTOM
E_R-HSA-72766.3 

-2.073 <0.001 0.00024 -2.206 <0.001 0.00472 

TRANSLATION_GOBP_GO
:0006412 

-2.068 <0.001 0.00024 -2.084 <0.001 0.01834 

MITOCHONDRIAL 
TRANSLATION 
TERMINATION_REACTOM
E_R-HSA-5419276.1 

-2.063 <0.001 0.00028 -2.337 <0.001 0.00065 

ORGANELLE INNER -2.058 <0.001 0.00033 -2.066 <0.001 0.02018 
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MEMBRANE_GOCC_GO:0
019866 
MITOCHONDRIAL 
TRANSLATION_GOBP_GO
:0032543 

-2.043 <0.001 0.00038 -2.225 <0.001 0.00370 

PEPTIDE BIOSYNTHETIC 
PROCESS_GOBP_GO:004
3043 

-2.050 <0.001 0.00039 -1.994 <0.001 0.03187 

LARGE RIBOSOMAL 
SUBUNIT_GOCC_GO:0015
934 

-2.045 <0.001 0.00039 -2.524 <0.001 <0.001 

TRANSLATIONAL 
ELONGATION_GOBP_GO:
0006414 

-2.046 <0.001 0.00040 -2.289 <0.001 0.00142 

MITOCHONDRIAL 
TRANSLATIONAL 
TERMINATION_GOBP_GO
:0070126 

-2.039 <0.001 0.00042 -2.3571 <0.001 0.00048 

AMIDE BIOSYNTHETIC 
PROCESS_GOBP_GO:004
3604 

-2.030 <0.001 0.00046 -1.935 <0.001 0.04255 

ORGANELLAR 
RIBOSOME_GOCC_GO:00
00313 

-2.025 <0.001 0.00051 -2.288 0.0021 0.00142 

MITOCHONDRIAL GENE 
EXPRESSION_GOBP_GO:
0140053 

-2.011 <0.001 0.00062 -2.278 <0.001 0.00158 

MITOCHONDRIAL 
RIBOSOME_GOCC_GO:00
05761 

-2.002 <0.001 0.00070 -2.263 <0.001 0.00199 

 

 

5.2.4 Proteomic analysis upon stable HOXA transcript antisense RNA, 
myeloid-specific 1 knockdown in LN229 glioblastoma cells 

Finally, a proteomic analysis using LN229 stable HOTAIRM1 knockdown and control 

cells was performed to further characterize proteins showing differential expression in 

relation to HOTAIRM1 expression. The data were analyzed as indicated above. 

Genesets that were upregulated upon HOTAIRM1 knockdown that passed the 

significance thresholds (p < 0.05, q < 0.05) included geneset clusters related to 

tricarboxylic acid cycle (TCA) cycle, glycolysis and nucleic acid synthesis, and 

carboxylic acid biosynthesis (Figure 5.9). As can be seen in Table 5.6, the majority of 

terms encompassed in the upregulated data all relate to the TCA cycle or to nucleic 

acid synthesis, whereas terms in the downregulated table (Table 5.7) did not pass the 

FDR threshold (q < 0.05) and are, therefore, non-significant. Considering that TCA 

cycle is associated with mitochondria, this data points out mitochondrial dysregulation 

in line with the integrated proteogenomics results. Therefore, these data obtained in 
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stably transfected glioblastoma cells support the observations described above for the 

siRNA-mediated HOTAIRM1 knockdown models. 

 

 

Figure 5.9: Proteomics result upon HOXA transcript antisense RNA, myeloid-specific 1 
(HOTAIRM1) stable knockdown in LN229 glioblastoma cells. The analysis was based on 
comparison between control cells vs stable HOTAIRM1 knockdown cells. The genesets with 
significant p- and q-value (p < 0.05, q < 0.05) were used in Cytoscape molecular interaction 
visualization. Blue circles: positively enriched genesets upregulated in HOTAIRM1 knockdown 
cells. 

 
 
Table 5.6: GeneSet Enrichment Analysis (GSEA) results after proteomics upon HOXA 
transcript antisense RNA, myeloid-specific 1 (HOTAIRM1) stable knockdown in LN229 
glioblastoma cells. Positively enriched genesets in the HOTAIRM1 knockdown cells are listed 
according to their normalized expression score values. NES: normalized expression score; 
NOM: nominal; FDR: false discovery rate. 

GeneSet details NES NOM 
p-value 

FDR 
q-value 

MONOSACCHARIDE BIOSYNTHETIC 
PROCESS_GOBP_GO:0046364 

2.21157 <0.001 0.00264 

PYRIDINE-CONTAINING COMPOUND METABOLIC 
PROCESS_GOBP_GO:0072524 

2.18854 <0.001 0.00184 

MONOSACCHARIDE METABOLIC 
PROCESS_GOBP_GO:0005996 

2.18763 <0.001 0.00123 

HEXOSE BIOSYNTHETIC 
PROCESS_GOBP_GO:0019319 

2.09992 <0.001 0.00526 

GLUCONEOGENESIS_GOBP_GO:0006094 2.06175 <0.001 0.00918 
PYRIDINE NUCLEOTIDE METABOLIC 
PROCESS_GOBP_GO:0019362 

2.06005 <0.001 0.00782 

NICOTINAMIDE NUCLEOTIDE METABOLIC 
PROCESS_GOBP_GO:0046496 

2.04710 <0.001 0.00941 

RIBONUCLEOSIDE TRIPHOSPHATE METABOLIC 
PROCESS_GOBP_GO:0009199 

2.03329 <0.001 0.01107 

SMALL MOLECULE BIOSYNTHETIC 2.03168 <0.001 0.01007 
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PROCESS_GOBP_GO:0044283 
OXIDOREDUCTION COENZYME METABOLIC 
PROCESS_GOBP_GO:0006733 

2.03167 <0.001 0.00906 

HEXOSE METABOLIC PROCESS_GOBP_GO:0019318 2.02777 <0.001 0.00862 
PURINE NUCLEOSIDE TRIPHOSPHATE METABOLIC 
PROCESS_GOBP_GO:0009144 

2.01712 <0.001 0.00996 

GLYCOLYTIC PROCESS_GOBP_GO:0006096 2.00377 <0.001 0.01110 
RIBONUCLEOSIDE DIPHOSPHATE METABOLIC 
PROCESS_GOBP_GO:0009185 

2.00351 <0.001 0.01042 

GLUCONEOGENESIS_REACTOME_R-HSA-70263.2 2.00138 <0.001 0.01008 
PURINE RIBONUCLEOSIDE DIPHOSPHATE METABOLIC 
PROCESS_GOBP_GO:0009179 

1.98683 <0.001 0.01228 

PURINE RIBONUCLEOSIDE TRIPHOSPHATE 
METABOLIC PROCESS_GOBP_GO:0009205 

1.98352 <0.001 0.01228 

ADP METABOLIC PROCESS_GOBP_GO:0046031 1.98242 <0.001 0.01177 
ATP METABOLIC PROCESS_GOBP_GO:0046034 1.98136 <0.001 0.01126 
CARBOHYDRATE BIOSYNTHETIC 
PROCESS_GOBP_GO:0016051 

1.98003 <0.001 0.01089 

 

 
 
Table 5.7: GeneSet Enrichment Analysis (GSEA) results after proteomics upon HOXA 
transcript antisense RNA, myeloid-specific 1 (HOTAIRM1) stable knockdown in LN229 
glioblastoma cells. Negatively enriched genesets in the HOTAIRM1 knockdown cells are listed 
according to their normalized expression score values. NES: normalized expression score; 
NOM: nominal; FDR: false discovery rate. 

GeneSet details NES NOM 
p-value 

FDR 
q-value 

REGULATION OF 
CYTOKINESIS_GOBP_GO:0032465 

-1.79480 0.01218 1 

REGULATION OF CELL 
DIVISION_GOBP_GO:0051302 

-1.75311 0.01475 1 

ACTIVATION OF THE PRE-REPLICATIVE 
COMPLEX_REACTOME DATABASE ID RELEASE 
61_68962 

-1.72488 0.01389 1 

PID_TCR_PATHWAY_MSIGDB_C2_PID_TCR_PATH
WAY 

-1.62282 0.04110 1 

TRANSFERASE ACTIVITY, TRANSFERRING ACYL 
GROUPS_GOMF_GO:0016746 

-1.60273 0.00812 1 

TCR SIGNALING IN NAIVE CD4+ T 
CELLS_PATHWAY INTERACTION DATABASE NCI-
NATURE CURATED DATA_TCR SIGNALING IN 
NAIVE CD4+ T CELLS 

-1.58560 0.04342 1 

PID_INSULIN_PATHWAY_MSIGDB_C2_PID_INSULI
N_PATHWAY 

-1.55641 0.04670 1 

ACETYLTRANSFERASE 
ACTIVITY_GOMF_GO:0016407 

-1.55101 0.02500 1 

TETHERING COMPLEX_GOCC_GO:0099023 -1.54698 0.03819 1 
REGULATION OF DNA 
REPLICATION_GOBP_GO:0006275 

-1.53722 0.03276 1 

INSULIN PATHWAY_PATHWAY INTERACTION -1.52728 0.04095 1 
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DATABASE NCI-NATURE CURATED 
DATA_INSULIN PATHWAY 
CLATHRIN-COATED VESICLE_GOCC_GO:0030136 -1.51654 0.02121 1 
FAS_IOB_FAS -1.51594 0.02222 1 
N-ACYLTRANSFERASE 
ACTIVITY_GOMF_GO:0016410 

-1.51451 0.04178 1 

PROTEIN SERINE/THREONINE KINASE 
ACTIVITY_GOMF_GO:0004674 

-1.49782 0.02091 1 

POSTSYNAPSE_GOCC_GO:0098794 -1.48981 0.04894 1 
PEPTIDYL-SERINE 
MODIFICATION_GOBP_GO:0018209 

-1.48416 0.04587 1 

SYNAPSE PART_GOCC_GO:0044456 -1.46143 0.04596 1 
UBIQUITIN LIGASE COMPLEX_GOCC_GO:0000151 -1.45312 0.04200 1 
DNA-DIRECTED RNA POLYMERASE 
COMPLEX_GOCC_GO:0000428 

-1.41953 0.04298 1 

RNA POLYMERASE 
COMPLEX_GOCC_GO:0030880 

-1.40500 0.04255 1 

COVALENT CHROMATIN 
MODIFICATION_GOBP_GO:0016569 

-1.40356 0.04233 1 

PROTEIN KINASE ACTIVITY_GOMF_GO:0004672 -1.32465 0.04268 1 
TRANSFERASE COMPLEX_GOCC_GO:1990234 -1.30101 0.02339 1 
 
 

5.3 Knockdown of HOXA transcript antisense RNA, myeloid-
specific 1 alters amino acid metabolism and leads to 
upregulation of asparagine synthetase in glioblastoma 
cells  

Since the proteogenomic analysis revealed an influence of HOTAIRM1 on 

mitochondrial function as a major effect, this finding was further pursued and validated. 

The intial experiment evaluating mitochondrial function was to assess the metabolite 

levels in the TCA cycle. Metabolomics assays measuring 15 metabolites involved or 

related to the TCA cycle were performed to detect effects upon HOTAIRM1 

modulation. Figure 5.10 panel A shows that the abundance of aspartate significantly 

decreased and the abundance of asparagine significantly increased (1.5 fold, p < 0.05), 

while the other metabolites were not significantly deregulated after HOTAIRM1 

knockdown. Increased asparagine and decreased aspartate levels indicate 

dysregulation of ETC function and TCA cycle, and hence altered mitochondrial function 

[32]. In a next step, the enzymes asparagine synthetase (ASNS), which converts 

aspartate to asparagine, and asparaginase (ASPG), which degrades asparagine to 

aspartate were investigated further. First, the RNA and protein levels of ASNS and 

ASPG were measured by qRT-PCR (Figure 5.10 B) or western blotting (Figure 5.10 C-
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D). As a result, it was observed that HOTAIRM1 knockdown leads to significant 

upregulation of ASNS in stably transfected LN229 cells (Figure 5.10 B-C) and therefore 

increased asparagine and decreased aspartate levels. 

 

   

Figure 5.10: Tricarboxylic acid cycle (TCA) metabolomics assay. Knockdown of HOXA 
transcript antisense RNA, myeloid-specific 1 (HOTAIRM1) in stable U251MG and LN229 
glioblastoma cells result in decreased aspartate and increased asparagine levels (A). 
Asparagine synthetase (ASNS) expression in stably transfected HOTAIRM1 knockdown and 
control LN229 cells (B). qRT-PCR was performed using TaqMan probes against ASNS or 
phosphoglycerate kinase 1 (PGK1) (housekeeping gene). Western blotting analysis of ASNS 
(C) and asparaginase (ASPG) (D) protein expression in stable HOTARM1 knockdown and 
corresponding control-transfected LN229 cells with the quantifications below the blots. TCA 
metabolomics: blue color: downregulation (1.5 fold, * p < 0.05); red color: upregulation (1.5 fold, 
* p < 0.05). shControl: non-target shRNA; shHOTAIRM1: shRNA against HOTAIRM1; KD: 
HOTAIRM1 knockdown cells; Cntrl: control cells; replicate 1-3; 2HG = 2-hydroxyglutarate. Two-
way ANOVA was used for statistical analyses for panel A. Student t-test was used for statistical 
analyses for panel B-D. Mean +/-SEM, *** p < 0.001, * p < 0.05. n = 3 
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5.4 Knockdown of HOXA transcript antisense RNA, myeloid-
specific 1 decreases maximal respiration in U251MG cells 

To further investigate and validate the mitochondrial dysfunction phenotype upon 

HOTAIRM1 knockdown, a “Seahorse Mito Stress” assay was performed to measure 

mitochondrial function. The Mito Stress assay involes four compounds that modulate 

cellular respiration to measure oxygen consumption rate (OCR): oligomycin (an ATP 

synthasecomplex V inhibitor), carbonyl cyanide-p-trifluoromethoxyphenylhydrazone 

(FCCP) (an uncoupling agent), rotenone (a complex I inhibitor) and antimycin A (a 

complex III inhibitor). First, the basal respiration is measured by the Seahorse 

instrument. Next, ATP production is measured by oligomycin (1 μM) injection which 

causes a decrease in OCR level. Afterwards, FCCP (0.75 μM) injection disrupts the 

mitochondrial membrane potential and OCR reaches the maximum that is used to 

calculate spare respiratory capacity by subtracting basal respiration from maximal 

respiration; spare respiratory capacity refers to the capacity of the cell upon increased 

energy demand or under stress as a response. The third injection is a rotenone (0.5 

μM)/antimycin A (0.5 μM) combination to shut down the mitochondrial respiration which 

is used to calculate non-mitochondrial respiration.  

The analysis was performed using stable HOTAIRM1 knockdown U251MG cells and 

respective control-transfected cells  (Figure 5.11 A) as well as LN229 HOTAIRM1 

knockdown and control cells (data not shown). In stably transfected U251MG cells, the 

basal OCR levels differ between the knockdown and the control cells, still, upon 

normalization to the U251MG control basal level, HOTAIRM1 knockdown showed a 

consistent decrease in maximal respiration and spare respiration capacity, indicating 

that there is mitochondrial dysfunction after HOTAIRM1 knockdown. 

When stably transfected LN229 cells were used, these cells did not attach completely 

to the specific Seahorse microplates and measurements therefore could not be 

performed reliably. Thus, due to this technical problem, LN229 cells could not be 

evaluated with the Seahorse Mito Stress assay. 

  



 52 Results 

 

Figure 5.11: Seahorse Mito Stress assay for stably transfected HOXA transcript 
antisense RNA, myeloid-specific 1 (HOTAIRM1) knockdown and control U251MG cells. 
Representative assay output of one replicate (A). Oxygen consumtion rate (OCR) 
measurements of biological triplicates of Mito Stress assay (B). OCR measurements were 
normalized to basal level of control cells. shControl: non-target shRNA; shHOTAIRM1: shRNA 
against HOTAIRM1. RFU: relative fluorescence units; Resp.: respiration. Two-way ANOVA 
were used for statistical analyses. Mean +/- SEM; *** p < 0.001. n = 3, replicas = 6.  

 

5.5 HOXA transcript antisense RNA, myeloid-specific 1 
knockdown increased reactive oxygen species in 
glioblastoma cells 

Previous studies have shown that impaired electron transport leads to decreased ATP 

production and accumulation of free radicals, including reactive oxygen species (ROS) 

[15]. Therefore, ROS measurements were carried out using a dihydroethidium (HEt) 

and MitoSOX staining which measures nuclear/cytoplasmic and mitochondrial ROS, 

respectively. LN229, SF126 and U87MG HOTAIRM1 stable knockdown and their 

respective control-transfected cells were processed (Figure 5.12). HOTAIRM1 
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knockdown cells showed significantly increased ROS levels compared to control cells 

in almost all evaluated cellular compartments. These data further suggest that 

mitochondrial function in the HOTAIRM1 stable knockdown glioblastoma cells is 

impaired. 

 

 

Figure 5.12: Reactive oxygen species (ROS) staining. HEt (general superoxide indicator) 
and MitoSox (mitochondrial superoxide indicator) stainings were performed on LN229, SF126 
and U87MG HOXA transcript antisense RNA, myeloid-specific 1 (HOTAIRM1) stable 
knockdown and control-transfected cells. Shown are the detected ROS levels normalized to the 
control cells. shControl: non-target shRNA; shHOTAIRM1: shRNA against HOTAIRM1; student 
t-test was used for statistical analyses; mean +/-SEM, *** p < 0.001, ** p < 0.01. n = 3. 

 

5.6 Antioxidant N-acetyl cysteine treatment rescues the 
phenotype induced by HOXA transcript antisense RNA, 
myeloid-specific 1 knockdown in glioblastoma cells 

After using several methods to demonstrate that HOTAIRM1 knockdown cells have a 

decreased mitochondrial function leading to increased ROS production, a ROS 

scavenger treatment was performed to rescue the phenotype. The antioxidant N-acetyl 

cysteine (NAC) was used to treat LN229 and LN18 HOTAIRM1 knockdown and control 

cell lines with 1 mM final concentration of NAC or vehicle control. Afterwards, colony 

formation assays were performed for 21 days. Control cell lines showed the expected 

significant reduction of colonies after knockdown of HOTAIRM1; however, NAC 

treatment rescued the effect of HOTAIRM1 knockdown on colony formation in both 

LN229 and LN18 cell lines (Figure 5.13). 
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Figure 5.13: Antioxidant N-acetyl cysteine (NAC) treatment in stable LN229 and LN18 
cells. NAC treatment performed for both shControl and shHOTAIRM1 cells in combination with 
colony formation assay by adding NAC to the culture media. The calculations were made to 
respective normalized shControl cells. shControl: non-target shRNA; shHOTAIRM1: shRNA 
against HOXA transcript antisense RNA, myeloid-specific 1 (HOTAIRM1). Two-way ANOVA 
were used for statistical analyses; mean +/-SEM and, ** p < 0.01. n = 3. 

 

5.7 HOXA transcript antisense RNA, myeloid-specific 1 
knockdown sensitizes LN229, SF126 and LN18 
glioblastoma cells to radiation in vitro 

In glioblastoma patients, radiation is part of the standard of care treatment and, 

importantly, there is a strong cellular survival correlation between the amount of ROS 

and radiation exposure in vitro [129, 192]. Therefore, altered levels of HOTAIRM1 were 

tested for a potential effect on the survival of glioblastoma cells after exposure to 

radiation. Cells were irradiated with 0, 2 or 4 Gy (gray), and colony formation assays 

were performed as before. In figure 5.14, a significant decrease in colonies after 

irradiation at the 21 day endpoint was demonstrated. Although the self-renewal 

capacity of HOTAIRM1 knockdown cells was already reduced, a significant decrease in 

colonies for LN229, SF126 and LN18 after irradiation was observed in a dose-

dependent manner. 
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Figure 5.14: HOXA transcript antisense RNA, myeloid-specific 1 (HOTAIRM1) knockdown 
sensitizes glioblastoma cells to radiation in vitro. Representative images and triplicate 
quantification of colony formation assays at 21 days post irradiation at indicated doses for stably 
transfected LN229 (A), SF126 (B) and LN18 (C) cell lines. Colony counts normalized to the 
respective controls at 0, 2 and 4 Gy. Control/shControl: non-target shRNA; KD/shHOTAIRM1: 
shRNA against HOTAIRM1; Gy: gray. Student’s t-test was used for statistical analysis. Mean +/-
SEM, *** p < 0.001, ** p < 0.01, * p < 0.05. n = 3. 

 

5.8 HOXA transcript antisense RNA, myeloid-specific 1 
knockdown sensitizes LN229 glioblastoma cells to 
radiation in vivo 

After showing a mitochondrial deficiency in several assays and increased ROS levels 

as well as increased radiosensitivity upon HOTAIRM1 knockdown in vitro, orthotopic 

intracerebral implantations of LN229 knockdown and control cells were performed by 

our collaborators in Zurich and transplanted mice were subjected to radiation (12 Gy) 

or followed up without any treatment. There was no survival benefit in mice bearing 

HOTAIRM1 knockdown cells (Figure 5.15 A). On the other hand, there was a strong 

significant increase in survival in mice bearing HOTAIRM1 knockdown cells after 

exposure to radiation (Figure 5.15 B).  
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Figure 5.15: Survival curves and tumor growth in mice carrying orthotopic LN229 
xenografts with and without radiation. Kaplan-Meier survival plot showing shHOTAIRM1 and 
shControl cells: plot shows mice which received no radiation (A) and mice treated with radiation 
(B). Red and black lines represent shHOTAIRM1 and shControl, respectively. shControl: non-
target shRNA; shHOTAIRM1: shRNA against HOTAIRM1; IR: irradiation. 10 mice were used 
per group. Log-rank test was used for statistical analysis. 

 

5.9 Glioblastoma cells with high levels of HOXA transcript 
antisense RNA, myeloid-specific 1 are more sensitive to l-
asparaginase treatment 

Having shown that glioblastoma cells and tumors with decreased expression of 

HOTAIRM1 were more sensitive to radiation, cells with high HOTAIRM1 expression 

levels were tested whether they were sensitive to specific pharmacological treatment. 

Considering the significant alteration in aspartate and asparagine levels between 

HOTAIRM1 knockdown and control cells (Figure 5.16), treatment with l-asparaginase 

(ASPG), which is used as a treatment in a number of cancers [18, 87, 160], was 

performed to test whether it would influence the outcome in glioblastoma cells 

according to their expression levels of HOTAIRM1. Therefore, stable transfected 

LN229 cells were tested with different doses of ASPG using the CellTiter-Glo assay as 

a read out for cell viability. The ASPG treatment was significantly more effective in 

LN229 cells with high HOTAIRM1 expression (Figure 5.16). 
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Figure 5.16: Asparaginase dose kinetics in stable transfected HOXA transcript antisense 
RNA, myeloid-specific 1 (HOTAIRM1) knockdown and control LN229 cells. Control-
transfected cells with high levels of HOTAIRM1 are more sensitive to asparaginase (ASPG) 
treatment. ASPG dose kinetics evaluated by CellTitre-Glo assay. Signals from both control cells 
and knockdown cells were normalized to the respective untreated (0 IU/ml) dose. UI: 
international unit; shControl: non-target shRNA; shHOTAIRM1: shRNA against HOTAIRM1. 
Two-way ANOVA was used for statistical calculation; mean +/-SEM, *** p < 0.001, * p < 0.05. n 
= 3. 

 

5.10 In silico microRNA binding analysis shows a potential role 
of HOXA transcript antisense RNA, myeloid-specific 1 as a 
microRNA sponge for miRNAs targeting transglutaminase 
2 

To identify potential mechanisms underlying the observed phenotypes of HOTAIRM1 

knockdown in glioblastoma cells, differentially expressed proteins in the proteomic data 

set obtained from stably transfected LN229 glioblastoma cells were identified. As seen 

in Tables 5.8 and 5.9, there were 16 proteins that are upregulated and 12 proteins that 

were downregulated upon HOTAIRM1 stable knockdown in the LN229 cells, 

respectively.  

 
Table 5.8: List of top significantly upregulated proteins following HOXA transcript 
antisense RNA, myeloid-specific 1 (HOTAIRM1) stable knockdown in LN229 glioblastoma 
cells. The proteins are listed according to their q-values. 

Protein ID Description Fold 
change 

p-value q-value 

L1CAM Neural cell adhesion molecule L1 1.74303 2.01E-06 0.00362 
LCN2 Neutrophil gelatinase-associated 

lipocalin 
12.0809 1.11E-05 0.00385 

HSD17B10 3-hydroxyacyl-CoA dehydrogenase 
type-2 

1.91749 6.58E-06 0.00385 
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AKR1C3 Aldo-keto reductase family 1 member 
C3 

1.99863 2.18E-05 0.00522 

CALB2 Calretinin 1.85151 5.60E-05 0.01011 
KYNU Kynureninase 1.91012 0.00011 0.01627 
DYNLRB1 Dynein light chain roadblock-type 1 1.58320 0.00012 0.01642 
ANKRD52 Serine/threonine-protein phosphatase 6 

regulatory ankyrin repeat subunit C 
3.11078 0.00021 0.02369 

RAP1GAP2 Rap1 GTPase-activating protein 2 1.64261 0.00024 0.02369 
PDLIM4 PDZ and LIM domain protein 4 1.64951 0.00048 0.03625 
INF2 Inverted formin-2 1.62381 0.00047 0.03625 
AKR1B1 Aldose reductase 1.75732 0.00059 0.04126 
GAK Cyclin-G-associated kinase 1.75092 0.00096 0.04641 
SLC2A1 Solute carrier family 2, facilitated 

glucose transporter member 1 
1.57233 0.00091 0.04641 

L3HYPDH Trans-L-3-hydroxyproline dehydratase 1.53126 0.00099 0.04641 
DDT D-dopachrome decarboxylase 1.64757 0.00109 0.04672 

 
 

Table 5.9: List of top significantly downregulated proteins following HOXA transcript 
antisense RNA, myeloid-specific 1 (HOTAIRM1) stable knockdown in LN229 glioblastoma 
cells. The proteins are listed according to their q-values. Transglutaminase 2 (TGM2) is used 
for further assays and is highlighted. 

Protein ID Description Fold 
change 

p-value q-value 

TMEM87A Transmembrane protein 87A -6.44115 1.28E-05 0.00385 
MYO6 Myosin-VI -3.57295 1.00E-05 0.00385 
RFTN1 Raftlin -1.84698 4.56E-06 0.00385 
NGFR Nerve growth factor receptor -15.5604 2.31E-05 0.00522 
TGM2 Transglutaminase 2 -1.62376 3.20E-05 0.00641 
HAT1 Histone acetyltransferase type B catalytic 

subunit 
-1.61425 0.00011 0.01627 

SLC4A7 Sodium bicarbonate cotransporter 3 -2.20409 0.00024 0.02369 
PKN2 Serine/threonine-protein kinase N2 -1.69435 0.00032 0.02888 
C16orf58 Chromosome 16 open reading frame 58 -2.21576 0.00037 0.03146 
SORT1 Sortilin -2.08654 0.00059 0.04126 
UBR1 E3 ubiquitin-protein ligase UBR1 -1.57988 0.00070 0.04252 
HSPA14 Heat shock 70 kDa protein 14 -2.13546 0.00091 0.04641 
 

 

Since one function of lncRNAs is related to their ability of working as a microRNA 

(miRNA) sponge, an in silico analysis using the MiRanda tool 

(https://omictools.com/miranda-tool) was performed. miRNA binding analysis for 

HOTAIRM1 and the 12 genes encoding the downregulated proteins identified from the 

stable LN229 proteomics data was performed to identify common miRNAs that may 

bind to one or more of the mRNAs for the downregulated proteins. The total miRNAs 
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predicted were filtered for miRNAs overlapping with miRNAs detected in HOTAIRM1 

and miRNAs which were negatively correlated with HOTAIRM1 in TCGA data 

(https://www.cancer.gov/tcga). This in silico analysis revealed 15 miRNAs targeting 

HOTAIRM1 and several mRNAs of the proteins of interest (Table 5.10). Surprisingly, 

14 of 15 miRNAs were found to be targeting the mRNA of transglutaminase 2 (TGM2), 

which has been shown to play a role in a broad range of cellular processes including 

mitochondrial function [97] and therapy resistance [12, 38, 93]. Additionally, 

HOTAIRM1 has been shown to be a sponge for the most significant miRNA candidate: 

hsa-miR-17-5p [117, 141], which could be verified in this analysis.  

 

Table 5.10: List of microRNAs predicted to bind to HOXA transcript antisense RNA, 
myeloid-specific 1 (HOTAIRM1) and the mRNAs of one or more of the 12 downregulated 
proteins identified upon HOTAIRM1 knockdown in LN229 cells. microRNAs are ranked 
based on p-values. Transglutaminase 2 (TGM2) is highlighted in the table. miRNA: microRNA; 
mRNA: messenger RNA; TCGA: The Cancer Genome Atlas. 

miRNA mRNA TCGA correlation p-value 
hsa-miR-17-5p TGM2 -0.397026 3.29E-05 

hsa-miR-93 TGM2 -0.395785 3.50E-05 
hsa-miR-95 TGM2 -0.354698 0.0002368 
hsa-miR-20b TGM2 -0.343056 0.00038901 
hsa-miR-328 TGM2 -0.342861 0.00039218 
hsa-miR-106a TGM2 -0.327445 0.00073486 
hsa-miR-20a TGM2 -0.321762 0.00091882 
hsa-miR-20b RFTN1 -0.317927 0.00106573 
hsa-miR-130b TGM2 -0.315417 0.00117314 
hsa-miR-17-5p RFTN1 -0.310938 0.00138963 

hsa-miR-93 RFTN1 -0.305739 0.001686 
hsa-miR-153 RFTN1 -0.296443 0.00236182 
hsa-miR-153 TGM2 -0.295234 0.00246571 
hsa-miR-95 RFTN1 -0.285786 0.0034302 
hsa-miR-92 SORT1 -0.28524 0.00349507 

hsa-miR-106b TGM2 -0.281732 0.00393889 
hsa-miR-106a RFTN1 -0.253882 0.00966134 
hsa-miR-95 SLC4A7 -0.25275 0.0100009 
hsa-miR-25 NGFR -0.252134 0.0101904 
hsa-miR-101 TGM2 -0.24385 0.0130574 
hsa-miR-598 TGM2 -0.239846 0.0146794 
hsa-miR-92 TGM2 -0.234186 0.0172689 
hsa-miR-328 SORT1 -0.232079 0.018329 
hsa-miR-20a RFTN1 -0.224141 0.0228423 
hsa-miR-328 RFTN1 -0.223122 0.0234852 
hsa-miR-25 TGM2 -0.219973 0.0255714 

hsa-miR-17-5p SORT1 -0.217921 0.0270137 
hsa-miR-148b SLC4A7 -0.205092 0.0376912 
hsa-miR-130b SORT1 -0.203905 0.0388369 
hsa-miR-130b RFTN1 -0.201252 0.0415039 
hsa-miR-106b RFTN1 -0.198482 0.0444489 
hsa-miR-328 HAT1 -0.1969 0.046208 
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hsa-miR-20a SORT1 -0.196052 0.0471739 
hsa-miR-148b RFTN1 -0.194955 0.0484485 
hsa-miR-106a SORT1 -0.194221 0.0493178 

 

5.11 Transglutaminase 2 is downregulated upon HOXA 
transcript antisense RNA, myeloid-specific 1 knockdown in 
glioblastoma cells 

The downregulation of TGM2 in the stable cell line models was validated at both the 

RNA (Figure 5.17 A) and protein levels (Figure 5.17 B and C) and decreased TGM2 

expression upon HOTAIRM1 stable knockdown was clearly detected.  

 

 

Figure 5.17: Transglutaminase 2 (TGM2) is downregulated upon HOXA transcript 
antisense RNA, myeloid-specific 1 (HOTAIRM1) knockdown in glioblastoma cells. qRT-
PCR was performed using TaqMan probes against TGM2 or phosphoglycerate kinase 1 (PGK1) 
(housekeeping gene) to check the TGM2 expression upon HOXA transcript antisense RNA, 
myeloid-specific 1 (HOTAIRM1) stable knockdown in stable LN229, U87MG, SF126 and LN18 
cell lines (A). Two-way ANOVA is used for statistical calculation. Western blotting analysis of 
TGM2 upon HOTAIRM1 knockdown was performed in stable LN229 (B) and U87MG (C) cell 
lines and the signal intensities on the blots were quantified (D). shControl: non-target shRNA; 
shHOTAIRM1: shRNA against HOTAIRM1; Ctrl: control; KD: HOTAIRM1 knockdown; student’s 
t-test was used for statistical analysis. Mean +/-SEM, *** p < 0.001, ** p < 0.01, * p < 0.05. n = 
3. 

 

5.12 SiRNA-mediated knockdown of transglutaminase 2 
decreases oncogenic potential in glioblastoma cells 

Having verified decreased TGM2 expression after HOTAIRM1 knockdown in 

glioblastoma cells, the possibility that TGM2 alone could have an oncogenic effect in 
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vitro was tested. siRNA-mediated TGM2 knockdown in LN229 and SF126 cells 

achieved 75% efficacy in both cell lines using siPOOLs (siTOOLS) against TGM2 

(Figure 5.18 A). Interestingly, knockdown of TGM2 also decreased HOTAIRM1 

expression by 40% and 20% for LN229 and SF126, respectively (Figure 5.18 B). The 

cell viability was decreased by 12-20% (Figure 5.18 C) and there were fewer colonies 

by 25-40% (Figure 5.18 D). These data suggest that knockdown of TGM2 can mimic 

the effect of HOTAIRM1 on the phenotype of glioblastoma cells. 

  

  

Figure 5.18: SiRNA-mediated transglutaminase 2 (TGM2) knockdown decreases 
oncogenic potential in established glioblastoma cell lines. SiRNA-mediated TGM2 
knockdown was achieved using siPOOLS (siTOOLS). qRT-PCR was performed using TaqMan 
probes against TGM2 (A), HOXA transcript antisense RNA, myeloid-specific 1 (HOTAIRM1) (B) 
or phosphoglycerate kinase 1 (PGK1) (housekeeping gene). Cell viability was measured using 
CellTiter-Glo assays (C). Colony formation assays were done by seeding cells at a density of 
1000 cells into 10 cm dishes (D). Histogram bars are as follows, outline bars are respective 
control and filled bars are TGM2 knockdown. siControl: non-target siRNA; siTGM2: siRNA 
against TGM2. Two-way ANOVA was used for statistical analyses; mean +/-SEM, *** p < 0.001, 
** p < 0.01. n = 3. 
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6 Discussion 

Increasing evidence suggests that alterations in lncRNA expression contribute to the 

aggressive growth behavior and therapy resistance of different cancer entities [6, 17, 

162], including malignant brain tumors such as glioblastoma [27, 64, 103, 120, 184, 

186]. Previously generated data from our laboratory provided further evidence that 

higher expression levels of the long non-coding RNA HOTAIRM1 are linked to shorter 

survival of glioblastoma patients. Consistent with our observations, HOTAIRM1 was 

recently shown by other investigators to be aberrantly expressed in high-grade gliomas 

[104]. In addition, high HOTAIRM1 expression has been associated with shorter 

survival in acute myeloid leukemia patients with the intermediate-risk cytogenetic 

category [43], in pancreatic ductal adenocarcinoma [202], the basal-like subgroup of in 

breast cancer [159], and in glioma [155]. Therefore, to elucidate the biological functions 

of HOTAIRM1 in glioblastoma, well established glioblastoma cell lines with high 

expression of HOTAIRM1 were used and siRNA- as well as shRNA-mediated 

knockdown approaches were performed. For the first stable knockdown of HOTAIRM1 

in glioblastoma cells, a lentivirus-based plasmid with puromycin as a selection marker 

was used. However, puromycin based antibiotic selection increased HOTAIRM1 

expression in the cells. Although the knockdown efficiency after puromycin selection 

was strong, the expression levels of HOTAIRM1 in knockdown cells were as high as in 

the parental cell lines. In contrast, blasticidin based antibiotic selection didn´t affect the 

HOTARIM1 expression as demonstrated in Figure 5.4. Therefore, a different plasmid 

was used, including blasticidin as a selection marker, for further stable transfection of 

cell lines.  

In accordance with the studies by Li et al. (2018) [104] and Liang et al. (2019) [109], a 

consistent decrease in tumor promoting features was found upon HOTAIRM1 

knockdown across the investigated glioblastoma models. In particular, HOTAIRM1 

knockdown resulted in reduced viability, invasive growth and colony formation of 

various glioblastoma cell lines in vitro. To uncover potential mechanism underlying the 

effects of HOTAIRM1 on aggressiveness of glioblastoma, a proteogenomic approach 

was used. Since there are multiple types of genetic, epigenetic, and genomic changes 

in cancer [24], an approach that integrates multiple “omics” data sets may be 

advantageous to studies based only on one type of “omic” measurement. Accordingly, 

an integrative analysis of RNA sequencing and proteomics, shortly proteogenomics 

was performed. Geneset enrichment analysis of RNA sequencing and proteomics data 

sets revealed nineteen and eleven significantly enriched geneset clusters upon 

HOTAIRM1 knockdown in glioblastoma cells, which made it challenging to propose a 
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precise role of HOTAIRM1 in glioblastoma, especially when using a single approach. 

On the other hand, proteogenomics identified only four genesets that had consistent 

activation or inhibition between RNA sequencing and proteomics. This approach 

revealed that HOTAIRM1 plays a role in mRNA processing and translation, and 

mitochondrial translation and membrane function. Translation is one of the most 

energy-consuming cellular processes and thus linked to cellular energy production [19, 

146, 163] in mitochondria [47]. Hence, the dysregulation of mRNA processing and 

translation might be linked directly to mitochondrial dysfunction itself. This hypothesis 

was further substantiated by the finding of increased ROS levels as an indicator for 

mitochondrial dysfunction [15] in HOTAIRM1 knockdown compared to control 

glioblastoma cells. Mitochondria play a central role in energy metabolism [47], β-

oxidation of fatty acids [168], amino acids metabolism [60], biogenesis of heme- and 

iron-sulfur (Fe-S) cluster [7, 136], programmed cell death [81, 92, 161], synthesis of 

steroids [148] and hormonal signaling [187]. To validate the proteogenomics findings, 

tricarboxylic acid cycle (TCA) metabolomics was performed since the citric acid/TCA 

cycle is associated with mitochondria and plays a central role in energy metabolism, 

macromolecule synthesis and redox balance in cells [4]. The TCA cycle includes a 

series of enzyme catalyzed biochemical reactions that occur in the mitochondrial matrix 

[153]. Additionally, intermediate metabolites for fatty acids, glucose and nonessential 

amino acid production are synthesized in TCA cycle [4]. Therefore, changes in TCA 

metabolite levels would indicate mitochondrial dysfunction. Hence, as it is shown in 

Figure 5.10, increased asparagine and decreased aspartate levels might indicate 

impairment of the TCA cycle in HOTAIRM1 knockdown glioblastoma cells, as well as 

electron transport chain (ETC). Interestingly, aspartate is part of the malate-aspartate 

shuttle, and is important for ATP production and normal physiological mitochondrial 

function [32].  

Upon HOTAIRM1 knockdown increased asparagine synthetase and decreased 

asparaginase levels was observed in glioblastoma cells. Although, this data cannot 

explain the link between HOTAIRM1 knockdown and changes in metabolite levels, the 

finding itself is clinically relevant. Asparaginase is used in the treatment of various 

leukemias and several malignant solid cancers, and has been proposed as an 

alternative treatment option in glioblastoma [29, 84]. Additionally, the protective role of 

lower HOTAIRM1 level against asparaginase treatment could be explained by having 

excess asparagine levels in these cells [54].  

To further investigate mitochondrial dysfunction, Seahorse Mito Stress assays were 

performed using U251MG and LN229 stable HOTAIRM1 knockdown and control-
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transfected glioblastoma cell lines. The assay for U251MG cells showed a distinct 

decrease in maximal and spare respiration capacity upon HOTAIRM1 knockdown. 

These results suggest that glioblastoma cells with lower HOTAIRM1 expression cannot 

use their mitochondria as efficiently as control cells, which have higher HOTAIRM1 

expression. In view of the fact that, mitochondria are reprogrammed in cancer [39] and 

lower HOTAIRM1 expression being associated with longer survival of glioblastoma 

patients  [109], HOTAIRM1-associated mitochondrial reprogramming might contribute 

to more aggressive behavior in glioblastoma. 

Unfortunately, the second used cell line, LN229, was unsuitable for the Seahorse Mito 

Stress assay (data is not shown). According to the assay, upon 50-90% cell 

confluency, the optimal oxygen consumption rate (OCR) should be between 50-400 

pmol/min/relative fluorescence units (RFU), the OCR values for LN229 cells were less 

than 50 pmol/min/ RFU due to low cell attachment on the specific Seahorse plates. 

Therefore, additional assays were performed to support the U251MG observation. 

Under normal physiological conditions, a small portion (1-5%) of oxygen is converted to 

ROS and mitochondria generate the majority of ROS within a cell [172]. The loss of 

structural integrity of mitochondria, as well as malformations in the ETC and increased 

oxidative stress are associated with mitochondrial dysfunction [33]. Hence HEt and 

MitoSOX reactive oxygen species staining were performed and increased ROS levels 

were observed in all cellular compartments, which support a role of mitochondrial 

dysfunction in relation to phenotypic effects of modulating HOTAIRM1 expression in 

glioblastoma cells. Accumulated superoxide radicals contribute to genomic instability, 

oxidative stress and cellular injury [72]. Moreover, persistent and acute ROS exposure 

causes oxidative damage and this leads to malfunctioning ETC complexes and 

inefficient (or compromised) TCA [57]. Therefore, antioxidant treatment was carried out 

using N-acetyl cysteine (NAC) to rescue the phenotype caused by HOTAIRM1 

knockdown and further verify the ROS staining data. NAC has been shown to reverse 

the cellular effects of ROS [16]. Rescuing the phenotype caused by HOTAIRM1 

knockdown through NAC treatment was successful, which further validated a role of 

this lncRNA in regulating mitochondrial function and ROS levels.  

Since radiation sensitivity has been associated with intracellular ROS levels [3], a 

potential role of HOTAIRM1 modulation in radioresistance of glioblastoma cell in vitro 

and in vivo was also investigated in this thesis. First, stable HOTAIRM1 knockdown 

and control-transfected LN229, SF126 and LN18 cell lines were irradiated with 2 and 4 

Gy, and the effects of irradiation were evaluated with colony formation assays [3, 129]. 

As is expected for cell lines with impaired mitochondria and increased ROS production, 
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HOTAIRM1 knockdown cells had proportionally fewer colonies after irradiation 

compared to controls. This observation might be explained by increased 

radiosensitivity upon increased intracellular ROS levels, in addition to excess ROS 

levels in HOTAIRM1 knockdown cells, which results in more severe DNA damage and 

cellular injury [72]. Moreover, using an orthotopic xenograft model of LN229 glioma 

cells with and without HOTAIRM1 knockdown, it was revealed that mice have longer 

survival when harboring HOTAIRM1 knockdown LN229 gliomas that are treated with 

irradiation. In contrast to findings reported for orthotopic U87MG gliomas, which 

revealed reduced in vivo tumor growth of knockdown versus control cells [104], 

prolonged survival of untreated HOTAIRM1 knockdown was not observed in LN229-

transplanted mice. 

Taking together, these findings indicate that expression of HOTAIRM1 may increase 

radioresistance of glioblastoma and thereby contribute to shorter patient survival. 

However, based on the available in vitro findings from this study and others [104, 109] 

as well as the reported in vivo growth-promoting activity in the U87MG model [104], it 

cannot be ruled out that treatment-independent mechanisms may contribute to the poor 

prognostic role of high HOTAIRM1 expression. Moreover, a recent study reported that 

HOTAIRM1 may also modulate the response of glioma cells to TMZ [109].  

To better understand the pathomechanisms underlying regulation of mitochondrial 

function, tumor growth and radiosensitivity by HOTAIRM1, candidate proteins were 

identified that showed significant differential expression following HOTAIRM1 

knockdown in LN229 glioblastoma cells. Thereby, the expression of HOTAIRM1 and 

transglutaminase 2 (TGM2 or TG2) was found to be correlated in glioblastoma cells 

(Figure 5.17 and 5.18). TGM2 belongs to a family of thiol enzymes called 

transglutaminases and encodes a multifunctional enzyme playing roles in gene 

regulation, cytoskeleton rearrangement, cell death, and signaling [1, 96, 125, 185]. It is 

also involved in the progression of various diseases [113], therapy resistance and 

tumorigenesis [101, 102, 193]. TGM2 is localized in mitochondria, as well as the 

cytoplasm, ER and plasma membranes. The function of TGM2 in mitochondria is an 

emerging field [97]. Importantly, TGM2 plays a role in metabolism and mitochondrial 

respiration [145]. Hence, TGM2 was a good candidate to further investigate and a 

decreased oncogenic potential upon TGM2 knockdown was observed in line consistent 

with the recent literature [71, 108]. Moreover, this data supported the proteomic data 

and suggested that HOTAIRM1 knockdown effects could partially be explained through 

decreased TGM2 expression.  
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This type of co-regulation could be due to potential sponging of TGM2-regulating 

miRNAs by HOTAIRM1, in line with recent data implicating HOTAIRM1 as a miRNA 

sponge [109, 117, 141]. Using in silico miRNA binding prediction, putative miRNA 

binding sites that are shared between HOTAIRM1 and TGM2 were identified, with the 

most promising candidate seed sequences being those of miR-17-5p. Recently 

published data described that HOTAIRM1 can act as a sponge for miR-17-5p [117, 

141], that TGM2 can confer radioresistance [5, 193] and that miR-17-5p is upregulated 

upon radiation in glioblastoma [25]. Collectively, these data suggest that HOTAIRM1 

may contribute to glioma growth and therapy resistance by sponging miR-17-5p (and 

other miRNAs), and thereby increasing TGM2 transcript and protein levels. However, 

this proposed molecular model of linking HOTAIRM1, miR-17-5p and TGM2 in a tumor-

promoting pathway requires further experimental validation. 
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7 Conclusion and outlook 

The work summarized in this thesis demonstrates that elevated expression of 

HOTAIRM1 is associated with a more aggressive phenotype of glioblastoma in patients 

and experimental model systems. SiRNA- or shRNA-mediated HOTAIRM1 knockdown 

in glioblastoma cell models consistently showed reduced cell viability, less invasive 

growth and diminished colony formation capacity upon HOTAIRM1 downregulation. 

Therefore, it can be postulated that HOTAIRM1 knockdown decreases oncogenic 

potential in glioblastoma. Importantly, unique proteogenomic data were utilized and a 

novel role for HOTAIRM1 in regulating mitochondrial function and ROS levels in 

glioblastoma cells was determined. Using NAC, the phenotype caused by HOTAIRM1 

knockdown could be rescued and the asparaginase dose kinetics revealed that 

HOTAIRM1 knockdown protects cell from asparaginase treatment. Moreover, 

HOTAIRM1 was shown to modulate radiosensitivity of glioblastoma cells in vitro 

and in vivo. HOTAIRM1 knockdown decreased expression of TGM2 as a candidate 

protein implicated in mitochondrial function, and knockdown of TGM2 mimicked the 

in vitro phenotype of HOTAIRM1 downregulation in glioblastoma cells. Furthermore, 

the in silico microRNA binding prediction suggests that HOTAIRM1 might potentially 

sponge miR-17-5p that is also targeting TGM2. In conclusion, the results presented 

in this theses support a role for HOTAIRM1 as a candidate lncRNA driving tumor 

growth, therapy sensitivity and poor prognosis in glioblastoma, the most common 

malignant brain tumor. 

Further investigations should be done to strengthen the data generated to date. In 

particular, the role of TGM2 as a promising candidate regulated by HOTAIRM1 should 

be addressed in further studies. Since TGM2 is involved in therapy resistance [12, 38, 

93] and knockdown of TGM2 mimicked the in vitro phenotype of HOTAIRM1 

downregulation, its role in radioresistance should be investigated both in vitro and in 

vivo. The potential role of TGM2 in radioresistance might explain the mechanism of 

HOTAIRM1 radiosensitizing glioblastoma cells. Therefore, the correlation between 

HOTAIRM1 and TGM2 should be investigated further, in particular focusing of the 

potential molecular link involving miR-17-5p. Therefore, the expression of miR-17-5p in 

in glioblastoma cell lines should be validated. As HOTAIRM1 has been shown to 

sponge miR-17-5p [80, 117, 141], the interaction between TGM2 and miR-17-5p 

should be demonstrated by performing luciferase reporter assays including the 3′-

untranslated region (UTR) of TGM2 with and without mutations in the predicted miR-

17-5p binding site. Hypothetically, miR-17-5p should potentially inhibit the luciferase 

activity due to targeting TGM2 via the miRNA-mediated exonucleolytic degradation.  
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Further investigations may also follow up on the observed association between 

increased asparaginase sensitivity and high HOTAIRM1 expression. Since 

asparaginase has been proposed as an alternative therapy option in glioblastoma [29, 

84], in vitro asparaginase sensitivity of the other glioblastoma cell lines upon 

HOTAIRM1 knockdown should be performed and afterwards in vivo studies should be 

carried out to validate the in vitro findings. If the asparaginase treatments are confirmed 

to be closely linked to HOTAIRM1 expression level, HOTAIRM1 expression levels 

might serve as a potentially predictive biomarker for better response to either 

asparaginase treatment in tumors with high HOTAIRM1 expression or to better 

response to radiotherapy in tumors with low HOTAIRM1 expression.  
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10 Appendix 

10.1 Abbreviations 

Table 10.1: List of abbreviations. 

Abbreviation Full name 
2HG 2-hydroxyglutarate 
AGO Argonaute 
AP-1/2 Activator protein-1/2 
ASNS Asparagine synthesis 
asOct4-pg5 antisense organic cation/carnitine transporter 4 – pseudogene 5 
ASPG Asparaginase 
ATCC American Type Culture Collection 
ATRX ATRX chromatin remodeler 
BACE1 beta-secretase-1 
BACE1-AS Beta-secretase-1-antisense 
BACE1-AS beta-secretase-1-antisense 
BRAF B-Raf proto-oncogene, serine/threonine kinase 
BSA Bovine serum albumin 
BSD Blasticidin 
CCLE Cancer Cell Line Encyclopedia 
CDKN2A Cyclin dependent kinase inhibitor 2A 
ceRNA Endogenous competitors RNA 
ceRNA endogenous competitors RNA 
CFA Colony formation assay 
circEIF3J circRNA eukaryotic translation initiation factor 3 subunit 
circPAIP2 circRNA poly(A) binding protein interacting protein 2 (circPAIP2) 
circRNA Circular RNA 
CNS Central nervous system 
Cntrl Control 
CPC Coding Potential Calculator 
CRNDE colorectal neoplasia differentially expressed 
Cyt C Cytochrome C 
DAPI 4′,6-diamidino-2-phenylindole 
Dimethylsulfoxide DMSO 
DMEM Dulbecco´s Modified Eagle Medium 
ecCEBPA extra coding CCAAT enhancer binding protein alpha 
EGF Epidermal growth factor 
EGFR Epidermal growth factor receptor 
elncRNA Enhancer long noncoding RNA 
ETC Electron-transport chain 
EV Extracellular vesicle 
FBS Fetal bovine serum 
FCCP Carbonyl cyanide-4-phenylhydrazone 
FDR False discovery rate 
Fe-S Iron-sulfur 
GSEA Gene Set Enrichment Analysis 
Gy gray 
H&E Hematoxylin and eosin 
H19 H19 imprinted maternally expressed transcript 
H3 Histone 3 
HD Huntington’s disease 
HEt Dihydroethidium 
HIF Hypoxia-inducible factor 
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HOTAIR HOX transcript antisense RNA 
HOTAIRM1 HOXA transcript antisense RNA myeloid-specific 1 
HOXA11-AS HOXA11 antisense RNA 
HRP Horseradish peroxidase 
IDH Isocitrate dehydrogenase 
IDT Integrated DNA Technologies 
IMM Inner membrane 
IR irradiation 
JCRB Japanese Collection of Research Bioresources Cell Bank 
KD Knockdown 
lincRNA Long intergenic noncoding RNA 
lncRNA Long non-coding RNAs 
lncRNA-ROR long non-coding RNA-regulator of reprogramming 
MALAT1 metastasis associated lung adenocarcinoma transcript 1 
MAPK Mitogen activated protein kinase 
MEF Mouse embryonic fibroblast 
MEG3 maternally expressed 3 
MGMT O-6-methylguanine-DNA methyltransferase 
miRISC miRNA-induced silencing complex 
miRNA Micro RNA 
mRNA Messenger RNA 
MS Mass spectrometry 
mtDNA Mitochondrial DNA 
NAC N-acetyl cysteine 
NADH Nicotinamide adenine dinucleotide 
NADPH Nicotinamide adenine dinucleotide phosphate 
ncRNA Noncoding RNA 
NEAT1 nuclear paraspeckle assembly transcript 1 
NES Normalized expression score 
NF1 Neurofibromin 1 
NOM Nominal 
NOS Not otherwise specified 
NSCLC non-small cell lung cancer 
OCR Oxygen consumption rate 
OMM Outer membranes 
OxPhos Oxidative phosphorylation 
PBS Phosphate-buffered saline 
PDGFRA Platelet-derived growth factor receptor alpha 
PDI Protein disulfide isomerase 
PEI Polyethylenimine 
PGC1α PPARG coactivator 1a 
PGK1 phosphoglycerate kinase 1 
PKM2 Pyruvate kinase M2 
poly-A Polyadenylated 
PPARg Peroxisome proliferator-activated receptor-g 
PTEN Phosphatase and tensin homolog 
PVDF Polyvinylidene difluoride 
RA Retinoic acid 
Rb Retinoblastoma 
RB1 RB transcriptional corepressor 1 
RNA Pol II RNA polymerase II 
RNA-seq RNA sequencing 
ROS Reactive oxygen species 
rRNA Ribosomal RNA 
RT Room temperature 
RTK Receptor tyrosine kinases 
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RT-qPCR Real-time q-PCR 
SEM Standard error of the mean 
shControl Non-target short hairpin RNA 
shHOTAIRM1 shRNA targeting HOTAIRM1 
siControl Non-target siRNA 
siHOTAIRM1 siRNA targeting HOTAIRM1 
siTGM2 siRNA targeting TGM2 
TBS Tris-buffered saline 
TCA Tricarboxylic acid cycle 
TCGA The Cancer Genome Atlas 
TERT Telomerase reverse transcriptase 
TF Transcription factors 
TGM2 Transglutaminase 2 
TMRM Tetramethylrhodamine 
TMZ Temozolomide 
TP53 Tumor protein p53 
tRNA Transfer RNA 
TSS Transcriptional start site 
UI international unit 
WHO World Health Organization 
XIST X inactivation-specific transcription 
α-KG α-ketoglutarate 
  

10.2 Nomenclature 

Nomenclature  
human gene  all uppercase, italic (e.g. HOTAIRM1)  
human protein  all uppercase (e.g. TGM2)  
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