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ABSTRACT  

Oligodendroglial tumours originate from oligodendrocytes usually arising in the white matter 

and could be classified into grade-II oligodendrogliomas (OD) and anaplastic 

oligodendrogliomas (AOD, grade-III) according to the 2016 World Health Organization (WHO) 

grading scheme. ODs
1
 could be diagnosed by pathological and immunohistochemical analyses, 

however recent evidence suggests that they could be better diagnosed on the basis of defined 

genetic entities, such as the combined loss of chromosome 1p and 19q arms and IDH mutation. 

1p/19q co-deletion is molecular hallmark of ODs and is clinically associated with better 

prognosis, response to chemo/radio-therapy and overall survival. Typical oligodendroglial 

histological features are strongly associated with 1p/19q loss and IDH mutation, which is 

critically important as diagnostic point of view. 

The examining of exclusive molecular signatures and transcriptome expression profiles added to 

histological class could compliment the classification of OD subtypes. In this regard, 

microRNAs (miRNAs, miRs) profiles could serve classifier signatures for tumour subsets. 

MiRNAs are 22nt short non-coding RNAs which are expressed endogenously and regulate 

diverse cellular process through negative control on gene expression at the posttranscriptional 

level by direct or imperfect interaction with their target mRNAs. MiRNAs are involved in 

regulating human tumorigenesis acting as either tumour suppressors or oncogenes. During the 

passage of tumorigenesis miRNA expression level is significantly increased or decreased 

compared to corresponding normal tissue. The same is observed with their mRNAs. Therefore, 

transcriptome profiling of human tumours could identify signatures associated with progression, 

diagnosis, prognosis and response to therapy. However, until recently the information regarding 

the expression of miRNAs and mRNA in oligodendroglial tumours is scarce.  

In this study we performed miRNA and mRNA differential expression profiling between grade II 

and grade III ODs using microarray based expression profiling platforms (723 transcripts and 

41,000 genes, respectively). 7 cases for OD grade-II, and 7 for AOD grade-III, and 15 non 

neoplastic white matter (nnWM) samples were used after microdissection with no previous 

history of treatment. We performed a systematic evaluation of miRNAs and mRNAs expressions 

and determined miRNAs and putative target genes that are differentially expressed in grade III 

AOD, but not in grade II OD and in non-neoplastic white matter (nnWM).  
                                                           
1
 ODs when used with „s‟ will represent both OD and AOD. 



 
 

 
 

50 miRNAs were overexpressed and 43 were down regulated in AOD-III, whereas 7 miRNAs 

showed significant reduction in expressions in OD-II group. 3 miRNAs were commonly down 

regulated in comparisons of both groups. The hsa-miR-23a was strongly upregulated and hsa-

miR-27a was strongly downregulated in AOD-III. The functions of hsa-miR-23a and hsa-miR-

27a were tested in human adult fibroblasts for cell proliferation assay and apoptosis detection. 

Cells treated with pre-miR-23a and pre-miR-27a showed 20% reduction in cell proliferation as 

compared with controls. Further, the functional relevance of miRNAs to their target mRNAs was 

validated for each group, using real time qPCR. 10 key-miRNAs from AOD were subjected to 

validation by qPCR. We were able to confirm 7 miRNAs (p 0.05). Among these, 5 miRs (miR-

193a-3p, miR-24, miR-27a, miR-30a-5p and miR-30c) showed reduced expression whose target 

genes (CCND1, HDAC2, PDGFA and RAB-26) were upregulated. Whereas, 2 miRNAs likewise 

miR-301b and miR-378 were overexpressed whose target genes BCL2, FGF2, CD44 and 

PPP4R4 confirmed by qPCR (p 0.05). Bioinformatics based gene ontology (GO), and 

networking analysis revealed that differential expression and targets are attributed to 

differentiation of embryonic stem cells, cell adhesion, angiogenesis and neurogenesis, resistance 

to apoptosis, protein-protein interactions and cell proliferation.  

It was possible to identify and validate miRNAs and their mRNA-targets potentially involved in 

the progression of oligodendrogliomas particularly in grade III-AOD. Collectively, this analysis 

provides new insights to malignant progression of oligodendroglial tumours and could 

compliment WHO-2016 diagnosis scheme and may provide predictive outcome in patients as 

well as decision to therapy.  

 

Keywords:    

Oligodendrogliomas, microRNA, mRNA, Transcriptome, Differential expression, 

Bioinformatics analysis, RT-PCR  



 
 

 
 

RESUMO  

Oligodendrogliomas originários de oligodendrócitos que geralmente surgem na substância 

branca podendo ser classificados em grau oligodendroglioma (II-OD), e anaplastic 

oligodendrogliomas (grau III-AOD). Os ODs
2
 podem ser diagnosticados por análises patológicas 

e imuno-histoquímicas, porém evidências recentes sugerem que poderiam ser melhor 

diagnosticados com base em assinaturas moleculares, como a deleção combinada dos 

cromossomas 1p e 19q - marcadores moleculares dos OD associados clinicamente a um melhor 

prognóstico, resposta à terapia e melhor sobrevida. As características histológicas típicas dos 

oligodendrogliomas também estão fortemente associadas à deleção de 1p/19q, que é criticamente 

importante como ponto de vista diagnóstico. Assim, os subtipos de gliomas podem ser 

fortemente diferenciados não somente em relação ao seu perfil histológico mas também com 

base em seu perfil de expressão genica e suas assinaturas moleculares exclusivas. Os microRNAs 

(miRNAs, miRs) emergiram como assinaturas moleculares para os diferentes graus. Os miRNAs 

são RNAs não codificantes, contendo em torno de 22 nucleótidos. São expressos endogenamente 

e regulam diversos processos celulares através do controle negativo da expressão gênica em 

nivel pós-transcricional e por interacção directa ou imperfeita com o RNAm-alvo. Os miRNAs 

estão envolvidos na regulação da tumorigenese humana atuando como supressores de tumour ou 

oncogenes. Durante o processo da tumorigenese o nível de expressão dos miRNAs é aumentado 

ou diminuído significativamente em comparação com tecido normal correspondente. O perfil de 

expressão de miRNA de tumores humanos poderia identificar assinaturas associadas com 

progressão, diagnóstico, prognóstico e resposta à terapia. Contudo, até recentemente a 

informação sobre a expressão de miRNAs em oligodendrogliomas é escassa.  

Neste estudo, avaliamos o perfil de expressão diferencial de miRNA e RNAm em ODs graus II e 

III usando plataformas de perfis de expressão baseadas em microarray (723 transcritos e 41.000 

genes, respectivamente). Foram utilizados 14 casos de ODs microdissecados, sendo 7  OD grau 

II, e 7 AOD grau III (anaplasicos) sem histórico prévio de tratamento, além de 15 amostras de 

substancia branca não neoplásica (nnSB). Por meio de avaliações sistemáticas foram 

determinados miRNAs e mRNAs expressos em AOD grau III, mas não em OD grau II e em 

substancias brancas não neoplásicas (nnSB).  
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 Assim, foram encontrados 50 miRNAs com alta expressão e 43 miRNAs com baixa expressão 

em AOD-III, enquanto que 7 miRNAs apresentaram expressões reduzidas no grupo OD-II.  

Na comparação entre os dois grupos, 3 miRNAs apresentaram baixa expressão. A hsa-miR-23a 

mostrou alta expressão e a hsa-miR-27a apresentou uma diminuição de expressão importante em 

AOD III. A atividade dos hsa-miR-23a e hsa-miR-27a foram testadas em células de fibroblastos 

adultos humanos usando ensaios de proliferação celular e detecção de apoptose. As células 

tratadas com pre-miR-23a e pre-miR-27a mostraram 20% redução de proliferação celular em 

comparação com os controles. Para cada grupo, a relevância funcional dos miRNAs e seus 

mRNAs alvos foi validada utilizando qPCR. Dos 10 miRNAs submetidos a validação em grau 

III, foi possivel confirmar 7 miRNA(p<0,05). Entre esses, 5 miRs (miR-193a-3p, miR-24, miR-

27a, miR-30a-5p e miR-30c) mostraram expressão reduzida, cujos genes alvos (CCND1, 

HDAC2, PDGFA e RAB-26) apresentavam alta expressão. Enquanto que, 2 miRNAs como 

miR-301b e miR-378 apresentaram alta expressão cujos genes alvo BCL2, FGF2, CD44 e 

PPP4R4 foram confirmados por qPCR (p<0,05). Ferramentas de bioinformática (Gene 

Ontology) e a análises em rede revelaram que a expressão diferencial e os alvos são atribuídos à 

diferenciação de células-tronco embrionárias, adesão de celular, angiogênese e neurogênese, 

resistência à apoptose, interações proteína-proteína e proliferação celular. Foi possível identificar 

e validar miRNAs e RNAm-alvos potencialmente envolvidos na progressão de 

oligodendrogliomas. Coletivamente, esta análise fornece novos achados relacionados a 

progressão maligna de tumores oligodendrogliais e poderia facilitar o diagnóstico preciso e mais 

restritivo, o desfecho preditivo em pacientes, bem como auxiliar na decisão da terapia.  

 

Palavras-Chave:   

Oligodendrogliomas, microRNA, RNAm, Expressão diferencial, Análise bioinformática, RT-

PCR   
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1. INTRODUCTION  

1.1 Primary brain tumours  

Primary brain tumours are a heterogeneous group of lethal cancers and comprise a wide range of 

histological and pathological entities, each with a distinct natural history [1-3]. Primary cerebral 

tumours account for approximately 2% of all cancers. Although less incidence rate than 

leukaemia, the brain tumours have surpassed leukaemia as leading cause of cancer death, due to 

availability of intense therapeutic treatment to leukaemia in recent two decades [4]. According to 

2016 cancer statistics for tumours of the brain and other nervous system approximately 23,770 

estimated new cases including men and women are diagnosed and ~16,050 deaths occur per year 

in the United States [4]. This increasing incidence with new cases of primary brain tumours and 

other nervous system cancers is estimated ~6.4 per 100,000 per year and annual number of 

deaths is ~4.3 per 100,000 including men and women, according to NIH–National Cancer 

Institute, SEER Cancer Statistics Review, 1975-2013 report released on 2016 

(http://seer.cancer.gov/csr/1975_2013/). These statistics are age-adjusted and are based on 2009-

2013 cases and deaths.  

For simplicity, central nervous system (CNS) tumours are classified as gliomas or non-gliomas 

[5]. Gliomas (neuroglial tumours) are the most common primary brain tumours emerging in adult 

human central nervous system and include a variety of histologic types and morphologies [3, 5]. 

The diversity of glioma correlates with their different cells of origin and a wide spectrum of 

mutations and cell signalling pathways [6]. Histologic evaluation remains the gold standard for 

glioma diagnosis; however, diagnostic difficulty may arise from tumour heterogeneity, 

overlapping morphologic features, and tumour sampling [5]. For this reason genetic signatures 

are being considered potential marks to discriminate histologic and morphologic overlapping [3, 

7].  

  

http://seer.cancer.gov/csr/1975_2013/
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1.1.2 Classification of primary brain tumours  

Gliomas include differentiated astrocytic, oligodendroglial and ependymal tumours which 

account for more than 70% of all CNS tumours [8]. Gliomas have been traditionally classified 

according to their histopathology and the cell-type markers they express. According to World 

Health Organization (WHO) 2007 classification scheme the gliomas were divided into 

astrocytomas, oligodendrogliomas (ODs) and mixed gliomas (oligoastrocytomas) [2]. 

Astrocytomas correspond to most prevalent group of CNS tumours, and are subdivided into 

WHO grade-I to grade IV according to cellularity, atypia, presence of mitoses, microvascular 

proliferation and/or necrosis [2, 9]. Grade I includes pilocytic astrocytoma, grade II corresponds 

to diffuse astrocytoma, grade III includes anaplastic astrocytoma and grade IV includes 

glioblastoma (GBM). This classification scheme has been updated in the 2016 WHO version 

which constitutes the edition of newly recognized neoplasms, and has deleted some entities, 

variants and patterns that no longer have diagnostic and/or biological relevance and have made 

major restricting criteria by incorporating genetically defined entities [3]. Among the high-grade 

astrocytomas, GBMs are the most frequent (65%), most malignant of all adult gliomas and are 

one of the most lethal tumours in humans [2, 10, 11]. 

Oligodendroglial tumours (ODs)
3
 comprise oligodendrogliomas (OD, i.e. grade II) and 

anaplastic oligodendrogliomas (AOD, i.e. grade III), whereas oligoastrocytic tumours (also 

known as mixed gliomas) comprise oligoastrocytomas and anaplastic oligoastrocytomas (grade 

II and grade III) (Table 1 and Table 2). The WHO 2007 classification system was based on 

histopathological features corresponding to different grades. Hitherto, WHO-2007 

histopathologic classification system is well established, nevertheless, it presents high intra- and 

inter-observer variability, particularly among grade II-III tumours [12, 13]. According to the 

WHO 2016 classification system of CNS tumours, the molecular parameters should be used in 

addition to histology for defining many tumour entities. This updated classification system is 

both a conceptual and practical advance over its 2007 predecessor and formulates an advanced 

concept for how CNS tumour diagnoses should be structured in the molecular era [3]. The WHO 

2016 CNS grading is summarized in Table 2, however here only the relevant classes (i.e. 

oligodendroglial tumours and related diffuse lesions), that we used in our study are mentioned.  

                                                           
3
 ODs when used with „s‟ will represent both OD and AOD. 
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Table 1 : WHO 2007 grading system of primary brain tumours 

Only major classes with relevance to our study are presented here. Note that this grading system 

did not use genetically defined entities.  

 

Tumour type  Grade 

Astrocytic tumours 

Pilocytic astrocytoma  I     

Diffuse astrocytoma   II   

Anaplastic astrocytoma     III  

Glioblastoma (GBM)      IV 

Oligodendroglial tumours (ODs)  

Oligodendrogliomas (OD)  II   

Anaplastic oligodendrogliomas (AOD)    III  

 Oligoastrocytic tumours (mixed gliomas)  

Oligoastrocytoma    II   

Anaplastic oligoastrocytoma    III  

Ependymal tumours (ependymomas)  

Subependymoma I     

Ependymoma   II    

Anaplastic ependymoma    III  
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Table 2: WHO 2016 grading system of primary brain tumours with added genetically 

defined entities 

Only major classes with relevance to our study are presented here. Note that this grading system 

uses the genetically defined entities.  

 

Tumours with genetic entities Grade 

Astrocytic tumours  

Pilocytic astrocytoma I    

Subependymal giant cell astrocytoma  I    

Pleomorphic xanthoastrocytoma  II   

Anaplastic pleomorphic xanthoastrocytoma   III  

Diffuse astrocytic tumours  

Diffuse astrocytoma, IDH-mutant     II   

Anaplastic astrocytoma, IDH-mutant   III  

Glioblastoma (GBM) IDH-wild type    IV 

Glioblastoma (GBM) IDH-mutant    IV 

Diffuse midline glioma, H3K27M-mutant    IV 

Oligodendroglial tumours (ODs)  

Oligodendroglioma, 

IDH-mutant and 1p/19q-codeletion 

 II   

Anaplastic oligodendrogliomas, 

IDH-mutant and 1p/19q-codeletion 

  III  

Ependymal tumours (ependymomas)  

Subependymoma I    

Myxopapillary ependymoma  I    

Ependymoma   II   

Ependymoma, RELA fusion-positive  II or III   

Anaplastic ependymoma    III  
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1.1.3 Diffuse lower grade gliomas  

Most critical type of gliomas are diffuse gliomas largely due the fact that they diffusely infiltrate 

the surrounding brain tissue and thus appear to be resistant to surgical resection. Diffuse lower-

grade gliomas (LGGs) usually exhibit relatively slow growth and are infiltrative brain tumours 

which include WHO grade II astrocytomas, oligodendrogliomas and oligoastrocytoma. In 

contrast high-grade gliomas (HGGs) are represented by rapid growth and comprise WHO grades 

III and IV [5]. LGGs almost always progress, typically to GBM (grade IV), and are considered 

uniformly fatal. In diffuse gliomas active invasion occurs by neoplastic cells, of the adjacent 

parenchyma up to 3-4 cm from the “margin” of tumour resection. This makes it impossible to 

complete the neoplasia excision or surgical resection. Therefore, discrimination between LGGs 

of astrocytic and oligodendroglial origin remains an impeding challenge in neuro-oncology.  

There is emerging focus in classifying and delineating glioma subtypes based on their exclusive 

molecular signatures than histological class [14, 15]. The incorporation of clinically relevant 

genetic alterations (molecular signatures) is now being considered a part of the diagnosis of CNS 

tumours, given the fact that the molecular parameters added to histological analysis potentially 

redefines many tumour entities [3]. The availability of the datasets generated by The Cancer 

Genome Atlas (TCGA) serve as a potential platform for molecular characterization of distinct 

gliomas subsets including diffuse ones [7, 13, 16, 17].  

It is now evident that diffuse gliomas are characterized by mutually exclusive TERT and ATRX 

mutations [16, 18, 19]. Surprisingly, 1p/19q co-deleted tumours have the same abnormality as 

GBM (TERT mutations) whereas diffuse astrocytomas regardless of grade, are characterized by 

ATRX mutations. A targeted next generation sequencing (NGS) for mutations in ATRX, TERT, 

TP53, IDH1, IDH2, CIC, FUBP1, PI3KC, EGFR, H3F3A, BRAF, PTEN, and NOTCH genes as 

well as copy number alterations of chromosomes 1p, 19q, 10q and 7 has allowed a clinically 

relevant classification of diffuse anaplastic oligodendrogliomas (AOD) into groups with very 

different outcomes  [20]. Mellai et al, has proposed that adult gliomas including 

oligoastrocytomas could be re-classified based on ATRX, IDH1/2 and 1p/19q status [21]. 

The integrative analysis of isocitrate dehydrogenase-1/2  (IDH1/2) wild-type (wt) LGGs with 

methylation and genetic profiles exhibited the features of “pre-GBM” as they formed distinct 
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hypomethylation and gene expression clusters, mostly were grade III astrocytomas but their 

molecular alterations such as EGFR amplifications, PTEN mutations, CDKN2A loss and RTK 

gene fusions were typical of GBM and had short survivals. In contrast IDH1/2 mutants LGGs 

were hypermethylated. One subgroup was enriched for ODs with 1p/19q co-deletion, CIC and 

FUBP mutations. Another subset was enriched for astrocytomas with TP53 and ATRX mutations. 

Interestingly, these groups clustered separately on gene expression analysis. A fourth gene 

expression cluster had elements of these two IDH1/2 mutant subgroups and the longest survival. 

A cluster-of-cluster analysis of mRNA, copy number, microRNA (miRNA) and methylation 

analyses reinforced the clear separation of three molecular classes of LGG based on the status of 

IDH1/2 and 1p/19q [22]. These data illustrate a potential stratification of LGGs that emphasizes 

molecular characteristics. IDH wt LGG have molecular alterations and clinical behaviour similar 

to GBMs, whereas IDH mutant LGGs segregate based on 1p/19q status [22].  

Such patterns at large were recently reported from TCGA based comprehensive study providing 

several potential insights into molecular signatures of diffuse gliomas. A genomewide 

comprehensive analysis of diffuse LGGs from large cohort of adult patients was performed for 

exome sequence, DNA copy number variations, DNA methylation patterns, mRNA and miRNA 

expression patterns, and targeted protein expression [7]. The integrated analysis of these patterns 

was made and examined for correlation with clinical outcomes. The integration of genomewide 

data from multiple platforms (methylation patterns, mutations, sequencing, and expressions) 

revealed three distinct molecular classes of LGGs those were non-overlapping and prognostically 

significant. These subclasses were delineated more accurately and concordantly by IDH, 1p/19q, 

and TP53 status than histologic class. Nearly all LLGs with an IDH mutation either had 1p/19q 

co-deletion or carried a TP53 mutation (94%) and ATRX inactivation (86%). Strikingly, the large 

majority of LLGs without an IDH mutation were molecularly and clinically similar to GBM. 

Importantly, the LLGs patients with IDH mutations and 1p/19q co-deletions had the most 

favourable clinical outcomes. Moreover, their gliomas harboured mutations in CIC, FUBP1, 

NOTCH1, and the TERT promoter [7], which are very consistent with as proposed by Gonda et 

al., [22].  

TCGA based analysis of such molecular features suggests that incorporation of these molecular 

platforms and orthogonal intersection of molecular characteristics with existing genetic markers, 
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such as IDH1 mutation, TP53 mutation, and 1p19q status, should facilitate accurate and reliable 

pathological diagnosis of diffuse gliomas [7, 22]. Moreover, the retrospective analysis of 

sequencing results by next-generation platforms may improve the diagnosis/classification in 

gliomas [23]. In short, the classification of diffuse gliomas could be improved based on defined 

genetic entities that is in compliance with WHO-2016 system which emphasise that the 

incorporation of clinically relevant genetic parameters added to histopathological analysis may 

redefine many tumour entities [3]. This is concordant with scheme by Huse et al., 2014, 

emphasising that despite similar histopathology, the molecular (genetic and epigenetics) 

signatures are non-overlapping between diffuse gliomas that could clearly differentiate 

biologically distinct forms of glioma subtypes (Figure 1) [24]. This has been supported by recent 

study that epigenetic signatures may further compliment the diagnosis of diffuse gliomas [25]. In 

pertinent to diffuse gliomas, a recent study by Paul and colleagues proposes that the 

identification of methylation signatures could potentially complement WHO-2016 classification 

scheme of different subtypes of diffuse glioma [26]. The methylation status is also true for 

oligodendrogliomas that will be discussed in later sections (and figure 3).   
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Figure 1. Molecular signatures and IDH wild-type versus IDH-mutated pathways in 

gliomas: Despite similar histopathology, the molecular (genetic and epigenetic) signatures are 

non-overlapping between diffuse gliomas which distinguish biologically distinct forms of glioma 

subtypes. (Adopted from Huse and Aldape 2014) [24].  
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1.2 Oligodendrogliomas  

Oligodendrogliomas (ODs)
4
 are the glial tumours generally originate from oligodendrocytes in 

the brain parenchyma and usually arise in the white matter of the cerebral hemispheres. The 

oligodendroglial lesions are mainly found in the brain hemispheres with a predisposition for 

white matter and cortical infiltration. ODs are slow growing and rare primary brain tumours with 

cells that resemble oligodendrocytes. They were first described as a specific histologic type of 

glial neoplasm which share morphological similarities with mature oligodendrocytes [2, 27].  

Generally, ODs arise as a solid mass but can also appear as a diffuse leptomeningeal lesion, 

oligodendrogliosis or primary diffuse leptomeningeal gliomatosis (PDLG) [28]. The PDLG is 

associated with rapid disease progression and mortality. The majority of these neoplasms are 

astrocytic, often high grade and the diagnosis is usually made postmortem [29, 30]. In contrast to 

primary leptomeningeal astrocytomas, the primary leptomeningeal ODs (PLO) are rare ODs [31-

36]. The presence of ODs in the ciliary indicates that gliomas can originate wherever neural stem 

cells exist and are difficult to diagnose [37]. Diagnosis can be made only after results of 

pathological and immunohistochemical analyses are known. Perry and colleagues reported a new 

form of neuronal astrocytic differentiation in oligodendroglial neoplasms and this pattern was 

referred as “ganglioglioma like maturation” given the combined morphologic and 

immunohistochemical evidence of ganglion cell differentiation and the loss of proliferative 

activity in comparison to adjacent oligodendroglial components [38].  

In fact, grade II OD are well differentiated, slow growing tumours which can evolve into high 

grade anaplastic OD (AOD, grade III). Histologically/morphologically, the grade II OD are 

composed of uniformly round to oval cells with bland nuclear chromatin and often demonstrate 

perineuronal satellitosis, microcalcifications, mucoid/microcystic degeneration, and dense 

capillary networks. Subpopulations of cells may exhibit nuclear atypia and occasional mitoses. In 

contrast, the grade III AOD shows increased cellularity, cytological atypia and high mitotic 

activity. AOD often demonstrate vascular proliferation and necrosis as well.  

According to WHO-2007 system, the ODs that contain both neoplastic oligodendrocytic and 

astrocytic cells were designated as mixed gliomas or oligoastrocytomas (Table 1). The low grade 
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diffuse oligoastrocytomas (with astrocytic component, so called mixed gliomas) are 

histologically composed of well differentiated fibrillary or gemistocytic neoplastic astrocytes 

[27], and are histologically defined by the presence of oligodendroglial and astrocytic 

components. Moreover, OD and AOD have been thought difficult to establish clear 

differentiation from each other or even from other brain tumours [39]. However, according to 

WHO-2016 classification system these histotypes have been refined and complimented with 

genetic signatures (Table 2), which delineate mixed lesions based on genetic markers [3]. 

However, a recent report demonstrates imaging characteristics that are contradictory to WHO 

2016 genetically defined oligodendrogliomas, concluding that these characteristics are indistinct 

and poorly circumscribed with WHO 2016 genetically defined oligodendrogliomas [40].  

ODs are estimated to 20% of all glial tumours in adults [41], and have better prognosis than 

GBMs [4, 42, 43]. ODs predominantly occur in adults being more common in individuals with 

the age ranging from 4th to 5th decades, and are slightly more frequently in men than in women. 

The peak incidence is observed during the fifth decade (47 years is the median age at diagnosis), 

but can be seen in patients from 3 to 76 years of age. In a most recent survey, the trends in 

incidence rates and survival were calculated for OD and AOD by age, gender and race [44]. OD 

incidence peaked at 36-40 years, whereas AOD incidence peaked at 56-60 years. According to 

this survey, the survival rates decreased with advancing age for OD, whereas the cases aged 

between 0 to 24 years had the lowest survival for AOD. However, AOD proportion is increased 

among oligodendroglial tumours up to age 75. It is proposed that low AOD survival in 0-

24 years may indicate molecular differences in paediatric cases; therefore, the surveillance of 

tumour-specific trends by age, race and gender can reveal clinically relevant variations. 

Collectively, this study reports a decrease in overall OD and AOD incidence from 2000 to 2013 

[44].  

1.2.1 Molecular biology of oligodendrogliomas  

The ODs have clearly distinct molecular profiles [7, 13-15]. The molecular heterogeneity among 

tumours of the same type and grade could present variations in prediction of survival and 

response to therapy. Although the ODs are rare but interesting due to better prognosis than other 

tumours of this type, unique chemosensitivity and the durability of some of the responses due to 
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unique molecular biology and presence of certain tumour genetic anomalies [45-49]. ODs were 

the first gliomas for which specific molecular predictors of chemotherapeutic response and 

overall survival were identified [50]. Reported molecular alterations in ODs differ greatly from 

those in astrocytomas, accounting for their distinct molecular signatures and clinical behaviour 

[7, 13].  

Differential expression analyses of genes in the histopathological subsets may indicate the 

relationships between gene expression pattern and histological subtype and/or response to 

chemotherapy [51, 52], as well as extent of neoplastic infiltration [53]. Some highly expressed 

key genes in ODs are human OLIG genes [54-56]. High levels of OLIG expression are a general 

characteristic of oligodendroglial tumours while OLIG1 expression is specific for 

oligodendrocytes [54, 55]. Thus OLIG markers have a diagnostic potential to identify 

oligodendroglial tumours. Other key featured markers of glioma are oligodendrocyte progenitor 

cell marker NG2 with high tumour initiating potential in glioma cells [57, 58], while 

differentiation defective NG2+ cells are predominant cell type in human low-grade gliomas [59].  

Oligodendroglial tumours also show CA IX expression induced by hypoxia in tissues and plays a 

major role in the pathophysiology of oligodendroglial malignancies [60]. The CA IX expression 

affects the survival of cancer cells as well as correlating with patient survival and may be a good 

target molecule to design new anticancer therapies [60]. Another important player is galectin1 

(Gal-1) which plays important biological roles in oligodendroglial and astroglial cancer cells [61-

63]. Gal-1 has a key role in astroglioma and ODs cell migration [62, 64], as well as ODs 

neoangiogenesis and chemoresistance [65].  

Overexpression of growth factors could initiate a proliferative signal in ODs and includes 

epidermal growth factor receptor (EGFR), vascular endothelial growth factor (VEGF) and 

platelet derived growth factor receptor (PDGFR) [20, 22, 55, 66-68]. EGFR overexpression is 

found in majority of ODs whereas amplification of PDGFRα is less in ODs [58] [55]. Majority 

of astrocytoma tumours exhibit amplification of PDGFRα and/or PDGFRβ genes, as well as the 

genes encoding their ligands such as PDGF-A and -B or -C and -D [67, 69-71].  
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Several other molecular mechanisms with distinctive genetic patterns have been described for 

ODs (Figure 2). However, this sequential model might be updated with emerging models in 

which two muationally different clones interact (for example may provide different secreted 

growth factors into microenvironment) to provide common proliferative advantage for 

progression for both clones. Although ODs tumour types share similar developmental hierarchies 

and lineages of glial differentiation, however differences in bulk profiles between IDH-mutant 

astrocytoma and OD can be primarily explained by distinct tumour microenvironment and 

signature genetic events. In light with these arguments, decoupling genetic influences from 

lineages, and microenvironment in IDH-mutant gliomas may help improve this sequential model. 

These arguments may also apply to model in Figure 1 (where there could be more than one cell 

of origin (clones) in the context of brain tumour onset and genetic influence). 

 

 

 

 

Figure 2. Molecular pathways and common genetic alterations in astrocytic, oligodendroglial 

and oligoastrocytic neoplasms (Adopted from Nikiforova and Hamilton 2011) [5].  
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1.2.1.1 IDH1/2 and TP53 mutations  

Huge body of evidence has clarified that the majority of oligodendrogliomas, low grade diffuse 

astrocytomas and oligoastrocytomas show IDH1/2 gene mutation and mutation in TP53 [7, 72, 

73]). IDH1 and IDH1 genes encode isocitrate dehydrogenase 1 and 2 respectively, and 

participates in the citric acid cycle. Mutations in IDH induce chromatin remodelling and 

promoter hypermethylation which occurs in the promoter region of tumour suppressor genes [7, 

13, 22, 74]. The IDH1 mutations are very early genetic events [5], whereas the acquisition of 

TP53 mutations may lead to astrocytic differentiation and subsequent loss of 1p/19q lead to 

oligodendroglial phenotype.  

Hitherto, IDH1 mutations are frequent in diffuse astrocytic and oligodendroglial tumours, 

nonetheless are found as rare cases in other gliomas such as pilocytic astrocytomas and are 

apparently absent in ependymomas. WHO-2016 scheme considers the incorporation of genetic 

criteria of IDH-mutant and 1p/19q co-deletion for strict designation of molecular signatures to 

oligodendroglial tumours. ODs with astrocytic component may additionally show mutation in 

TP53 gene. The TP53 gene encodes the cell cycle progression regulator Rb. Alterations in the 

Rb1/CDK4/p16INK4A and p53/p14ARF genes, lead to interruption of signals which result in 

deregulated cell proliferation [75].  
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1.2.1.2 Oligodendrogliomas with mutations in TERT promoter CIC and FUBP1genes  

The CIC gene located on chromosome 19q and FUBP1 gene located on 1p respectively show 

somatic mutilations in ODs patients and contribute a critical role in the biology and pathology of 

human ODs [76]. More recently, recurrent molecular genetic alterations in ODs have been 

identified including mutations in IDH1/2, CIC, FUBP1, and the TERT promoter, as well as the 

absence of ATRX and TP53 alterations. These alterations occur concurrently with 1p/19q-

codeletion, and definitively distinguish ODs from tumours [77]. This in important to emphasize 

that there does not seem to be a specific gene or even cytoband at 1p or 19q associated with 

1p/19q-codeletion, therefore what exactly is going on with specific genes at this specific regions 

remains elusive. Recently it has been proposed that testing for TERT promoter mutations or 

ATRX alterations may compliment additional useful prognostic information in certain WHO-

2016 diagnostic groups [78]. 

Next-generation sequencing has identified novel mutations in 1p/19q co-deleted tumours. 

CIC mutations are more frequent and occur more than 45% of ODs, whereas FUBP1 mutations 

occur 24% of ODs cases. However, these mutations are rare in astrocytomas or 

oligoastrocytomas accounting for 10% only [18]. It has been shown that ATRX mutations are 

associated with IDH1 mutations and with an alternative lengthening of telomeres phenotype. 

ATRX is frequently mutated in more than 70% cases of grade II-III astrocytomas, whereas ATRX 

mutations in oligoastrocytomas represent 68% of cases [18]. In another study, it was shown that 

CIC mutations are more frequent in ODs as compared to oligoastrocytomas, whereas CIC 

mutations in astrocytomas are rare [79]. Of particular note, ~100 oligodendroglial tumours with 

CIC mutations were detected with 1p/19q co-deletions. In contrast, CIC mutations in 

oligoastrocytomas were only presented with ~50 % of 1p/19q co-deletion [79]. Although, 

FUBP1 mutations were detected in only ~12% of tumours, but always was presented with CIC 

mutations.  

Approximately 70% of ODs with 1p19q co-deletions harbour somatic mutations in the CIC gene 

on chromosome 19q13.2. Mutations in CIC and IDH1 cooperatively regulate 2-hydroxyglutarate 

levels and cell clonogenicity in ODs cells in vitro [80].  A diffusely infiltrative xenograft model 

of human anaplastic ODs showed an infiltrative growth pattern, and harbouring mutations of 



15 
 

 

 
 

IDH1 (R132H) and of the tumour suppressor genes, FUBP1 and CIC. The xenografts were 

highly invasive, exhibiting a distinct migration and growth pattern around neurons. [81].  It is 

proposed that mutant CIC on the single retained 19q allele is linked to the pathogenesis of 

oligodendrogliomas with IDH mutation [82]. Therefore, concurrent CIC mutations, IDH 

mutations, and 1p/19q loss could distinguish ODs from other cancers.  

More recently, recurrent molecular genetic alterations have been identified to occur concurrently 

with 1p/19q-codeletion, and definitively identify these tumours, including mutations in IDH1/2, 

CIC, FUBP1, and the TERT promoter, as well as the absence of ATRX and TP53 alterations [77]. 

Recent molecular studies have shown that all 1p/19q co-deleted tumours have IDH mutations 

and most of them also have TERT mutations [83].  

These findings provide a foundation for the consistent diagnosis of this tumour type, upon which 

a generation of clinical investigators have assembled a strong evidence base for the effective 

treatment of this disease with radiation and chemotherapy.  

1.2.1.3 Methylation of MGMT genes in oligodendrogliomas   

Large body of evidence clarifies that in addition to genetic mutations, the epigenetic changes 

also play an important role in ODs initiation and progression. A common finding in ODs is the 

methylation of DNA regions that code for Methylguanine Methyltransferase (MGMT) genes. 

MGMT genes are responsible for DNA repair enzyme which is down regulated by 

hypermethylation. Methylation of MGMT genes is shown to be present in majority of ODs cases 

and contribute to higher chemosensitivity. Well documented example is of lipid phosphatase 

PTEN gene which maps to 10q23 [84]. Methylation of the promoter region results in down 

regulation of PTEN gene in oligodendroglial tumours [85].  

Promoter hypermethylation represents a primary mechanism in the inactivation of tumour 

suppressor genes during tumorigenesis. MGMT promoter hypermethylation is significantly more 

frequent and the percentage of methylated CpG sites in the investigated MGMT promoter 

fragment is significantly higher in tumours with 1p/19q LOH as compared to tumours without 

allelic losses [86]. This suggests that MGMT hypermethylation and low expression of MGMT 

genes are frequent in ODs and could contribute to the chemosensitivity of these tumours [86].  
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Hypermethylated p14ARF tumour suppressor genes have also been observed in ODs [87-89]. 

Approximately 50% of ODs show hypermethylation in promoter region or loss of the 

chromosome 9p region which results in downregulation or mutation of the tumour suppressor 

gene p16INK4A/CDKN2A.  It is now evident that the promoter hypermethylation of RB1 is 

frequent in ODs [75, 87, 90].  The INK4a/ARF locus on chromosome 9p21 encodes two gene 

products that are involved in cell cycle regulation through inhibition of CDK4-mediated RB 

phosphorylation (p16INK4a) and binding to MDM2 leading to p53 stabilization (p14ARF). The 

locus is deleted in up to 25% of ODs and 50% of anaplastic ODs. Aberrant p14ARF expression 

due to hypermethylation is the earliest INK4a/ARF change in the evolution of ODs, while the 

presence of p14ARF and p16INK4a deletions indicates progression to ODs [75, 87].  The 

aberrant frequency of CpG island hypermethylation methylation for several genes was more 

frequent in ODs and ependymomas. However, no methylation of these genes was detected in 

normal brain tissue samples. This aberration seems to occur early in the carcinogenesis process 

[89].  

Oligodendroglial tumours frequently demonstrate hypermethylation of the CDKN2A (MTS1, 

p16INK4a), p14ARF, and CDKN2B (MTS2, p15INK4b) tumour suppressor genes [88]. 

hypermethylation of CDKN2A, p14ARF, and CDKN2B is an important epigenetic mechanism by 

which oligodendroglial tumours may escape from p53- and pRb-dependent growth control [88]. 

RB1 CpG island hypermethylation is a common epigenetic event that is associated with the 

development of malignant nervous system tumours [91]. Concurrent promoter hypermethylations 

during ODs were detected in multiple genes including MGMT, RB1, p16INK4a, p73, p15INK4b 

and p14ARF [90]. concordant hypermethylation of p16INK4a and p15INK4b were significantly 

associated with anaplastic ODs, and hypermethylation of MGMT was significantly associated 

with loss of chromosome 19q and with combined loss of chromosomes 1p and 19q [90]. More 

importantly, several candidate tumour suppressor genes such as p16INK4a, p15INK4b, and p73 

that were previously reported as unmutated in ODs were found to be hypermethylated in their 

CpG islands [90].  

Methylation of CpG island promoter has been proposed a novel mechanism of CDKN2A/p16 

inactivation [92]. Recently methylation profiles in oligodendroglial tumours revealed more 

frequently methylated genes which include RASSF1A (80.3%), CASP8 (70.5%) and CDKN2A 
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(52.5%). Methylation of the ESR1 promoter is significantly associated with shorter overall 

survival and progression-free survival, whereas the methylation of IGSF4 and RASSF1A is 

significantly associated with shorter duration of progression-free survival [93].  

Since MGMT CpG island is invariably methylated in adult astrocytic and oligodendroglial 

tumours with IDH1 or IDH2 mutations, it was suggested that MGMT methylation may be one of 

the earliest events in the development of astrocytic and oligodendroglial tumours [94]. 

Methylation of the MGMT promoter, 1p/19q co-deletion, mutated IDH1, and CN-LOH of 17p 

were the most frequent genetic aberrations in ODs. Key feature was the methylation of the 

MLH3 gene promoter in large majority of LGGs [95]. ODs with LOH at 1p-19q and IDH1 

mutations also exhibit MGMT promoter methylation and GSTP1 promoter methylation with 

good prognosis [68]. There exists a correlation between MGMT promoter methylation status, 

1p/19q deletions, and response to temozolomide (TMZ) in anaplastic and 

recurrent oligodendrogliomas. Therefore, MGMT promoter methylation in randomized 

chemotherapy trials may help predicting patient survival [96]. MGMT promoter methylation is 

related to tumour progression, particularly in tumours with an intact 1p arm. These observations 

suggest that MGMT promoter methylation is a late event in progressive oligodendrogliomas, and 

therefore, their chemosensitivity is not necessarily related to MGMT methylation status [97].  

Outcomes for patients with anaplastic astrocytoma, anaplastic oligoastrocytoma, and 

anaplastic oligodendrogliomas (AOD) treated with (RT) with and without TMZ were examined. 

This study proposes that there is a benefit to concurrent RT plus TMZ that is independent of 

adjuvant monthly TMZ [98]. It suggests that the use of RT with TMZ could benefit the 

postoperative management of grade III anaplastic gliomas. It has been shown that IDH mutations 

in patients are positively correlated with MGMT methylation [99]. MSH6 mutations were found 

to influence the sensitivity of tumour-initiating cell lines (BTICs) to TMZ both; in vitro and in 

vivo, independent of MGMT promoter methylation status [100].  

It is also equally clear that benefit to procarbazine, lomustine, and vincristine (PCV) 

chemotherapy is not limited to the 1p/19q co-deleted cases; potential other predictive factors are 

IDH mutations and MGMT promoter methylation [83]. Recently whole exome sequencing was 

performed on short term and long term survivors who received PCV chemotherapy plus 
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radiotherapy (RT), to examine if there were specific genetic alterations that distinguish ODs 

patients with 1p/19q co-deletion who benefit from PCV from those who do not [101]. It was 

concluded that IDH, FUBP1 and CIC, mutations as well as rs55705857 genotype are common in 

ODs, and no distinct genetic signature was identified to differentiate short term and long term 

survivor. In another study it was reported that the patients who received adjuvant RT with 

concomitant chemotherapy ((chemoRT), (concomitant or sequential)) demonstrate significantly 

improved 5 year overall survival as compared to those who received adjuvant RT alone or no 

adjuvant therapy [102]. Multivariate analysis revealed that adjuvant chemoRT (concomitant or 

sequential) is independent prognostic factor for better overall survival in AOD and suggests that 

it should be considered for all clinically suitable patients who have undergone surgery [102, 

103]. 

Oligodendroglial and astrocytic gliomas often show hypermethylation and aberrant expression of 

EMP3 gene at 19q13.3 which previously have been considered as tumour suppressor gene [104]. 

In contrast, overexpression of EMP3 gene is associated with retaining chromosome arms 1p and 

19q in ODs, and does not support EMP3 as the target TSG on chromosome 19q13 in ODs [105]. 

Methylation of the EMP3 gene promoter together with LOH 19q serves as an indication for 

treatment with adjuvant therapy ab initio in order to improve the overall survival of OD-II 

patients [106]. In contrast, NHE-1 on 1p is silenced in ODs in relation to IDH-associated 

hypermethylation and 1p allelic loss [107].  

ODs are more likely to exhibit the glioma-CpG island methylator phenotype (G-CIMP), relative 

to low-grade astrocytomas [22]. Hypermethylation of CpG islands is a common epigenetic event 

that is associated with the development of oligodendroglial tumours [90]. It is now clear that, in 

addition to genetic features of key-genes of gliomas, the methylation patterns, such as CpG 

island methylator phenotype (G-CIMP) could aid in molecular profiling of low grade lesions of 

astrocytic and oligodendroglial tumours [22, 108]. ODs and low-grade astrocytomas exhibit 

distinctly different G-CIMP status. For example, TCGA profiles of LGGs reveal that ODs are 

more likely to exhibit G-CIMP status, relative to low-grade astrocytomas [22]. Of particular 

note, the G-CIMP are tightly associated with IDH1 somatic mutations and are more prevalent in 

grade II and III diffuse gliomas and are within the proneural expression subgroup [24, 109] 
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(Figure 3). These can be further sub-classified on the basis of 1p/19q co-deletion (frequently 

showing ODs histology) or TP53 mutation (frequently showing astrocytic histology).  

The G-CIMP-positive patients are younger at the time of diagnosis and exhibit significantly 

improved outcome [109], indicating G-CIMP as a distinct subset of low grade gliomas on 

molecular and clinical grounds. IDH mutation-associated G-CIMP profiles featured one group of 

ODs with 1p/19q loss while other G-CIMP group with intact 1p/19q and frequent TP53 mutation 

[108]. It is proposed that CIC-associated G-CIMP hypermethylation in oligoastrocytomas does 

not provide an alternative mechanism of functional CIC protein abrogation [110]. The strong 

association between CIMP status and MGMT promoter methylation suggests that the MGMT 

promoter methylation status is part of a more general, prognostically favourable genome-

wide methylation profile. Methylation profiling therefore may help identify (AOD) and 

anaplastic oligoastrocytomas (AOA) with improved prognosis [111]. Identification of epigenetic 

i.e. methylation signatures may further compliment the patient outcome [25, 26]. 

 

 

 

 

 

Figure 3. Large majority of grade II and III diffuse gliomas correspond to IDH-mutant/G-

CIMP–positive gliomas (top) and are within the proneural expression subclass. These can be 



20 
 

 

 
 

further sub-classified on the basis of 1p/19q co-deletion (with ODs histology) or TP53 mutation 

(with astrocytic histology) [24].  

1.3 Genetics of 1p/19q co-deletion and loss of heterozygosity   

Among all described genetic alterations, the abnormalities in chromosomes 1p and 19q are the 

most significant. ODs and anaplastic ODs frequently exhibit loss of heterozygosity (LOH) on 

chromosomes 1p and 19q. This combined loss (so called co-deletion) of chromosome arms 1p 

and 19q is a hallmark of oligodendroglial tumours particularly in grade II ODs (Figure 4). This 

allelic loss at 1p/19q is observed in 70% to 85% of ODs [112]. Reifenberger et al., in 1994 for 

the first time described combined loss of the entire short arm of chromosome 1 and the long arm 

of chromosome 19 (combined 1p/19q loss) as the most characteristic genetic lesion in ODs 

[113]. The loss of genetic information from 19q and 1p as well as the rarity of TP53 mutations in 

oligodendroglial tumours suggests that the early events in their oncogenesis are distinct from 

those associated with astrocytic tumours [113]. However, similarities are indicated by the allelic 

losses on 9p and 10q in the anaplastic tumours, suggesting the utilization of common pathways 

of progression [113].  

Subsequently, Mainz et al., showed that low-grade mixed oligoastrocytoma exhibit either 

characteristic astrocytic lesions (TP53 mutations) or combined loss of 1p/19q, pointing out that 

at the molecular level mixed tumours do not exist [114]. According to this study there exist 

genetically two distinct subsets of oligoastrocytomas; one genetically related to astrocytomas 

while other genetically being related to ODs. However, histologically, the oligoastrocytomas 

having TP53 mutations were more often astrocytoma-predominant, whereas those with 19q loss 

were more often ODs-predominant [114].  The alone or combined 1p/19q deletion is detected in 

up to 80% grade II ODs and 60 % of grade II anaplastic ODs. In astrocytic tumours, the deletion 

can be observed up to 10% including GBM and mixed tumours (oligoastrocytomas) up to 50% 

of cases, depending of series [115].  

Based on these studies, two parallel discoveries made another important observation that the 

combined loss of 1p/19q represents a balanced translocation, after which a copy of 1p and 19q is 

lost [116, 117] (Figure 5 A). Morphologically defined GBM with ODs component (GBMO) 

does not correspond to a particular genetic signature, but rather represents a collection of 
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genetically dissimilar entities. For determining these molecular subtypes based on IDH and 

1p/19q status, the ancillary testing should be used [118]. Moreover, comparison of radiological 

imaging features may discriminate GBMO from conventional GBM (i.e. WHO grade IV) [119]. 

Another subset of ODs shows, homozygous deletion of the CDKN2A tumour suppressor gene 

located on 9p21 [50, 120]. The CDKN2A loss is associated with a significantly worse prognosis 

as compared to 1p and 19q [50]. 1p loss is inversely related to deletions of the CDKN2A gene on 

9p, which encodes the key cell cycle regulatory molecule p16INK4A. In recent study, point 

mutations of the CDKN2C gene mapped of chromosomal band 1p32 has been reported. 

However, these cases did not have CDKN2A gene deletions [121]. A mild increase in perfusion 

and metabolism has been observed in 1p/19q co-deleted ODs than 1p/19q intact ODs [122].  

 

 

 

Figure 4: Microsatellite loci showing shortest common regions corresponding to 

minimal deleted region (MDR) of 1p.21 and 19q.13 loss of heterozygosity (LOH). Adopted from 

Hatanpaa et al., 2003 [123].   
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Figure 5 (A): Knudson‟s two-hit hypothesis applied to the CIC gene in 1p/19q co-deleted ODs. Yellow 

bars represent wild type CIC alleles on 19q arm. The first allele is lost (1st Hit) due to a reciprocal 

translocation between chromosomes 1 and 19. The second allele is disrupted (2nd Hit) by a somatic 

mutation (red-cross). With no functional CIC alleles remaining, the gene is effectively lost and 

tumorigenesis can begin. (B) 1p/19q co-deletion accruing through whole-arm translocation between 

chromosomes 1 and 19 [t(1;19)(q10;p10)]. Two derivative chromosomes, der(1;19)(p10;q10) [★] and 

der(1;19)(q10;p10) [●] are generated, followed by loss of the derivative [★]. Figure adopted from 

Pinkham et al., 2015 [124], and Luke Webster (https://scienceplunge.wordpress.com/2015/03/31/investigating-

cic-a-gene-associated-with-the-development-of-brain-cancer/).  

(B) 

(A) 

https://scienceplunge.wordpress.com/2015/03/31/investigating-cic-a-gene-associated-with-the-development-of-brain-cancer/
https://scienceplunge.wordpress.com/2015/03/31/investigating-cic-a-gene-associated-with-the-development-of-brain-cancer/
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1.3.1 Putative genes in 1p36 and 19q13.3 region    

Mapping studies of chromosomal arms 1p36 and 19q13.3 in oligodendroglial tumours have 

revealed the presence of several putative and functionally related genes including tumour 

suppressor genes. Tumour suppressor genes at these regions either are deleted along with 

combined loss of 1p/19q, mutated or otherwise transcriptionally repressed or hypermethylated.  

The CIC gene located on chromosome 19q and FUBP1 gene located on 1p are well 

demonstrated examples. Several putative ODs suppressor genes have been reported to be located 

on 1p, and it is proposed that at least one of these genes may contribute to the initiation of 

tumorigenesis in oligodendroglia therefore LOH on 1p and 19q is a favourable prognostic 

marker, [125]. The CIC gene located on chromosome 19q and FUBP1 gene located on 1p 

respectively: mutations in the CIC and FUBP genes [76]. EMP3 gene on 19q13.3 associated with 

retaining chromosome arms 1p and 19q in ODs – is aberrantly expressed or methylated [104] 

[105]. The functional loss of both alleles of EMP3 gene accounts for the reduced disease 

progression-free interval in OD-II patients [106]. NHE-1 on 1p is silenced in oligodendrogliomas 

secondary to IDH-associated hypermethylation and 1p allelic loss [107].  

Detected 150-kb minimal deleted region on 1p36 and identified CAMTA1 as tumour suppressor 

gene at this region that was deleted in all oligodendroglial tumours with 1p deletion [112].  

Moreover, the expression level of CAMTA1 was low in ODs and was concordant with 1p 

deletion compared with those without 1p deletion. There exist several other potential geneses in 

this region reported in recent studies [51, 52].  

1.3.2 Clinical implications of 1p and 19q co-deletion in oligodendrogliomas  

The combined loss of 1p and 19q is molecular hallmark of ODs diagnosis and prognosis. Since 

long 1p/19q deletion has been considered a reliable marker and a standard of care molecular 

signature [126-128]. Despite the occurrence of 1p/19q loss in tumours with atypical 

oligodendroglial or even pure astrocytic features; the typical oligodendroglial histological 

features are strongly associated with 1p/19q loss, which is critically important as diagnostic point 

of view [129]. Given the presence of similar typical mutations in astrocytoma and GBM, the 

diagnosis of tumour subsets is well-supported based on their unusual profiles. Moreover, 1p and 
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19q deletion serves as predictor of survival in ODs, astrocytomas and mixed oligoastrocytomas 

[129].  

Comparable to combined 1p/19q deletion, the 1;19 translocation is also associated with higher 

overall survival as well as progression-free survival in low-grade glioma patients [117]. Most 

importantly, 1p;19q translocation has so far not been observed in any other tumour type, and in 

contrast to other translocations the centromeric fusion of 1q and 19p does not result in an 

activated oncogene. This provides additional benefit for ODs diagnosis. The 1p and 19q deletion 

is not only a hallmark of diagnostic relevance but also has prognostic and predictive significance 

[129, 130]. In patients with pure ODs the combined loss of 1p and 19q is a statistically 

significant predictor of prolonged survival, independent of tumour grade [50, 129, 131]. Genetic 

characteristics and molecular expression based classification of low grade gliomas correlate 

better with survival than achieved through histological classification [14, 15].  

The combined 1p/19q loss in ODs is clinically associated with a better response to chemotherapy 

as well as a favourable response to radiation therapy and increased survival of patients, 

particularly in relation to disease free interval [14, 132-135]. In fact, the evolution of molecular 

signatures of response to therapy has opened the ways for ODs treatment [132, 136]. Louis and 

colleagues provided a major breakthrough in the field with an observation that the loss of 1p/19q 

in anaplastic ODs was correlated with 100% response rate to PCV chemotherapy, whereas in the 

absence of 1p/19q loss the response rate was 20-25% [50]. Thus, the molecular analysis may aid 

therapeutic decisions and predict outcome in patients with ODs [50, 132, 135].  

The prognostic value of 1p/19q co-deletion in patients with overall survival was verified. The 

strong positive predictive value of this biomarker for overall was also shown for patients with 

co-deletion treated with neurosurgery and (RT) plus PCV vs. neurosurgery and RT alone [130]. 

Low-grade glioma represent an improved outcome after adjuvant PCV chemotherapy, thus 

making PCV chemotherapy now standard of care for all 1p/19q co-deleted tumours regardless of 

grade [83], and in many studies into the nature of the sensitivity of chemotherapy of 1p/19q co-

deleted ODs [137]. In addition these studies allowed the molecular analysis of large prospective 

phase III trials conducted by RTOG and EORTC that explored the role of (neo)adjuvant PCV 

chemotherapy in anaplastic oligodendroglial tumours. These trials, although initially failed to 
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show survival benefit from the addition of PCV to RT they already showed the major prognostic 

significance of combined 1p/19q loss [134, 138].  

Benefit to PCV chemotherapy is not only limited to the 1p/19q co-deleted; but potential other 

predictive factors such as 1p/19q co-deletion with IDH mutations and MGMT promoter 

methylation could be of additional value [83]. MGMT promoter methylation rates (80%) in grade 

II and grade III glioma could be a marker of therapeutic response to TMZ in low-grade gliomas 

[139]. This unexpected prognostic finding after RT alone was considerably resolved with the 

discovery of IDH mutations, which were found in 60-80% of all grade II and III glioma, and in 

up to 100% in 1p/19q co-deleted tumours in some studies. Not only were IDH mutations found 

to be prognostic, they also strongly correlated to the presence of MGMT promoter methylation. 

First of all, this revealed that the significance of MGMT promoter methylation in GBM differed 

from that in grade III glioma. In vivo models have suggested that the metabolic alterations 

present in IDH-mutated cells may induce a hypermethylated state, thus leading to an explanation 

of some of the findings in the clinical studies. At present, this G-CIMP appears to be a very 

strong prognostic factor for outcome in grade III tumours, and perhaps predictive for benefit to 

adjuvant chemotherapy.  

Altogether, these observations suggest that genetic analysis may aid therapeutic decisions and 

predict outcome in patients with anaplastic ODs. Given the lack of 1p/19q association in patients 

with astrocytic neoplasms and the previously demonstrated chemosensitivity of ODs, a combined 

approach of histologic and genotypic assessment could potentially improve existing strategies for 

patient stratification and management [129]. However there is little known with regard to how 

such genetic alterations correlate with more global patterns of gene expression in ODs. 

Albeit, ODs display histological malignant transformation accompanying events such as 

distinctive genetic and epigenetic profile with marked mutational heterogeneity; surprisingly it is 

not observed at tumour recurrence. This indicates that considerable spatiotemporal genetic 

heterogeneity in ODs does not result in rapid tumour progression [140]. However, in the light of 

genetic and epigenetic profiles with provided evidence (as discussed in above sections), 

demonstrate that genetic entities offer more restrictive diagnosis of oligodendroglial features and 

may help appropriate decision to therapy.   
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1.4 Non coding RNAs (ncRNAs)  

Non-coding RNAs (ncRNAs, also referred as non-protein coding RNAs) are comprised of 19-25 

nucleotides (nt) and represent part of the genome that do not translate into proteins. The human 

genome contains only ~20,000 protein encoding genes, which is less than 2% of the whole 

genome. For almost two decades ago, most mapping projects have focused on the coding 

sequences, mainly because the noncoding part of the genome have long been considered as a 

"trash" ("junk DNA"). However, later the genomic regions comprising long repeated nucleotide 

sequences and their molecular interactions with transcription factors, prediction of binding sites 

as well as their role chromatin organization and gene expression gained focus of great interest 

due to their regulatory roles in living cells [141]. The ENCODE (Encyclopedia of DNA 

Elements) has revealed several aspects of non-coding part of the genome and statistics explain 

that more than 90% of the human genome contains functional ncRNA [142-147].  

Based on their size, origin or mode of synthesis the ncRNAs are categorized into short ncRNAs 

and long ncRNAs (lncRNAs) [141]. Short ncRNAs include miRNA, small interference RNA 

(siRNA), small nuclear RNA (snRNA), small nucleolar RNA (snoRNA), transfer RNA (tRNA), 

Piwi-interacting RNA (piRNA), Y-RNA, vault RNA, and so forth [148-152]. In contrast the 

lncRNAs include long intergenic ncRNA (lincRNA) as well as 18S and 28S subunits of 

ribosomal RNA (rRNA) and among few others [148-150, 153, 154].  

Ultraconserved genes (UCGs) also known as ultraconserved sequences (UCRs) are a new class 

of ncRNAs and serve as functionally active regulatory entities [155, 156]. UCRs by definition 

are those parts of human genome located within both intra- and intergenic regions that are 

absolutely conserved with 100% identity between orthologous regions of human, rat and mouse 

genomes [155]. These regions represent minimal loss of heterozygosity with no insertions or 

deletions, minimal regions of amplification, or common breakpoint regions in cancers [157]. 

Callin et al., identified certain UCRs whose expression is regulated by miRNAs that are 

abnormally expressed during human cancers [156]. In fact, the UCRs have distinct signatures 

and have been proposed direct targets of miRNAs (i.e. directly interact with miRNAs) which are 

altered in human cancers [156].  

  



27 
 

 

 
 

1.4.1 MicroRNAs   

The miRNAs are the most putative class of ncRNAs and are attributed in regulation of gene 

expression. MiRNAs are 22 nucleotide single-stranded short ncRNAs which are expressed 

endogenously and regulate almost every cellular process through negative control on gene 

expression at the posttranscriptional level [158-162]. Functionally, miRNAs reduce the levels of 

many of their target transcripts, as well as the amount of protein encoded by these transcripts, by 

direct and imperfect interaction with messenger RNA (miRNA:mRNA) [160, 163, 164]. 

miRNA-mediated mechanism for the posttranscriptional restriction of extensive evolutionarily 

conserved genes such as those involve in vertebrate development can repress the expression of 

their natural targets through mRNA cleavage in addition to inhibition of productive translation 

[165].  

Initially miRNAs were identified in Caenorhabditis elegans (C. elegans) [166-168], and their 

role was demonstrated in regulation of developmental processes [169-173]. Approximately 30% 

of all protein coding genes are regulated by miRNAs [162, 174]. It has been shown that most of 

the miRNA genes are located at fragile sites as well as in minimal regions of LOH, minimal 

regions of amplification, or common breakpoint regions [157]. They are precisely regulated 

during neurodevelopment, participating in several cellular pathways including proliferation, 

apoptosis and cell migration and behave as tumour suppressor genes or oncogenes. MiRNAs are 

expressed in a tissue-specific manner and are considered to play important roles in cell 

proliferation, apoptosis and differentiation during mammalian development [158, 169, 175]. 

Given that these ncRNAs are expressed in a highly tissue-specific manner and in specific cellular 

compartments, and due to their heterogeneous mechanisms of action, it is a challenge to 

determine the diverse regulatory functions of these transcripts in many disease models, and this 

is a truly exciting field of research.  

The functional mature miRNA is generated after various stages of post-transcriptional processing 

of pri-miRNA [176]. MiRNAs are encoded by genes that are transcribed into precursor miRNAs 

(primiRNAs), which are sequentially cleaved transcripts in the nucleus about 80nt, called pre-

miRNAs. MiRNAs are transcribed as long primary transcripts (pri-miRNAs) and are processed 

in the nucleus by the enzyme Drosha [177]. miRNAs typically are excised from a 60-nt to 110-nt 
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hairpin precursor (fold-back) RNA structure (pre-miRNA) that is transcribed from a larger 

primary transcript (pri-miRNA) [178]. In turn, the pre-miRNAs are transported to the cytoplasm 

by Exportin-5 (Exp5) [179, 180], where they are processed into mature miRNAs by enzyme 

Dicer [176]. MiRNAs are then incorporated into a ribonucleoprotein complex called RNA-

induced silencing complex (RISC) (Figure 6). MiRNAs act through the RISC complex which 

directs/traffics them to the target mRNA in order to govern the regulation of gene expression, 

either through cleavage of mRNA, or by repression of its translation. 

Once processed into their mature form, they bind to complementary sequences in the 3' UTR 

(un-translated region) of specific genes. Alternatively, they may also bind to other regions of the 

gene, including 5' UTR region as well as to coding regions. Thus, by binding to 3' UTR region of 

the target mRNA, they modulate the expression of a variety of mRNAs and proteins either by 

mRNA degradation or repression of mRNA translation.  
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Figure 6: miRNA biogenesis and processing: miRNA genes are transcribed as precursor 

miRNAs (pri-miRNAs) in the nucleus and are processed/ cleaved into 80nt transcript called pre-

miRNAs by Drosha. The pre-miRNAs are transported to the cytoplasm by Exportin-5 (Exp5) 

and processed into mature miRNAs by enzyme Dicer in the cytoplasm. Mature miRNAs are then 

engaged in ribonucleoprotein complex called RNA-induced silencing complex (RISC) which 

guide them to the target mRNA in order to govern the regulation of gene expression, either 

through cleavage of mRNA, or by repression of its translation. (Adopted and modified from 

[181] and pang et al., [182]).  
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1.4.2 Roles in cancer initiation progression and metastasis 

For the past two and a half decades, the causes of tumorigenesis have been considered as a result 

of genetic and/or epigenetic alterations in protein-coding oncogenes and/or tumour suppressor 

genes [183, 184]. However, the discovery of genes which produce short ncRNA transcripts i.e. 

miRNAs with no functional open reading frame, has clarified alternative ways of gene 

regulation. In 1993, Ambros and colleagues discovered a gene (Lin 4) who‟s gene product was a 

small non-protein coding RNA that negatively regulates the level of LIN-14 protein and affect 

the developmental process in C. elegans [166].  

Calin and colleagues for the first time pioneered the idea that miRNAs are involved in human 

tumorigenesis initially reported in chronic lymphocytic leukaemia [185-187], and clarified that 

the genomic complexity of the cancer is far greater than expected before [156, 187]. Based on 

these pioneering studies, several other investigations revealed that miRNAs are involvement in 

regulatory processes during development of various cancer types [182, 184, 188-195]. Assuming 

that a large fraction of ultra-conserved non-coding regions (UCRs) encode a particular set of 

ncRNAs whose expression is altered in human cancers; the UCRs may serve as distinct signature 

in human cancers [156]. This study identified certain UCRs whose expression is regulated by 

miRNAs that are abnormally expressed during human cancers. In addition it was proposed that 

the inhibition of an overexpressed UCR induces apoptosis in colon cancer cells [156].  

During the passage of tumorigenesis the expression level of miRNAs either is increased 

significantly or decreased from corresponding normal tissue, while some remain unchanged 

[196-199]. This implies that miRNA expression is correlated with bio-pathologic features of 

cancer progression as well as the functional relevance in tumorigenesis [197, 199-201]. The 

deregulation of miRNAs involved in processes such as cell proliferation, apoptosis, regulation, 

invasion, cell cycle arrest, invasive cell behaviour and angiogenesis. These findings support the 

notion that copy number alterations of miRNAs and their regulatory genes are highly prevalent 

in cancer and may account partly for the frequent miRNA gene deregulation reported in several 

tumour types [202]. The overexpression of miRNAs may function as oncogenes and promote 

cancer development by negatively regulating tumour suppressor genes, whereas down regulation 

of some miRNAs in various human cancers, indicate that they act as tumour suppressors [185, 
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203]. The miRNAs while acting as tumour suppressors might repress the expression of important 

cancer-related genes [182, 184, 192, 203], and may act as either dominant or recessive cancer 

genes [204]. This is evident that miRNAs can target oncogenes and subsequently modulate 

cancer pathways, thus acting as tumour suppressors [164, 184, 192, 194, 195, 203].  

In addition to short ncRNAs the lncRNA have also been attributed in cancer development [152, 

205-211]. The lncRNAs such as HOX antisense intergenic RNA (HOTAIR) and MALAT1 have 

been shown to be associated with cancer development [208]. HOTAIR is expressed on 

chromosome 12 and controls the expression of genes on chromosome 2 and is attributed in 

cancer metastasis [206, 212]. Interestingly bifunctional lncRNAs have been described that may 

perform dual function–that is they may mimic the functions of mRNA and ncRNAs, or otherwise 

they may reflect two separate functions of ncRNAs [151, 213]. The lncRNAs can affect 

imprinting or gene expression in cis and have been shown to silence from three to ten genes in 

cis in imprinted gene clusters [214], that may have role in diseases including cancer. Another 

class of lncRNA–the telomeric repeat containing RNA (TERRA) transcript is associated with 

telomere shortening and compromised telomere function which contribute to telomere 

syndromes and cancer [215].  

Differential expression in cancer subsets may help understanding progression [190]. MiRNA-

expression profiling of human tumours has identified signatures associated with diagnosis, 

staging, progression, prognosis and response to treatment in human malignancies. In addition, 

profiling has been exploited to identify miRNA genes that might represent downstream targets of 

activated oncogenic pathways, or that target protein-coding genes involved in cancer [216]. 

Poorly differentiated human tumours could be successfully classified using miRNA expression 

profiles [217]. Differential expression gives the notion that miRNAs involvement cancer as 

miRNA expression could differentiate micro- from macro-adenomas and treated from non-

treated patient samples, improving the classification of tumours [218]. The implications of these 

findings could be experienced for the diagnosis and treatment of cancer.  
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1.5 microRNAs in oligodendrogliomas  

Expression profiling has unveiled the miRNA signatures that not only distinguish brain tumours 

from normal tissues, but can also differentiate histotypes or molecular subtypes with altered 

genetic pathways [7, 13]. Tumours of central nervous system have complex expression patterns. 

Some of the miRNAs are tissue specific and few are housekeeping and exhibit series of spatial 

temporal expression patterns. For instance some miRNAs are brain specific miRNAs [219-223]. 

Spatial temporal expression analysis of miRNAs demonstrates that some miRNAs are more 

strongly expressed in neurons than in astrocytes, while others are more specific to dendrites 

[222-225].  

Recent data suggests that miRNAs like other tumours also serve as oncogenes in brain tumours 

and are extensively deregulated in malignant gliomas [182, 226, 227]. In brain tumours, it has 

been shown that miRNAs not only repress the translation of target mRNA but they could also 

stimulate translation of some mRNAs, thus acting as both positive as well negative regulators of 

glioma progression [228]. During the course of glioma progression the deregulated miRNAs 

participate in different pathways and processes [228-230]. There has been proposed several 

miRNAs in glioma progression, however, miRNA-21 is one of the most frequently identified in 

high grade malignant gliomas; regulating key pathways of malignancy either acting as oncomiR 

or tumour suppressor and holds a diagnostic and prognostic value as well as serves as a potential 

therapeutic target [200, 231-239]. 

The regulatory roles of miRNAs in gliomas just have begun less than a decade ago and their role 

is demonstrated through participation in tumour related major pathways, cell cycle regulation, 

proliferation and angiogenic pathways [230, 240-246]. Functional relevance of miRNAs in 

glioma progression could be identified by integrative genome analysis of miRNA/mRNA 

profiles [247]. The better understanding of miRNA biology suggests that miRNAs could be 

utilized as therapeutic targets [248-251]. Several potential miRNAs have been suggested as 

diagnostic and prognostic markers [235, 237, 249, 252-255]. As compared to ODs, the low-grade 

astrocytomas exhibit a higher expression of genes related to mitosis, replication, and 

inflammation [22]. Additionally, the low-grade astrocytic tumours represent miRNA profiles 

similar to those previously described for GBMs [7, 22].  
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Until recently the information regarding the expression of miRNAs in oligodendroglial tumours 

has not been well appreciated and is limited. Nelson and colleagues performed first profiling 

study in ODs using RNA-primed, array-based, Klenow Enzyme (RAKE) miRNA microarray 

platform in conjunction with Locked Nucleic Acid (LNA)-based in situ hybridization (LNA-

ISH) for ODs and archival FFPE human brains [256]. Comparative miRNA expression analysis 

was performed in 20 ODs and 21 samples of non-neoplastic brain tissue (9 foetuses). 

Hierarchical clustering of deregulated miRNAs was able to separate all tumours from non-

tumour tissues. 

Significantly elevated expression of miR-9 was observed in ODs and brains of foetuses 

compared to the cerebral tissue of adult [256]. This suggests that miR-9 upregulation could play 

important role in ODs development. This could be due to miR-9 being normally expressed 

mainly in glial cells, and the increase in gliomas being due only to an increase of the density of 

cells of glial lineage. However, in situ hybridization showed low levels of miR-9 expression in 

adult neurons, but higher levels to proliferating neuroblasts as well as glioblasts in foetal brain 

and also in tumour cells [256]. Interestingly, miR-9 is a brain specific miRNA that is 100% 

conserved between known mammalian, zebrafish, chicken, drosophila, and anopheles species, 

with a somewhat lower degree of conservation with C. elegans [256]. Additionally, the same 

study demonstrated that miR-124 expression level is reduced in ODs as compared to normal 

brain [256]. In rodent OD-initiating cells, the down regulation of both miR-124 and miR-137 has 

been observed. One interesting aspect, the loci of 3 Argonauts genes are mapped to 1p, whose 

region is deleted up to about 60% of ODs. In order to assess whether the loss of the Argonauts 

genes could affect the expression of miRNAs, four ODs were evaluated, two of which harboured 

chromosome 1 deletion, but no significant difference in miRNA expression levels were observed 

among the tested samples. It could be speculated that decreased levels of miR-124a might 

correlate with neoplastic transformation.  

However, in situ hybridization provides direct evidence against this hypothesis because miR-

124a is only expressed in neurons but not in tumour cells. Therefore, the low levels of miR-124a 

expression by microarrays in tissues derived from ODs might be due to these residual neurons 

[256]. MiR-124 and miR-137 have been attributed in differentiation of glioma initiation stem 

cells. It was shown that miR-124 and RNA-137 efficiently induce differentiation of adult mouse 
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neural stem cells, mouse ODs derived stem cells and human GBM-

derived stem cells and induce GBM cell cycle arrest [257]. Recently, it was shown that miR-137 

is differentially expressed in oligodendroglial tumours likewise; downregulated in grades II ODs 

and III anaplastic ODs [258]. This indicates that miR-137 expression is associated with tumour 

grade. Low expression of miR-137 was associated with shorter progression-free survival and 

overall survival. Functional validation revealed that miR-137 inhibits tumour growth, cell 

viability and invasion of ODs in vitro by targeting CSE1L [258].  

Lages and colleagues performed differential expression of the 282 miRNAs in order to 

investigate differential expressional levels between ODs and GBM compared to control brain 

tissues. 26 miRNAs were deregulated as compared to the expression patterns of control tissues. 

Expression levels of seven miRNAs (miR-21, miR-128, miR-132, miR-134, miR-155, miR-210 

and miR-409-5p) and their target analysis showed discrimination of grade II and III ODs from 

grade IV GBM [259]. Lau et al., have reported a consistent reduction of miR-9 expression during 

oligodendrocytes differentiation [260]. These observations indicate that miR-9 expression is 

important in the developmental regulation of ODs, however the mechanisms for such regulation 

are not known. Additional reports have clarified that ODs exhibit a significantly reduced level of 

miR-210 as compared with normal brain tissue. In contrast, astrocytic tumours demonstrate 

significantly increased levels of miR-210. Moreover, the expression of miR-210 is positively 

correlated with the grade of astrocytic tumour, in the following order: grade IV > grade III > 

grade II > normal brain tissue [261]. Such observations suggest that low-grade tumours can be 

clearly delineated from GBM by miRNA measurements as well as mRNAs expression analyses 

[262].  

Alterations in miRNA expressions are found in early stage of cancer, whereas differential 

expression could detect cancer grades and malignancy. Therefore miRNA profiling may serve as 

diagnostic and prognostic tool for glioma patients [251]. Expression profiling has unveiled 

miRNA signatures that not only distinguish brain tumours from normal tissues, but can also 

differentiate histotypes or molecular subtypes with altered genetic pathways [182]. Therefore, a 

small number of miRNA markers might be sufficient to identify glioma subtypes as well as 

discrimination among grades [7, 13, 22, 262].  
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2 AIMS AND OBJECTIVES 

Sharp stratification and concordant classification of low grade diffuse gliomas based on 

histopathological analysis remains an impeding hurdle. Since miRNA expression profiling serves 

as signatures for identifying tumours and serves as signatures for identifying tumours [184, 187]; 

poorly differentiated low grade tumours could be successfully classified and delineated using 

molecular profiles [217]. Differential expression could differentiate different grades, and may 

improve the classification of tumours [218]. There is limited evidence of miRNA expression 

profiling in different grades of ODs and differential expression between grade II and grade III 

ODs has not been performed.  

The current thesis aimed to perform differential expression profiling of miRNAs and genes in 

grade II and grade III ODs and their correlation with 1p/19 q deletions. The more specific 

objectives are;  

1. Performing microarrays to identify differentially expressed miRNAs and genes in grade III 

versus grade II oligodendrogliomas  

2. Performing miRNA targets analysis in grade II and grade III  

3. Correlation between downregulated miRNAs and their upregulated mRNA targets and vice 

e versa  

4. Validation of miRNAs and mRNAs by real time qPCR 

5. Validation of some putative miRNAs in cell lines  
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3 MATERIAL METHODS  

3.1 Patient samples  

Frozen tumour tissue fragments were used from patients operated for ODs. 14 cases of ODs i.e. 

OD-II and anaplastic OD-II (7 cases per grade) and 15 non neoplastic white matter (nnWM) 

samples after microdissection with no previous history of treatment between 2002 and 2007 were 

included in the study. Non neoplastic white matter of temporal lobe epilepsy operated patients 

was used as control tissues. Samples were obtained from Tumour Bank, in accordance with the 

rules the Research Ethics Committee of the Institution (Proc. No. 8730/08). All samples were 

microdissected as previously described [263]. In each grade of ODs (II and grade III ODs), 8 

samples were used; comprising 7 patients in each category and another one to serve as internal 

control. Samples were used in duplicate of each case of grade II and grade III ODs.  

Mean age of patients was 45 years ± 10.86 (33 to 57 years) and 39 years ± 4.93 (33 to 46 years) 

of patients with ODs grades II and III, respectively. The mean age of the controls (patients with 

refractory epilepsy) was 36.7 years ± 6.4 (median 37 years), 9 female subjects. 

3.2 Extraction and quantification of total RNA  

The extraction of total RNA was performed by Trizol (Invitrogen) as previously described [264, 

265]. After the extraction, the total RNA was assessed by electrophoresis on agarose gel and 

quantification was achieved in 1μl of the sample, using NanoDrop 1000 spectrophotometer 

(ThermoScientific®). The remaining RNA was stored at -70°C freezer until the use for 

microarray analysis.  

3.3 Microarrays for mRNA evaluation  

The samples (or pools) of RNAs used in mRNA microarray assays were additionally treated with 

DNAase and subjected to column purification (RNeasy, Qiagen®). Analysis of gene expression 

profile was performed with the Agilent oligonucleotides microarray platform through the kit 

"Whole Human Genome Oligo Microarray" (Agilent®, G4112F) containing sequences of over 

41,000 transcripts of genes. The complementary RNA (cRNA) labeled with the fluorochrome 

was generated from 200 ng RNA, using the kit "Quick Amp Labelling, one-color" (Agilent®, 

5190-0442), as described previously [266].  
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3.4 Microarrays for microRNAs profiling  

The samples were subjected to an additional extraction step with chloroform before being used in 

miRNA microarray, using the Agilent microarray platform with the kit oligonucleotide "Human 

miRNA Microarray" (Agilent®G4470B) containing sequences of 723 miRNAs. Briefly, after 

obtaining and quantification of the total RNA, 100 ng of each sample were used to label RNA 

with the fluorochrome, using the kit "miRNA Labelling Reagent and Hybridization" (Agilent®, 

5190-0408), according the manufacturer's instructions, as described previously [266].  

3.5 Analysis of microarray data  

Briefly, the slides were scanned (535 mm, resolution of 5um / pixel) with the help of the 

GenePix 4000B scanner and the program "GenePix Pro 6.0" (Molecular Devices®, Sunnyvale, 

CA, USA). The images were analysed using the program "Agilent Feature Extraction" and 

different transcriptomes (both mRNAs and miRNAs) were normalized to the expression value 

equivalent to the 75% percentile. The sets of transcripts (or miRNAs) differentially expressed 

between samples of grade II and grade III ODs were determined based on unpaired two-tailed T-

test using “R”, considering P< 0.05.  

3.6 Differential expression analysis  

The lm_fun (linear model) function was created in R environment to adjust linear models for 

each gene available in miRNApp and mRNApp objects. The terms of each gene are adjusted as a 

function of available groups (OD3, OD2 and nnWM). To adjust the comparisons of interest 

empirical Bayes method was employed and inference method was applied to increase the 

robustness of the differential expression. Given the fact there was a natural ordering of groups 

(nnWM, OD2 and OD3), the following comparisons were made: OD2 vs nnWM; and OD3 vs 

nnWM. OD3 was compared with OD2 and miRs and mRNAs from ODs (OD3 and OD2) were 

compared with white matter (nnWM).  

Selecting as candidates to be differentially expressed genes should have adjusted p-values less 

than 5%, and differences in the expression of at least 50% (which, in the log-ratio scale is 

represented by log2 (1.5)). These data were visualized by generating venn diagrams and 

heatmaps using “R”.  
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3.7 Determination of relationship between potential microRNAs and mRNA-targets 

The tables containing the miRNAs and the predicted targets were obtained by bioinformatics 

tools (http://www.microrna.org/microrna/getDownloads.do) in order to relate the miRNAs and 

mRNAs differentially expressed between grade II ODs and III. Furthermore, we used many 

programs with already validated algorithms that allow the prediction of potential targets of 

miRNAs in humans, such as DIANA, miRanda, TargetScanS, miRtarget and PicTar.  

3.8 Validation of miRNA and gene expression by Real-Time PCR 

The selection of differentially expressed miRNAs (4 highest and 6 lowest expressed) is made by 

correlating complementary mRNAs and according to the score (≤ 0.1 indicates high probability 

of miRNA / mRNA ratio) obtained by mirSVR tool [267]. The validation of expression analysis 

obtained by arrays was performed as previously described [266]. Reverse transcription was 

performed using TaqMan MicroRNA Reverse Transcription® kit according to the 

manufacturer's specifications. In RT-qPCR validation equipment the ABI PRISM 7500 Sequence 

Detection System (Applied Biosystems®) was used. The tests for the validation of miRNAs 

were performed with TaqMan MicroRNA Assays kit (Applied Biosystems®) and the RNU48 as 

endogenous control. All reactions were performed in duplicate by TaqMan system (Applied 

Biosystems®). 

The β-actin gene and GUS (β-glucuronidase) were used as endogenous control to validate the 

mRNAs. The results were calculated by the formula 2
-ΔΔCt

. The GraphPad Prism 4.0 was used to 

calculate statistically significant differences. The Mann-Whitney test was used for comparisons 

between two groups and Kruskal-Wallis test for multiple groups, followed by Dunn's post-test. 

3.9 Establishing primary cell lines of oligodendrogliomas  

Since the commercial cell lines for OGs are not available and there was need to perform 

functional studies to validate the functional level, biological roles and miRNA/mRNA 

interactions, we performed trypsinization of some tumour samples during the time of sampling 

and plating them in rich culture media of foetal bovine serum, as described previously [268].  

  

http://www.microrna.org/microrna/getDownloads.do
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3.10 Validation of miRNA and genes in cell lines  

The hsa-miR-23a and hsa-miR-27a functions were tested in BJ cells (human adult fibroblasts) by 

theClick iT® EdU Cell Proliferation Assay and FITC Annexin V apoptosis detection.  
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4 RESULTS  

4.1 Differentially expressed microRNAs  

The microarray data analysed using “R” program (an environment freely available from 

Bioconductor for analysing huge data sets. Data was visualized by generating Venn diagrams 

and heatmaps. The Venn diagrams below show the number of candidate miRNAs and genes 

differentially expressed between grade III and grade II oligodendroglia‟s when the comparisons 

was made in each of the indicated circles. We compared OD3 with OD2 as well ODs with 

nnWM (i.e. OD3–OD2; ODs–nnWM). Of the total 723 miRNAs evaluated by microarray, 214 

miRNAs were upregulated and 217 were downregulated in all comparisons collectively. 

Specifically 43 miRNAs were downregulated and 50 miRNAs were overexpressed in OD3 

(compared to OD2). Conversely, the 7 miRNAs showed reduced expressions in OD2 (compared 

to nnWM). 3 common miRNAs were down regulated in comparisons of both groups (OD3 vs 

OD2, and OD2 vs nnWM) (Figure 7).  

 

 

 

 

Figure 7: Number of miRNAs differentially expressed between grade III and grade II 

oligodendrogliomas and non-neoplastic white matter. OGs2: grade II oligodendrogliomas; OGs3: 

grade III oligodendrogliomas; nnWM: non neoplastic white matter.  
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4.2 Differentially expressed mRNAs 

Of the 41,000 mRNAs transcripts evaluated, 3285 genes were overexpressed and 3305 were 

downregulated in OD3 (when compared with OD2). Conversely, 19 genes were overexpressed 

and 117 were down regulated in OD2 (when compared to nnWM). 2 over expressed were 

common in OD2 and OD3, whereas among downregulated 6 were common in both grades 

(Figure 8).  

 

 

 

 

Figure 8: Number of mRNAs differentially expressed between grade III and grade II 

oligodendrogliomas, and non-neoplastic white matter. OGs2: grade II oligodendrogliomas; 

OGs3: grade III oligodendrogliomas; nnWM: non neoplastic white matter.  
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4.3 Top differentially expressed miRNAs and mRNAs in grade II and grade III ODs 

Of these several differentially expressed miRNAs and mRNAs (genes) from above comparison, 

we present here only the top expressed candidates. For convenience, function “showTopTable” 

was created using ´R´ to present the results obtained by above comparisons. This function 

represents the name of the miRNA/mRNA, log-ratio, average expression and adjusted p-value as 

shown in the tables below (Tables 3-6). The candidates for differentially expressed 

miRNAs/genes have adjusted p‐values < 5%, and differences in the expression of at least 50% 

(which, in the log-ratio scale is represented by log2 (1.5)).  

 

Table 3. Top differentially miRNAs expressed in grade II oligodendrogliomas  

miRNAs logFC AveExpr adj.P.Val 

hsa-27  -0.8282 10.691 0.01544 

hsa-92b -1.2136 8.220 0.01544 

hsa-30a -0.6529 7.992 0.04744 

hsa-708 -0.7997 7.156 0.04744 

hsa-9 -0.7416 14.072 0.04744 

hsa-23a -0.7043 11.129 0.04872 

hsa-100 -0.8572 11.690 0.04872 
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Table 4. Top differentially miRNAs expressed in grade III anaplastic oligodendrogliomas  

miRNAs logFC AveExpr adj.P.Val 

hsa-497 -2.3710 10.741 5.366e-11 

hsa-195 -2.3487 11.541 6.901e-09 

hsa-9 -2.0643 14.512 1.701e-08 

Has-130a -2.4763 10.853 2.624e-08 

hsa-584 2.6173 8.040 7.838e-08 

hsa-151-5p 1.7392 10.985 1.352e-07 

hsa-27b 2.0654 11.662 1.414e-07 

hsa-23b 2.0655 11.529 1.949e-07 

hsa-338-3p 3.4978 12.716 9.268e-07 

hsa-330-3p 1.9877 7.627 4.064e-06 

hsa-340 1.2047 9.872 1.441e-05 

hsa-let-7c -0.9091 13.257 4.595e-05 

ebv-BART12 -2.378 8 7.944 5.694e-05 

hsa-19b -1.1162 12.244 7.471e-05 

hsa-135a -1.7538 9.323 1.616e-04 

hsa-219-5p 2.3953 14.266 1.914e-04 

hsa-219-2-3p 2.0655 9.706 2.191e-04 

hsa-100 1.2412 11.690 3.193e-04 

hsa-96 -3.0952 8.250 3.711e-0 
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Table 5. Top differentially expressed genes in grade II oligodendrogliomas  

Accession No. Genes logFC AveExpr adj.P.Val 

NM_003494 DYSF 1.2532 7.324 0.01478 

NR_026908 AQP4-AS1 -2.0166 5.706 0.01478 

NM_145053 UBQLNL -1.5993 5.864 0.01478 

BC040210 AKR1C1 -1.4303 5.352 0.01478 

BC005052 MARVELD3 -2.0703 7.934 0.01478 

NM_020297 ABCC9 -1.1013 5.371 0.01478 

AL136541 GPR98 -2.0770 7.010 0.01478 

NM_178824 WDR49 -2.0905 5.981 0.01478 

NM_000216 KAL1 -2.1533 8.061 0.01478 

NM_004105 EFEMP1 -1.8172 11.154 0.01478 

NM_006074 TRIM22 -1.5145 7.285 0.01500 

NM_017702 DEF8 0.8419 8.627 0.01804 

NM_007274 ACOT7 0.9806 8.823 0.01860 

NM_180989 GPR180 0.9276 6.430 0.01860 

NM_003759 SLC4A4 -1.6364 8.253 0.01860 

NM_003064 SLPI -1.5590 6.564 0.01860 

AK130099 LINC01094 -2.7889 8.120 0.01860 
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Table 6. Top differentially expressed genes in grade III anaplastic oligodendrogliomas  

Accession No. Genes logFC AveExpr adj.P.Val 

NM_003107 SOX4 -4.130 11.568 5.436e-08 

NM_003494 DYSF 2.951 7.324 9.527e-08 

NM_177995 PTPDC1 2.865 7.681 1.206e-07 

AK023623 GLDN 2.677 5.589 2.005e-07 

NM_144605 SEPT12 3.053 6.276 2.005e-07 

NM_173160 FXYD4 2.445 5.277 2.052e-07 

NM_015123 FRMD4B 3.126 6.477 2.785e-07 

NM_006636 MTHFD2 -3.931 10.401 2.785e-07 

BC087859 LOC401317 2.546 5.452 2.785e-07 

NM_000574 CD55 (DAF) 2.046 6.106 2.785e-07 

AK026467 CD22 (BL-CAM) 3.322 5.343 2.802e-07 

NM_025244 TSGA10 3.192 5.988 2.802e-07 

NM_007249 KLF12 (AP-2 alpha) -2.703 9.726 2.999e-07 

NM_006257 PRKCQ 3.319 5.819 3.314e-07 

NM_020209 SHD (SH2 or SHP-2) -5.565 12.369 3.993e-07 

NM_001093725 MEX3A -3.548 9.583 4.309e-07 

NM_170693 SGK2 3.255 5.372 5.200e-07 

NM_014603 CDR2L (CDR2) 2.142 8.994 5.307e-07 
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4.4 Assessment of differentially expressed miRNAs and mRNAs  

Heatmaps were generated for only those miRNAs and mRNAs that were identified as candidates 

for differential expression between three groups (ODs2, ODs3 and nnWM). Almost all patient 

samples in OD3 (brown) are showing clearly distinct miRNA and mRNA expression patterns 

different from nnWM (purple) samples. Similarly OD2 (green) samples showed different 

patterns than nnWM (Figure 9 and 10). Surprisingly, the sample 678, initially identified as OD2, 

has a miRNA signature compatible with the category of OD3 individuals. Initially it gave us 

impression that this might be described as a border line between OD2 and OD3 or might have 

some unique feature that need to be further investigated. However, this was also suspected that 

there might be an error during classification of samples. Later on, careful re-evaluation by 

pathological features revealed that this sample belongs to astrocytoma but not OD2. However, 

miRNA profile of this patient sample was closer to OD3.  
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Figure 9: Heatmap showing miRNAs differentially expressed between 3 groups (od2, od3 and 

sb). Note that sample 678 (OD2 with atypical areas) has the miRNA profile more related to 

OD3. od2: grade II oligodendrogliomas; od3: grade III oligodendrogliomas; sb: substance branca 

i.e. non neoplastic white matter. The colours green, brown and indigo on the top represent grade 

II ODs, grade III ODs and nnWM respectively.  
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Figure 10: Heatmap showing genes/transcripts differentially expressed between 3 groups (od2, 

od3 and sb. Note that the sample 678 (OD2 with atypical areas) has gene profile related to OD2. 

od2: grade II oligodendrogliomas; od3: grade III oligodendrogliomas; sb:  substance branca i.e. 

non neoplastic white matter. The colours green, brown and indigo on the top represent grade II 

ODs, grade III ODs and nnWM respectively.  
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4.5 Mean miRNAs and mRNAs variations according the tumour grades  

To view the mean difference of expression of both miRNA and mRNA, the set of linear models 

for expression was performed at the group level (Figure 11 and 12). The 95% confidence 

interval was also drawn as presented in the bar graphs below. In these graphs, the points 

represent the mean expression of the group and the bars indicate the points associated with 95% 

confidence interval. Functions of top expressed transcripts (in grade II and III) are given in 

Table 7, curated from GenBank NCBI with accession numbers from our results.  

 

 

Figure 11: Bar graphs showing the mean miRNAs expression variation according the tumour grade (OD2 

green bars and OD3 blue bars compared to nnWM (sb) red bars. OD2: grade II oligodendrogliomas; 

OD3: grade III oligodendrogliomas; nnWM: non neoplastic white matter.  
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Figure 12: Bar graphs showing the mean mRNAs expression variation according the tumour 

grade (OD2 green bars and OD3 blue bars compared to nnWM (sb) red bars. OD2: grade II 

oligodendrogliomas; OD3: grade III oligodendrogliomas; nnWM: non neoplastic white matter.  

Notably, the grade III has wider range.  
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Table 7. Functions of top expressed genes (curated from GenBank NCBI)  

Accession 

No.  

Genes symbols Functions  

NM_015123 FRMD4B (FERM domain containing 4B) This gene encodes GRP1-binding protein FRMD4B, which is involved 

in establishment of epithelial cell polarity. 

NM_144605 SEPT12 (septin 12).  

Alternative name: SPGF10 

This gene encodes septin, GDP/GTP binding protein, a family of 

cytoskeletal GTPases. Septins play critical roles in cell cycle and cell 

division, exocytosis, embryonic development, and membrane 

dynamics. Also involved in invasion of epithelial cells. 

NM_000574 CD55, also known as DAF This gene encodes a glycoprotein involved in the regulation of the 

complement during complement activation, classical pathway, and 

innate immune response. DAF is involved in cell cycle progression, 

and apoptosis downstream of phosphoinositide 3-kinase (PIK3).  

NM_180989 GPR180 (G protein-coupled receptor 180) Involved in G-protein coupled receptor signalling pathway. 

NM_177995 PTPDC1 (protein tyrosine phosphatase 

domain containing 1) 

Protein encoded by this gene is involved in tyrosine/serine/threonine 

phosphatase activity, and Smoothened signalling pathway.  

NM_003494 DYSF (dysferlin) This gene encodes for skeletal muscle protein which play a role in 

calcium-mediated membrane fusion events, calcium ion binding. Also 

involved in plasma membrane repair and vesicle fusion.  

NM_007274 ACOT7 (acyl-CoA thioesterase 7) Decreased expression of this gene may be associated with mesial 

temporal lobe epilepsy. Protein product of this gene is involved in 

coenzyme-A biosynthetic process and fatty acid catabolic process. 

NM_017702 DEF8 (differentially expressed in FDCP 8) DEF8 protein participates in zinc ion binding and intracellular signal 

transduction.  

NM_014603 CDR2L (cerebellar degeneration-related 

protein 2-like) 

Protein product of this gene is often associated with paraneoplastic 

cerebellar degeneration. High expression has been reported in Epilepsy 

and ovarian cancer. It also stimulates antiyo production and thus leads 

to Purkinje cell necrosis or apoptosis. 

NM_003759 SLC4A4 (solute carrier family 4) It contributes in transmembrane transport and ion transport. 

NM_000216 KAL1 (Kallmann syndrome 1 sequence) KALC1 protein commonly known as Anosmin-1 is a cell surface 

protein and functions in neural cell adhesion, axonal migration and 

cellular component movement. Usually, it is N-glycosylated and may 

have anti-protease activity. As an extracellular matrix structural 

constituent it modulates tumour microenvironment. Upregulation of 

KAL1/ Anosmin-1 has been reported in high-grade primary brain 

tumours.  

BC005052 MARVELD3 (MARVEL domain containing 

3) 

It participates in cell-cell junction organization. Also is a component of 

cytoplasmic vesicles. 

AK130099 LINC01094 (long intergenic non-protein 

coding RNA) 

This gene (non-coding RNA) does not code any protein. It serves as 

one of independent positions of transcriptional start sites and 

distinct/putative alternative promoter (PAP). Among tissue-specific 

PAPs, the richest tissue source o this gene PAP is testis and brain.  

NM_006074 TRIM22 (tripartite motif containing 22) TRIM22 protein functions as important regulators of carcinogenesis by 

acting as sequence-specific DNA binding transcription factor (ligase or 

transcription co-repressor activity). Overall, it shows protein 

ubiquitination activity. 

AL136541 GPR98 (G protein-coupled receptor 98).  

(Accession Number 4 is also related to this 

Protein product of this gene is involved in G-protein coupled receptor 

signalling pathway. Expressed in the central nervous system and 
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gene). involved in nervous system development. 

NM_003064 SLPI (secretory leukocyte peptidase 

inhibitor) 

Inhibitor type of secreted protein which protects epithelial tissues from 

serine proteases. Down regulation or absence of this inhibitor causes 

defects in cell cycle resulting in proliferation and have been reported in 

carcinogenesis of glioblastoma.  

THC2608799 unknown Unknown  

BC087859 LOC401317 Uncharacterized  

NM_173160 FXYD4 (FXYD domain containing ion 

transport regulator 4). Alternative name: CHIF 

(channel-inducing factor) 

FXYD protein regulates ion channel transport and transmembrane 

transport.   

AK023623 GLDN (gliomedin) Protein product of this gene is involved in heterotypic cell-cell 

adhesion. Clustering of voltage-gated sodium channels during Schwann 

cell-axon interaction.  

AK026467 CD22 (CD22 molecule) also known as BL-

CAM (B-lymphocyte cell adhesion 

molecule) or SIGLEC-2 

It participates in B cell receptor signalling pathway. Neuronal 

expression of CD22 inhibits microglial pro-inflammatory cytokine 

production. 

Down regulation or absence leads to immune associated cancer.  

This gene is located on 19q and deletion of 19 is established in 

oligodendrogliomas. 

A_24_P655888 unknown Unknown  

NM_170693 SGK2 (serum/glucocorticoid regulated kinase 

2) 

Participates in PI3K-Akt signalling pathway and FoxO signalling 

pathway.  

NM_025244 TSGA10  TSGA10 is specifically expressed in astrocytes, whereas 

overexpression is associated with progression of brain tumours. 

Overexpression is observed in more than 83% of brain tumours. 

NM_006257 PRKCQ (protein kinase C theta) also known 

as PRKCT; nPKC-theta 

It shows serine- and threonine-specific protein kinase activity and 

phosphorylates variety of protein targets. Also contributes in B/T cell 

receptor signalling pathway, and apoptotic cleavage of cellular proteins 

during apoptotic execution phase. It also serves as major receptors for 

phorbol esters (a class of tumour promoters). PKRC have been reported 

in glioma growth through cell cycle regulation when stimulated with 

phorbol. 

A_32_P229447 unknown Unknown  

NM_178824 WDR49 (WD repeat domain 49) This gene encodes WD40 domain which cover adaptor/regulatory 

modules in signal transduction, pre-mRNA processing and cytoskeleton 

assembly. 

NM_145053 UBQLNL (ubiquilin-like) Involves in pathways of protein processing in endoplasmic reticulum 

NR_026908 AQP4-AS1 (AQP4 antisense RNA 1) 
This gene does not encode any protein and serve as non-coding RNA. 

This gene was revealed as novel antisense RNAs candidate for drug 

refractory epilepsy in patients with mesial temporal lobe epilepsy with 

hippocampal sclerosis (MTLE-HS).  

BC040210 AKR1C1 (aldo-keto reductase family 1, 

member C1) 

It regulates the metabolism of lipids and lipoproteins. Also contributes 

to epithelial cell differentiation. 

THC2666070 unknown Unknown  

NM_020297 ABCC9 (ATP-binding cassette, sub-family C) It shows potassium channel regulator activity and signal transduction.  

NM_007249 KLF12 (Kruppel-like factor 12) also known 

as AP-2 alpha;  AP-2rep; HSPC122 

It shows sequence-specific DNA binding transcription factor activity. 

Transcription co-repressor activity i.e. negative/positive regulation of 

transcription from RNA polymerase II promoter). Such activity has 

been reported in in gliomas. 

NM_00109372 MEX3A (mex-3 RNA binding family member It contributes in poly(A) RNA binding and acts as cytoplasmic mRNA 



53 
 

 

 
 

5 A) also known as RKHD4; MEX-3A.  processing body. 

AW946823 unknown Unknown  

NM_006636 MTHFD2 It helps magnesium ion binding and exhibits methylenetetrahydrofolate 

dehydrogenase (NAD+) activity during metabolism.  

NM_004105 EFEMP1 (EGF containing fibulin-like 

extracellular matrix protein 1) 

This gene is upregulated in malignant gliomas and plays important role 

in the progression of these tumours. Major activities involve epidermal 

growth factor receptor (EGFR) binding and epidermal growth factor 

receptor signalling pathway. 

NM_020209 SHD (Src homology 2 domain containing 

transforming protein D). Commonly cited as 

SH2 or SHP-2 

Protein-protein interactions and kinase activity (phosphorylation) and 

signal transduction in MAPK pathway).  

NM_003107 SOX4 This is intronless gene and encodes a member of the SOX (SRY-related 

HMG-box) family of transcription factors involved in the regulation of 

cell differentiation and apoptosis pathway. Major functions include as 

negative regulation of apoptosis, DNA damage response and signal 

transduction by p53 class mediator (which results in cell cycle arrest). 

Canonical Wnt signalling pathway. Glial cell development and 

proliferation. 

 

Note:  

- Bold genes are of particular interest and relevance with glioma progression.  

- LINC01094 is long intergenic non-protein coding RNA  

- AQP4-AS1 is non-coding RNA and acts as antisense RNA 
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4.6 Correlation between miRNAs and their mRNA-targets   

When analysing the possible relationships between miRNAs with their respective mRNA targets, 

we found that only 4 of the 15 miRNAs upregulated in ODs grade III had their target mRNAs 

"suppressed", totalling to 868 potential regulation relationships. MiRNA with significant relative 

increased expression was hsa-miR-301b (Table 8).  

 

 

Table 8. Overexpressed miRNAs and downregulated mRNAs-targets in grade III anaplastic 

oligodendrogliomas  

hsa - miRNA MIMA Access* Magnitude N
o
 of mRNA-targets 

miR-301b MIMAT0004958 4,3x 264 

miR-130b MIMAT0000691 3,0x 253 

miR-206 MIMAT0000462 2,6x 193 

miR-378 MIMAT0000732 1,9x 158 

   Total = 868 

 

* MIMA: identification of the sequence in miRBase 
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20 miRNAs with comparatively decreased expression in grade III AOD had their mRNAs 

targets, predicted from overexpressed mRNAs in microarray (Table 9), totalling to 2.704 

potential relationships of regulation. The miRNA with significant relative lower expression was 

miR-204 followed by miR-455-5p (Figure 13).  

 

 

 

 

 

 

Figure 13: Five miRNAs with relative reduction in expression in grade III anaplastic 

oligodendrogliomas (AOD) whose mRNAs-targets are reduced   
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Table 9. Relative reduction of miRNAs expression in grade III anaplastic oligodendrogliomas   

miRNA Order of Magnitude Relative Reduction 

hsa-miR-204 0.15 - 6,60x 

hsa-miR-455-5p 0.39 - 2,56x 

hsa-miR-326 0.40 - 2,50x 

hsa-miR-92b 0.42 - 2,38x 

hsa-miR-455-3p 0.44 - 2,27x 

hsa-miR-27a 0.50 - 2,00x 

hsa-miR-22* 0.54 - 1,85x 

hsa-miR-100 0.54 - 1,85x 

hsa-miR-708 0.55 - 1.81x 

hsa-miR-23a 0.56 - 1.78x 

hsa-miR-30a* 0.56 - 1.78x 

hsa-miR-181c* 0.56 - 1.78x 

hsa-miR-652 0.57 - 1.75x 

hsa-miR-99a 0.57 - 1.75x 

hsa-miR-193a-3p 0.57 - 1.75x 

hsa-let-7d* 0.58 - 1.72x 

hsa-miR-152 0.59 - 1.69x 

hsa-miR-30a 0.61 - 1.63x 

hsa-miR-30c 0.62 - 1.61x 

hsa-miR-29c* 0.62 - 1.61x 

hsa-miR-29c 0.66 - 1.51x 

hsa-miR-421 0.67 - 1.49x 

hsa-miR-148b 0.68 - 1.47x 
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hsa-miR-212 0.68 - 1.47x 

hsa-miR-30e* 0.71 - 1.40x 

hsa-miR-24 0.74 - 1.35x 

hsa-miR-770-5p 0.75 - 1.33x 

hsa-miR-26a 0.75 - 1.33x 

hsa-miR-22 0.77 - 1.29x 

 

Note: Bold miRNAs did not exhibit the increase of their mRNA in microarray and were 

subsequently excluded from the analysis.  
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4.7 Upregulated miRNAs and their respective mRNAs downregulated 

Among the various possible relationships between micRNAs/mRNAs in grade III ODs, we chose 

the following genes whose transcripts were highly expressed: BCL211, NEK1, NEK4, CDK9, 

CDKL3, BCL-2, CD44, FGF2 and PPAR4 (Tables 10 and 11).  

 

 

Table 10. Downregulated genes and overexpression of corresponding miRNAs in grade III 

anaplastic oligodendrogliomas   

Gene 

(reduced) 

GenBank 

Access No. 

microRNA 

(increased) 

mirSVR** “score” 

BCL2 NM_000633 hsa-miR-206 - 0,183 

hsa-miR-301b - 0,228 

BCL2L11 NM_138621 

hsa-miR-130b - 0,609 

hsa-miR-301b - 0,616 

hsa-miR-301b - 0,636 

NEK1 NM_012224 

hsa-miR-130b - 0,944 

hsa-miR-378 - 0,670 

hsa-miR-130b* - 0,944 

hsa-miR-378* - 0,670 

hsa-miR-130b* - 0,944 

hsa-miR-378* - 0,670 

NEK4 NM_003157 hsa-miR-378 - 0,878 
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FGF2 NM_002006 hsa-miR-378 - 0,176 

CDK9 NM_001261 hsa-miR-206 - 0,225 

CD44 NM_000610 hsa-miR-130b - 0,514 

CDKL3 NM_016508 hsa-miR-206 - 1,011 

PPP4R4 NM_058237 hsa-miR-206 - 0,120 

            

Note: bold genes that were subjected to validation by RT-qPCR 

           * Different probes of the same gene in mRNA microarray 

           ** Calculated by analyses tool mirSVR (www.microRNA.org).  

  

http://www.microrna.org/
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Table 11.  Predicted biological roles of downregulated genes against upregulated miRNAs in 

grade III anaplastic oligodendrogliomas 

 

Gene Locus Principal biological role 

BCL2 18q21.3 Resistance to apoptosis 

BCL2L11 2q12-q13 Induction of apoptosis 

NEK1 4q33 Control of mitosis (kinase activity) 

NEK4 3p21.1 Cell cycle regulation (kinase) 

CDK9 9q34.1 Cell cycle regulation (kinase) 

CDKL3 5q31 Modulation of cell cycle and proliferation 

CD44 11p13 Cell adhesion and signalling 

FGF2 l4q25-q27 Angiogenesis, neurogenesis and proliferation 

PPP4R4 14q32.2 Cell interaction 

 

Note: bold genes that were subjected to validation by RT-qPCR  
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4.8 Downregulated miRNAs and their respective mRNAs upregulated  

Similarly, we selected the following upregulated genes (and their miRNAs downregulated): 

PDGFA, RAB26, PDPK1, HDAC2, CCND1, DVL2, RAD54B, FADD, PGK1 and BRAF 

among others. Additionally, we submitted a list of transcripts (n = 645) by DAVID 

bioinformatics analysis tool, obtaining few miRNAs and their respective transcript-targets, such 

as hsa-miR-23a / BRAF-CCND1, hsa-miR-24 / IGFBP4, HDAC2, hsa-miR127a / PDPK1, hsa-

miR30c / RAB26 and hsa-miR-193a-3p. These miRNAs are related to the regulation of 

proliferation / differentiation and embryonic stem cell differentiation, described previously [50], 

and various physiological and pathological processes [129]. For this reason we have chosen these 

transcripts to be validated by RT-qPCR.  

 

4.9 Validation of miRNAs and mRNAs by RT-qPCR  

Among miRNAs and the genes chosen for validation of the data obtained for confirmation of 

microarray transcribed in Tables 12 and 13 (functional relevance of validated miRNAs and their 

mRNAs is described in discussion section).  
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Table 12. Summary of the results of microarray data and RT-qPCR validation of relatively 

downregulated miRNAs and their mRNAs targets in grade III ODs  

 

hsa-microRNA miRNA-array RT-qPCR mRNA-array 

(increased) 

RT-qPCR 

miR-193a-3p Reduced Validated 

(p< 0.05) 

DVL2 not validated 

(p> 0.05) 

miR-23a Reduced not validated  (p> 0.05) CCND1 Validated 

(p< 0.05) 

miR-24 Reduced Validated 

(p< 0.05) 
HDAC2 Validated 

(p< 0.05) 

miR-27a Reduced Validated 

(p< 0.05) 

PDPK1 not validated  (p> 

0.05) 

miR-30a-5p Reduced Validated 

(p< 0.05) 
PDGFA Validated 

(p< 0.05) 

miR-30c Reduced Validated 

(p< 0.05) 
RAB-26 Validated 

(p< 0.05) 

 

Note: Bold transcripts whose expression level was confirmed by RT-qPCR. 
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Table 13. Summary of the results of microarray data and validation by RT-qPCR of miRNAs 

with relative overexpression and their mRNAs in grade III ODs  

 

hsa-microRNA miRNA-array RT-qPCR mRNA-array 

(decreased) 

RT-qPCR 

miR-130b increased not validated  (p> 0.05) CD44 validated   

(p< 0.05)) 

miR-206 increased not validated 

(p> 0.05) 

PPAR4 validated  

(p< 0.05) 

miR-301b increased validated   

(p< 0.05) 

BCL2 validated   

(p< 0.05)) 

miR-378 increased validated   

(p< 0.05) 

FGF2 validated   

(p< 0.05) 

 

Note: Bold transcripts whose expression level was confirmed by RT-qPCR. 
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4.10 Establishment of primary cells lines of oligodendrogliomas  

Since there is no commercial lines and the need to subsequently perform functional studies, we 

were able, with great difficulty, to establish primary lines (in-house) 2 cases of ODs, 1 line of a 

grade II and one of grade III (Figures 14 and 15). In both strains, the neoplastic cells showed no 

immunoreactivity of Gal-3 and GFAP (data not shown). Morphologically speaking there is no 

specific marker oligodendrogliomas morphology by immunohistochemical analysis. Therefore, 

Gal-3 was used to analyse ODs morphology, although not exclusive marker 

 

 

 

 

Figure 14: Primary culture of grade II oligodendrogliomas: A- morphological appearance of 

cancer (H & E). (B) Cells in culture. C- Photomicrocrograph the cells after suspension and 

fixation pellet in (H & E). (D) Immunohistochemical reaction for Galectin-3. Note the absence of 

Gal-3 immunoreactivity in neoplastic cells. 
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Figure 15: Primary culture of grade III oligodendrogliomas: A- Morphological appearance 

of cancer (H & E). (B) Cells in culture. (C) Photomicrocrograph the cells after suspension and 

fixation pellet in (H & E). (D) immunohistochemical reaction for Ki-67. Note the large number 

of cells in the active phases of the cell cycle.  
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4.11 Validation of miRNAs in cell lines 

The hsa-miR-23a and hsa-miR-27a functions were tested in BJ cells (human adult fibroblasts) by 

theClick iT® EdU Cell Proliferation Assay and FITC Annexin V apoptosis detection. Cells 

treated with pre-miR-23a and pre-miR-27a presented a reduction of 20% on cell proliferation in 

comparison with controls (data not shown), but no significant results were observed in Annexin 

V assays. In this case, the reduction of cell proliferation was apoptosis-independent.  



 
 

 
 

 

 

 

 

 

 

 

 

 

______________ DISCUSSIONS and CONCLUSIONS  
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5. DISCUSSIONS  

Oligodendrogliomas represent distinct clinical behaviour as compared to astrocytomas 

accounting for their unusual molecular features and genetic alterations. However, little is known 

how such genetic alterations correlate with global patterns of miRNA expressions and gene 

expression in oligodendrogliomas. It is now well appreciated that miRNAs play a central role in 

tumorigenesis by dynamically regulating gene expression, whereas, their expression profiling 

provides better insights into tumour biology than traditional histopathological approaches [182, 

229, 269]. In this regard, differential expression of miRNA and mRNA between different grades 

of malignant progression (i.e. grade II and grade III) of oligodendrogliomas could provide better 

insight into tumour biology as well as can help identifying prognostic signatures in ODs.  

In this study, we performed microarray analysis to examine the miRNA and mRNA profiles 

differentially expressed in anaplastic oligodendroglioma (OD3) and grade II oligodendrogliomas 

(OD2) in comparison to non-neoplastic white matter (nnWM).  

Among all identified candidates for differential expression in three groups (OD2, OD3 and 

nnWM), almost all patient samples in OD3 showed clear distinction of miRNA and mRNA 

expression patterns different from nnWM samples. Surprisingly, one of the unusual observation 

in our results was a distinct miRNA signature from a patient sample 678 (Figure 9), initially 

identified as OD2, has a miRNA signature matched with OD3 cases. Initially it gave us 

impression that this might be described as a border line between OD2 and OD3 or might have 

some unique feature that need to be further investigated. However, this was also suspected that 

there might be an error during classification of samples. Later on, careful re-evaluation by 

pathological features revealed that this sample belongs to astrocytoma but not OD2. However, 

miRNA profile of this patient sample was closer to OD3.  

In our cases we identified unique sets of miRNAs as well as mRNAs that are differentially 

expressed between OD3 and OD2 indicating grade specific expressions. Among differentially 

expressed miRNAs, several are downregulated in grade III ODs and their target mRNAs are 

upregulated that are implicated in cell proliferation and are associated with higher degree of 

malignancy. For example, 25 potential miRNAs showed expression variation according the 



68 
 

 

 
 

tumour grade. Among them miR-23a, miR-27a, miR-130a, miR-96a are most relevant to grade 

III ODs.  

The miR-23a is downregulated in our cases of OD3 which targets the BRAF (v-raf murine 

sarcoma viral oncogene homolog B1). The BRAF gene is up regulated in OD3 which is 

responsible for encoding a protein family of kinases (MAPkinase/ERKs). Characteristically, 

tandem duplication and fusion of BRAF with KIAA1549 are seen in pilocytic astrocytomas, can 

aid in diagnosis and possibly the therapeutics [270]. Mutations in BRAF have recently been 

reported in anaplastic oligodendrogliomas [20]. In our cases, the relative overexpression of 

BRAF in anaplastic oligodendrogliomas (OD3) associated with cell proliferation and loss of cell 

differentiation is greater than those observed in low-grade oligodendrogliomas (OD2). In 

contrast, some miRNAs are up regulated and their target genes are downregulated that previously 

were implicated in cell cycle control, cell adhesion and apoptosis. Of particular note, the 

expression variation is grade dependent that could serve a prognostic value.  

We were able to validate 10 key miRNAs and their respective gene targets by RT-qPCR 

potentially involved in the malignant progression of oligodendrogliomas. Two pools of miRNA-

gene differential expression were confirmed in OD3 (p< 0.05): First pool, repressed 

miRNAs/upregulated genes and other overexpressed miRNAs/downregulated genes. In the first 

pool, 5 miRNAs including miR-193a-3p, miR-24, miR-27a, miR-30a-5p and miR-30c were 

suppressed whose target genes such as CCND1, HDAC2, PDGFA, and RAB-26 were 

upregulated (increased levels of mRNAs). 

Among the upregulated genes, the CCND1 gene (regulated by miR-23a) is cyclind D1 also 

known as BCL1 or PRAD1 is a cell cycle regulator. This protein has been shown to interact with 

tumour suppressor protein Rb and the expression of this gene is regulated positively by Rb. 

Overexpression of this gene, which alters cell cycle progression, is observed frequently in a 

variety of tumours and may contribute to tumorigenesis. Recently it has been reported in brain 

tumours [271, 272]. Interestingly, the cell proliferative assay of hsa-miR-23a and hsa-miR-27a 

validated in human adult fibroblasts exhibited 20% reduction in cell proliferation (independent of 

apoptosis). This confirms that target genes have role in cell cycle regulation.  
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HDAC2 gene (regulated by miR-24) is histone deacetylase 2, which forms a transcriptional 

repressor complex and plays an important role in transcriptional regulation, cell cycle 

progression and developmental events. Recently it has been reported as negative regulator of 

apoptosis [273]. PDGFA gene (regulated by miR-30a-5p) is platelet-derived growth factor alpha 

involved in cell proliferation and motility [274], and has been reported to modulate glioma 

microenvironment [275]. Majority of astrocytoma and oligodendrogliomas exhibit amplification 

of PDGF and genes encoding their ligands [66, 68, 69, 71]. RAB-26 gene (regulated by miR-

30c) is a member of RAB protein family that regulates vesicle fusion and intercellular vesicle 

trafficking, endocytosis, exocytosis, and recycling [276, 277].   

The second pool was comprised of overexpressed miRNAs/downregulated genes, which include 

BCL2 (regulated by miR-301b), FGF2 (miR-378), CD44 (miR-130b) and PPP4R4 (miR-206). It 

has been shown that the Bcl2 protein has anti-apoptotic function [278-280]. BCL2L11 reduction 

of expression has been described in up to 40% of cases of colorectal cancer [278, 281]. It is of 

interest that invasive glioma cells reduce transcription of anti-apoptotic genes [282]. The 

suppression of Bcl2 by overexpression miRNAs was first time reported in chronic lymphocytic 

leukaemia showing that miR-15a and miR-16-1 overexpression suppress Bcl2 expression [283]. 

In a somewhat similar way, we could speculate that overexpression of miR-301b could suppress 

the expression of BCL-2 gene and thus less production of Bcl2 protein that would be related to 

the increased apoptosis in anaplastic oligodendrogliomas. In contrast, other target of the miRNA 

is BCL2L11 gene which is inducer of apoptosis. The protein encoded by BCL2L field 11 

contains a BH3 (Bcl-2 homology domain 3), which interacts with other members of the BCL-2 

family, including Bcl-2 protein itself, bcl-2L1 and MCL1, and inactivates them [279].  

Another gene FGF2 (regulated by miR-378), is expressed in large quantities in normal brain 

tissue and the pituitary gland. Protein encoded by this gene belongs to fibroblast growth factor 

(FGF) family having mitogenic and angiogenic activities [284, 285]. The FGF2 has been related 

to the differentiation of pre-oligodendrocyte progenitor cells from embryonic stem cells of the 

human species. Expression of this gene inhibits differentiation of progenitor cells into pre-

oligodendrocyte progenitor [286]. However, in our case it is apparent that miR-378 through 

downregulating FGF2 could have inhibitory effects.  
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Among downregulated genes, 4 genes are related to cell cycle control and include NEK1, NEK4, 

CDK9 and CDKL3. The NEK1 presents involved in the initial response to DNA damage by 

ionizing radiation and DNA repair. PPPAR4 (regulated by miR-206) and CD44 (regulated by 

miR-130b) are related to cell-cell interactions, cell adhesion and migration [287-289]. 

Importance of the expression of PPAR4 family genes has been described in the differentiation of 

normal and neoplastic cells and the maturation of oligodendrocytes [290]. However, in the 

present study we observed a reduced expression in PPPAR4 gene in OD3.  

Utilizing gene expression data from samples of different grades of OD, it is possible that the 

mere knowledge of physical interactions between specific miRNAs and mRNAs can be used to 

determine associated regulatory interactions, involving putative miRNAs that potentially 

modulate the expression of mRNAs. Despite progress in the determination of miRNA-mRNA 

interactions, their regulatory role in cancer is only beginning to be unravelled, single miRNA can 

modulate hundreds of different target mRNAs, and / or that mRNA can be regulated by single or 

multiple miRNAs - which may explain some of the inconsistencies in the validation of certain 

miRNAs and mRNAs. The different expression pattern observed in tumours at different stages of 

malignancy is probably dependent on the cell-specific repertoire of target genes of tumours, 

sharing different molecular pathways activity. In addition, the participation of pseudogenes in the 

regulation of gene expression has recently been described, along with the miRNAs [291, 292].  

6. CONCLUSIONS  

Given that ODs exhibit histological malignant transformation accompanying events such as 

distinctive genetic and epigenetic profile with marked mutational heterogeneity; such genetic 

entities may offer more restrictive diagnosis of oligodendroglial features and may help 

appropriate decision to therapy.   

The present study does at least provide transcriptional insights into oligodendrogliomas biology 

and may assist in finding new diagnostic and therapeutic tools for these tumour subsets of 

different degrades of malignancy (OD grade II, AOD grade III). Summarizing our data, of 

particular importance are the miRNAs whose mRNAs-targets are relevant in the context of 

cancer progression particularly anaplastic oligodendrogliomas (AOD, grade III). Down regulated 

miRNAs with their target mRNAs overexpression and upregulated miRNAs with their target 
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mRNAs suppressed in AODs will be of particular interest. This implies that, deregulated 

miRNA-mRNA interactions are critical to malignant progression of anaplastic 

oligodendrogliomas which in our study were attributed to differentiation and neurogenesis, cell 

cycle regulation, resistance to apoptosis, cell proliferation, cell adhesion, and angiogenesis.  

Given the critical need for therapies that should effectively target the invasive cell component of 

glioma, these data suggest that selective modulation of specific miRNA:mRNA expressions may 

provide a rich area for therapeutic development to improve clinical outcome in ODs. The 

knowledge from miRNAs-genes interaction in anaplastic ODs (AOD) reveals potential unique 

targets that could be used as therapeutic targets for inhibiting the invasive cell population. Using 

this knowledge, miRNA mimics and inhibitors could be constructed to modulate the mRNA 

targets thus serving as potential anti-tumour candidates. However, future studies will warrant the 

validation of such candidates in order to target malignant progression of ODs in particular grade 

III AOD. The studies will also be needed to observe treatment response using transcriptome 

profiles to realize their prognostic value.  

6.1 Future perspectives  

As there are contradictive reports that the 2016-WHO defined genetic entities in some cases do 

not circumscribe with morphological features as proposed by WHO system [40]; therefore, 

WHO-2016 system needs to be validated rigorously for analysing defined genetic entities 

concordance with phenotypic/pathologic analysis. While considering ODs; the segmental 

chromosomal loss of 1p and 19q by fluorescence in situ hybridization (FISH) [293, 294], may 

contribute to diagnosis and prognosis of ODs in accordance with WHO-2016 guidelines. In 

pertinent to examining segmental chromosomal losses by FISH and NGS, it has been proposed 

that NGS is superior to FISH in distinguishing segmental chromosomal losses from whole-arm 

deletions [295]. Therefore a single, targeted NGS assay may serve as the sole testing tool for 

categorizing ODs and other lower grade diffuse gliomas in compliance with the WHO-2016 

diagnostic scheme.  

Since 1p/19q co-deletion is the potential hallmark of ODs, in future, of particular interest will be 

those miRNAs that are mapped to chromosome 1p and 19q and are under-expressed. Moreover, 

the orthogonal intersection of such molecular characteristics (transcriptome pattern in our case) 
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with existing genetic markers, such as IDH1 mutations and 1p19q status may compliment 

accurate and reliable pathological diagnosis ODs. The universal expression patterns and detailed 

transcriptome to dissect glioma subtypes needs to be investigated using more advanced 

techniques, such as higher capacity microarrays, next-generation RNA-sequencing (RNA-Seq) 

and FISH analysis. Single-cell transcriptome analysis may help to understand genetic 

influence/genotype (mutations and chromosomal aberrations within tumour sub-clones) and non-

genetic influences/phenotype (characterized by progenitor-like tumour cells with differentiated 

glial subpopulations of tumour cells and 2 dominant subpopulations of tumour cells) [296]. In 

fact, single-cell RNA-seq supports a developmental hierarchy in human ODs (i.e. support the 

cancer stem cell model); therefore, profiling single cells from IDH mutant ODs by high 

throughput RNA-seq may help to reconstruct their developmental programs from genome-wide 

expression signatures [297]. In addition to genetic influences (genotype) and non-genetic 

influences (phenotype) of malignant cells, the tumour subclasses differ according to composition 

of the tumour microenvironment.  

Examining genetic influences in IDH-mutant ODs (astrocytic and anaplastic) by combining 

single-cell RNA-seq profiles from patient samples may provide general framework for dissecting 

the differences among human tumour subclasses [298]. Although both tumour types share 

similar developmental hierarchies and lineages of glial differentiation, however differences in 

bulk profiles between IDH-mutant astrocytoma and OD can be primarily explained by distinct 

tumour microenvironment and signature genetic events. In light with these arguments, 

decoupling genetic influences, lineages/subpopulations, and microenvironment in IDH-mutant 

gliomas by single-cell analysis may help strict diagnosis and therapeutic decisions with 

substantial implications for disease management.  

Finally, integrative analysis of genetic influences such as mutations, genotypic heterogeneity, 

retrospective analysis of sequencing results, and methylation patterns with non-genetic 

influences such as phenotypes, decoupling lineages of cellular populations (two muationally 

different clones) and their interaction with tumour microenvironment (different secreted growth 

factors) with implementation of high-throughput technology ultimately will dissect molecular 

classes of ODs that are prognostically significant, and may thus complement the diagnosis, 

prognosis and patient management. 
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ABSTRACT  

Exosomes are nanosized vesicles, secreted from almost every cell type studied so far. Although 

several other types of vesicles are reported, however exosomes are the best characterized as 

compared to other populations of secreted vesicles. Exosomes originate from endosomes, 

matured in multivesicular bodies (MVBs) of the late endosomes and are finally secreted from 

cell through exocytosis. During this process, a variety of bioactive molecules are incorporated 

into exosomes. These include proteins and nucleic acids such as DNA, mRNAs, and non-coding 

RNAs (ncRNAs) including microRNAs (miRNAs). However, mechanisms by which these 

molecules are packaged into exosomes remain largely unclear. Exosomes transport genetic 

material between cells, acting as novel means of intercellular communication. Albeit, the 

exosome secretion is ubiquitous process, their secretion under pathological conditions is altered, 

and the content of exosomes differs under such conditions as compared to normal ones.  

Since, RNAs are found in exosomes we aimed to study the mechanisms of RNA packaging into 

exosomes and report few potential RNA-binding proteins that are responsible for RNA 

packaging into exosomes. Moreover, based on the fact that exosomes naturally transport genetic 

material between cells, we aimed to engineer exosomes for their utility as gene delivery vectors 

(GDVs) and evaluated their potential in gene therapy. We were able to develop a novel method 

for using exosomes as GDVs with enhanced delivery efficacy (results are protected).  

Finally, based on the fact that exosomes contain differentially expressed contents under 

pathological conditions, we studied the protein and ncRNA content of exosomes secreted from 

cancer cells to examine if there could be potential biomarkers for cancer. Several RNA and 

protein molecules were identified from lung cancer and breast cancer cell lines; some were 

identified as potential candidate biomarkers of cancer. To further understand their biological 

functions, the network analysis and pathway analysis was performed by bioinformatics tools 

which revealed their participation in cell signalling and cell proliferation. In summary, our 

results showed that there exist unique mechanisms of RNA packaging into exosomes. Exosomes 

can be used for gene delivery and can be harvested for biomarker discovery as well as their role 

in disease progression. These small vesicles have enormous potential in nano-medicine.  

Keywords: Exosomes, Nano vesicles, ncRNA, microRNA, Proteins, RNA packaging into exosomes, 

Gene delivery vectors, Biomarkers 
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1. INTRODUCTION 

1.1 Exosomes  

Exosomes are nano-sized vesicles (40–150 nm in size) secreted by many cell types, initially 

reported from reticulocytes [299-301], and antigen presenting cells (APCs) such as B 

lymphocytes, dendritic cells and mast cells [302-304]. Exosomes can also be secreted from 

microglia and neurons [305-307], muscle cells [308], adipocytes [309], malignant effusions and 

tumour cells [277, 310, 311], and stem cells [312, 313]. The process of exosome secretion seems 

to be ubiquitous and evolutionarily conserved across the species cross-kingdoms [314], ranging 

from prokaryotes to eukaryotes – including plants [315-317], fungi [318-320], bacteria [321-

323], viruses [324-327], and parasitic protozoa such as leishmania and malarial parasites [328-

332] among others. 

The exosomes are secreted under both physiological and pathological conditions and are 

implicated in transport of biological material between cells and serve as mediators of cell-to-cell 

signalling and intercellular communication. Exosomes secreted from various organs may travel 

to long distance in the body through biological fluids and are widely distributed in blood plasma 

and serum [333, 334], urine [277, 335], saliva and breast milk [336-339], cerebrospinal fluid 

[340], bronchoalveolar fluid [341, 342], synovial fluid [343], amniotic fluid [344], epididymal 

fluid and seminal fluid [189, 345]. Moreover, exosomes could be secreted into supernatant of 

cell cultures.  

The currently known exosomes have long been considered as platelet-derived particles and were 

described as cellular dust or debris unless having recognized as exosomes by Johnstone et al., in 

1987 [301]. However, studies from Raposo and colleagues [302], Zitvogel and colleagues [303], 

and later own Théry et al., [304], initially described the functional importance of exosomes in 

immunological responses and many recent studies have highlighted their potential in 

pathophysiology, their utility as biomarker discovery and therapeutic potential (such functions 

will be discussed in later sections).  
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1.1.1 Biogenesis and secretion of exosomes  

Albeit, the process of exosome secretion seems to be evolutionary conserved, however the 

mechanisms of their biogenesis are not fully revealed. The formation of exosomes seems to be 

highly conserved and tightly regulated process taking place at endosomal compartments (early 

endosomes), and matured within multivesicular bodies (MVBs) of late endosomes (Figure 16a). 

Upon maturation then released to the extracellular environment upon fusion with the plasma 

membrane and this trafficking is thought to be carried out by Rab GTPases. Collectively, several 

factors participate in exosome biosynthesis, sorting, maturation and secretion into extracellular 

milieu (extensively reviewed by Nawaz et al., 2014 [277]).  

In addition to exosomes, cells also release other type of vesicles; some are produced through 

outward budding of plasma membrane (not from endosomes) and direct release from plasma 

membrane (see [277], and Figure 16b). As compared to exosomes, these vesicles are larger in 

size and are called microvesicles (MVs). Sometimes apoptotic bodies are also considered as a 

part of vesicles. Usually cells undergoing apoptosis produces apoptotic blebs and are known as 

apoptotic vesicles (Figure 16c). Moreover, in recent years there have been also reported even 

larger membrane derived vesicles, called large oncosomes [346]. Parasites and microbes usually 

secrete MVs and are commonly known as outer membrane vesicles. International Society for 

Extracellular Vesicles (ISEV) has designated a generalized term Extracellular Vesicles (EVs) to 

represent all types of vesicles.  
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Figure 16: Biogenesis of nanovesicles: (a) Exosomes are formed by endocytosis. These endocytic 

vesicles mature to early endosomes, and then into late endosomes also known as multivesicular bodies 

(MVBs). MVBs can be sorted for lysosomal degradation or they can fuse with the plasma membrane and 

be released outside in the form of exosomes. Rab GTPases regulate MVB fusion with the plasma 

membrane and release of exosomes. (b) Microvesicles are directly secreted from plasma membrane, 

whereas (c) apoptotic vesicles are generated through apoptotic protrusion of cells (Adopted from Nawaz 

et al., 2014, Nature Reviews Urology [277].  
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1.1.2 Composition of exosomes and molecular contents  

Exosomes are lipid bilayer nanovesicles composed of sphingolipids, cholesterol and ceramide 

(so called membrane-bound phospholipid nanovesicles). They appear to have round shape or cup 

shaped morphology when observed under scanning electron microscopy or other fine 

microscopic technique. Exosomes are best characterized by the surface presence of integrins and 

tetraspanins such as CD9, CD63, CD81 and cytoplasmic heat shock proteins such as HSP70, and 

other characteristic proteins including GAPDH, Tsg101 and Alix [347, 348]. These molecules 

usually serve as exosomal markers to detect exosomes. Exosome surface also contain major 

histocompatibility complexes such as MHC I and II as well as adhesion molecules. Collectively 

these molecules define characteristic composition of exosomes. 

In addition to characteristic molecules that define exosome composition, exosomes also carry 

bioactive molecules commonly referred as bioactive contents of exosomes. They carry a 

repertoire of proteins, including enzymes and variety of transcriptional factors; also the nucleic 

acids such as DNA including genomic DNA and mitochondrial DNA [349-355], mRNAs [356, 

357], miRNAs [357], and other ncRNAs [358], Exosomes also carry several lipids (other than 

those that compose exosome lipid bilayer), and carbohydrates. The contents of exosomes and 

other nanovesicles are deposited in vesicle repositories namely Exocarta [348], Vesiclepedia 

[359], and EVpedia [360, 361].  

1.1.2.1  Non-coding RNAs in exosomes   

In 2007 Valadi and colleagues for the first time reported that exosomes contain substantial 

amounts of miRNAs, mRNAs, but little amounts of ribosomal RNAs. More importantly, 

exosomes are capable of shuttling RNAs between cells; a novel mechanism of genetic exchange 

between cells [357]. The group also discovered that RNA that is transferred to other cells is 

functional i.e. mRNA transferred to other cells can be translated into proteins in recipient cells. 

Translation of mRNA in recipient cells was first time reported by Ratajczak and colleagues 

[356]. Following this discovery, several other studies later own confirmed the presence of RNA 

in vesicles and their transfer to neighbouring cells is biologically functional [334, 362, 363]. 

Pegtel et al., showed that miRNAs secreted by EBV-infected cells are transferred to uninfected 

recipient cells via exosomes and potentially repress the EBV target genes [327]. Additionally, 
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exosomes from dendritic cells (DCs) could fuse with autologous target DCs and efficiently 

release miRNA into recipient cell cytoplasm where they repress target mRNAs of acceptor DCs 

[364]. Exosome mediated transfer of ncRNAs is thought a newly evolved mechanism of trans-

regulation between cells, which define enormous potential in physiological as well as 

pathological states [358]. The detailed roles of ncRNAs in diseases will be discussed in later 

sections.  

1.2 Isolation, purification and characterization of exosomes 

1.2.1 Source  

Biological fluids and cultured cell supernatant offer a potential source for isolation of exosomes. 

Blood plasma or serum is the most commonly used source for exosome collection when it comes 

to body fluids. According to a recent survey conducted by ISEV, the plasma (47%), serum 

(22%), urine (14%), cerebral spinal fluid (8%) and milk (5%) are the most common body fluids 

analysed [365]. The choice of selecting a certain physiological fluid depends on intended 

downstream analysis [277]. 

The diverse nature of biological fluids and the individual contaminants of each fluid may 

represent different molecular combinations outside of exosomes, and may thus require different 

isolation methods [366]. The diverse nature of biological fluids suggests that exosome cargo of 

each fluid may represent different composition and therefore, a spectrum of methods needs to be 

considered to define contaminants of each fluid in order to obtain pure fraction of exosomes. 

1.2.2 Technology for isolation  

There are a variety of methods available and more are being developed, some of them are poorly 

standardized. These include ultrafiltration, density gradient centrifugation, size exclusion 

chromatography and affinity isolation, polymeric precipitation and the microfluidic devices 

[366]. Each method has different isolation efficiencies when applied to different samples, such as 

blood plasma, milk, urine, and cell culture media. 

A comparison of several conventional as well as high throughput technologies for the isolation 

and characterization of different samples has been recently undertaken with a limelight of their 

pros and cons [277]. Recently, ISEV has made a critical analysis of various techniques 
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implemented for isolation of exosomes and have made very important recommendations [366, 

367]. Differential ultracentrifugation remains the most widely used primary isolation method 

comparable to several other techniques and is suitable for isolation from large-volume of 

samples. However, for the isolation of exosomes from low volume samples the size exclusion 

chromatography is now a more widely used technique which allows separation of exosomes 

from the bulk mix of soluble proteins. In this method the separation is purely based on particle 

size, therefore contaminating particles in the exosome size range such as lipoprotein complexes 

may be co-isolated [366, 368]. When intended to capture a selective population of vesicles, the 

immuno-affinity capture offers and alternative method for higher degree of selection. The 

method can yield pure vesicle subpopulations (i.e. exosomes, microvesicles), but this method is 

highly influenced by both the choice of affinity reagent and the ligand density on different 

populations of vesicles [366].  

Other methods include microfluidic devices, filtration and various commercially available kits. 

The commercial kits could make the use of volume-excluding polymers such as polyethylene 

glycol (PEG) which enable rapid isolation of vesicles from culture media or body fluids. 

However, such polymers may also co-precipitate protein complexes that contaminate our 

isolates. Therefore, the ISEV has recommended different isolation techniques based on different 

principles each will enrich for different subpopulations of vesicles (separate for exosomes, and 

microvesicles). Since each method potentially co-isolates the contaminants such as protein 

complexes and lipoproteins to different degrees, the ISEV proposes the utilization of 

combinations of techniques, such as density gradient centrifugation followed by size exclusion or 

immuno-affinity capture [366]. 

The method of choice should be taken into account based on sample type, volume and the yield, 

integrity, purity of exosomes required for specific downstream analysis as well as the available 

instrumentation and processing time [277]. This implies whether the sample is derived from cell-

culture media or body-fluids, and whether intended for proteomic analysis or nucleic acid 

profiling. Therefore, the factors of different isolation methods for exosomes have impact on 

amount, type and purity of exosomes recovered from various sources, as well as may have effect 

on downstream analysis of vesicles. 
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1.2.3 Technology for characterization  

After the isolation procedures, we need to characterize heterogeneous population of vesicles for 

their size determination, detection of common markers on the surface of vesicles (as mentioned 

above in the section of composition of exosomes), morphology and concentration 

(quantification), for which there is a variety of techniques used [277, 369, 370]. Characterization 

of exosomes currently present various challenges, mainly due to their small size, complexity of 

their cargo (contents) and the physical parameters of available instruments for measuring 

nanosized vesicles.  

The size as well as size distribution, and the concentration of individual subpopulations of 

vesicles (exosomes and microvesicles) is commonly determined by Nanotracking Analysis 

(NTA), and Zetaview [371-378], and tunable resistive pulse sensing (qNANO) [379]. The 

electron microscopy is used to assess the submicron phenotype of vesicles [369, 377, 380-382], 

whereas the flow cytometry is implemented for enumerating, phenotyping and sorting of vesicles 

based on their size distribution [383, 384]. Western blotting is implemented when aim is to 

detect exosome markers such as CD63, CD81, and CD9. A recent survey conducted by ISEV has 

stated that the most widely used techniques for exosomes characterization are western blotting 

(74%), single-particle tracking (SPT, 72%) and electron microscopy (60%) [365]. 

Albeit, the flow cytometry remains a popular tool for measuring vesicle populations [383, 384], 

however fundamental principles and limitations of the instrument needs to be considered [385]. 

Exosomes isolated by ultracentrifugation may cause aggregation of exosomes thus rendering 

difficulties in flow cytometric analysis or single particle tracking analysis [365]; whereas, those 

isolated through kits, might represent difficulty for vesicle analysis with western blotting. 

Recently, qNANO based measurements of exosome concentration have demonstrated a 

standardized method with a feasibility to facilitate comparable and reproducible results that 

further needs to be validated or reproduced [379]. 

Additionally, characterizing of heterogeneous subpopulations of vesicles remains an unsolved 

issue in particular almost all subtypes including exosomes and microvesicles share 

same/common detection markers such as CD63, CD81 and CD9 [366, 370]. However, to resolve 

this issue there are recent claims to characterize vesicles based on their surface protein profiling 
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at large (proteomics) [375, 386], or RNA content profiling (RNAomics) of individual 

populations of vesicles separately for exosomes and microvesicles [387-391].  

It is expected that new advances in technologies and optimized protocols for the isolation and 

characterization will certainly foster progress in obtaining pure vesicles. This will greatly 

influence the identification of specific biomarkers when intended from various diseases as well 

as therapeutic utility of exosomes.  

1.2.4 Analysis of exosomal nucleic acids  

As stated above that exosomes contain variety of nucleic acids. Prior to profiling of RNA content 

from exosomes, it is important to assess the quality of RNA. There are predominantly two 

populations of RNA secreted into extracellular space termed as extracellular RNA (exRNA) (i) 

either in association with RNA-binding proteins and as a part of lipoprotein complexes (ii) 

exRNA makes a major fraction into vesicles known as vesicle bound RNA (exosomal-RNA). It 

has been claimed that protein complexes might be co-precipitated and co-isolated along with 

exosomes during ultra-centrifugation. Therefore, the methods that remove contaminating protein 

aggregates from exosome are highly required. 

Regarding the presence of exRNA in exosomal forms versus outside exosomes (i.e. non-vesicle 

exRNA) is a debated subject as there are paradox in the results shown by different labs [392-

395]. In order to discriminate RNA encapsulated within from those present on the surface of 

exosomes or non-vesicle RNA, it has been suggested to digest exosome samples with RNase and 

proteinase to disrupt ribonucleoproteins and RNA exterior to vesicles [366]. This will deplete 

non-vesicle RNA or the RNA present on the surface of vesicles and will leave behind only the 

RNA that is encapsulated inside vesicles. 

When RNA is isolated from exosomes that were obtained from cell culture supernatant, it may 

have contaminating RNA species. A potential issue comes from the fact that foetal bovine serum 

(FBS) that is used for cell cultures; already contains various RNA species. Although, FBS is 

used after deleting exosomes from FBS, however large fraction is retained even after extended 

period of ultracentrifugation during the preparations of vesicle-depleted FBS [396]. This raises 

the possibility that the cell-derived exosomal RNA being analysed might also have RNA from 
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FBS exosomes and our qPCR or sequencing analysis might present some artefacts of RNA and 

may over represent or overestimate our data values [397]. 

Additional issue that might limit the expression analysis and library preparations from exosomal 

RNA; is the low input sample material because exosomes have less RNA as compared to cells 

(in particular from small sample source e.g. less exosomal-RNA from low volume of patient 

blood or low recovery protocol). Low RNA input material may not only suffer library 

preparation but also exosomal-RNA ligation biases. Measuring the quantity and integrity of 

exosomal-RNA is challenging due to low RNA quantities and a lack of standards, such as those 

established for cell RNA. Detection of the levels of certain transcripts by highly sensitive RT-

qPCR may be used as a proxy for total RNA quantity in samples containing a very low amount 

of RNA. Recently, the ISEV has addressed these issues and have made recommendations for the 

assessment and analysis of the small amount of exosomal-RNAs [366].  

Sensitive techniques such as Agilent Bioanalyzer pico chip and the Quant-iT RiboGreen RNA 

Assay are shown to be more suitable methods for the quantification of exosomal-RNA than that 

of Nanodrop method. Most of the techniques (with the exception of the Qubit RNA HS Assay), 

are thought to be sensitive to DNA contamination. Therefore ISEV recommends pre-treatment of 

samples with DNase for accurate RNA quantitation [366]. Due to the enrichment of small RNA 

species in exosomes, the main focus of recent studies is the assessment of miRNAs and other 

small ncRNAs. Such examination takes into account the expression analysis and deep 

sequencing experiments. ISEV has provided recommendations on the different steps of 

exosomal-RNA analysis such as RT-qPCR analysis, selection of reference genes, deep 

sequencing, library preparation, biases issues, data normalization and bioinformatics analysis 

[366].  

1.3 Biological functions of exosomes 

Although, the functions of exosomes are not illuminated to full extent, however the most 

profound effect of exosomes that have been invariably established is their participation in cell-to-

cell communication and signal transduction allowing the exchange of biological information 

between cells [357, 398-400]. Since eukaryotic cells needs to communicate continuously in order 

to keep homeostasis, signalling during biological process, nutrients balance and so forth. Now it 
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is tempting to escalate that exosomes could mediate bidirectional communication, and therefore 

the exosome-mediated transport of bioactive molecules could be observed bidirectionally [313]. 

There is emerging role of exosomes implicated in cellular differentiations, stem cell-maintenance 

and defining cell-fates (reviewed elsewhere [313]). Such evolving roles of exosomes are mainly 

reliant on their features that mimic and recapitulate stem cell properties in promoting tissue‟s 

intrinsic regenerative programs and repair process within recipient cells in paracrine manner 

[313].  

As compared to other paracrine secreted factors such as cytokines and hormones, the exosomes 

are gaining intensive attention due to the fact that they transport a variety of bioactive molecules 

and elicit enormous biological activities between cells (for details see Figure 17 [358]). 

Exosomes carrying diverse cargo can move through biological fluids in particular through blood 

circulation and thus may elicit long distance inter organ communication by dissemination of their 

cargo from one organ to the other one [309, 401]. In addition to regulation of fundamental 

biological processes and normal physiological states the roles of exosomes have also been 

increasingly reported in diseases. 

1.3.1 Role in health, normal physiology and disease progression  

Exosomes have attracted much attention in the recent years due to their participation in 

physiology of the body such as waste management, coagulation, angiogenesis, maintaining 

homeostasis and host defence [402]. Exosomes mediate physiological messages during 

reproduction; serve as paracrine factors in maintaining health of paternal and maternal gametes, 

establishment and continuation of successful pregnancies and health and development of 

placenta and regulation of maternal immune system [403, 404].  

The roles of exosomes are emerging in maintaining cellular health and cell survival including 

self-renewal, differentiation and pluripotency. Moreover, stem cell derived exosomes are 

implicated in healing processes by stimulating and regulating intrinsic regenerative programs in 

damaged tissues. Exosome-mediated functional delivery of RNAs (miRNA, lncRNA and 

mRNA) to the sites of injury could enable regulation of genes responsible for repair processes in 

injured cells [313]. Exosomes derived from stem cells could potentially exert 

immunomodulatory and anti-inflammatory effects, anti-apoptotic and protective effects in order 
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to ameliorate organ functions [312]. Interestingly, exosomes play active roles as messengers 

during development of central nervous system as well as pathophysiology of the brain both in 

healthy and diseased brain [405-411].  

Although exosome secretion is a constitutive process, however the process of release may be 

accelerated during altered cellular or organ conditions and disease state, such as against 

infectious agents, or during inflammatory and immune responses. Due to their natural capacity in 

transportation and dissemination of biological molecules exosomes could spread toxic and 

misfolded or abnormally expressed proteins, lipids, mutated genes and deregulated nucleic acids. 

Therefore, they can propagate number of diseases such as neurodegenerative disease [412-414], 

inflammatory and cardiovascular diseases [415, 416]. In addition, exosomes could mediate host-

parasite interactions and may contribute in the progression of infectious diseases by 

disseminating virulence factors [417]. Additionally, exosomes may have profound effect on 

immunomodulation including both immune suppression as well as immune activation [303, 312, 

418].  

1.4 Exosomes as mediators of cancer progression  

Since, exosomes carry several regulatory transcriptional factors, proteins and regulatory RNAs 

and transferred from donor cell to recipient cells–their role have been implicated in oncogenesis 

[419]. Exosomes released from cancer cells may have mutated genes or oncogenes therefore; 

exosomes can contribute to a horizontal propagation of oncogenes and their associated 

transforming phenotype among subsets of cancer cells. This is important to consider that 

metastatic potential of exosomes is greatly reliant of dissemination of abnormally expressed 

bioactive molecules such as proteins, genomic and mitochondrial DNA, transposon elements, 

and mutated genes [334, 349, 354, 363, 419-424]. 

Exosomes could travel to distant sites in the body or could become part of circulation and may 

fuse with specific cells at these distant sites. These interactions could modulate distant 

microenvironment making it suitable for the development of new tumour cells. Thus exosomes 

can 'educate' cells or organs at distant to become receptive for metastases [421]. Exosomes are 

recently being reported as facilitators of cancer cells for their co-evolution with tumour 

microenvironment and metabolic co-option [425, 426]. Other mechanisms of exosome-mediated 
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tumour progression may include stromal remodelling, immune evasion, neovascularization and 

metastasis [312, 401, 427-432].  

1.4.1 Exosome associated ncRNAs and cancer development  

Arguably, the exosome-mediated transport of ncRNAs is thought to present more diverse 

regulatory functions as compared to other contents of exosomes. This is  because of the fact that 

ncRNAs regulate gene expression at large and are capable of modulating genetic profiles of 

recipient cells and may foster genomic instability [358]. As such, the transport of ncRNAs 

between cells may consequently result into diverse cascade of events leading to progression of 

cancer (Figure 17). The dissemination of cancer cell-derived ncRNAs via exosomes could 

reinforce cancer cells to exhibit resistance to therapies. In short, exosomes carry distinct patterns 

of ncRNAs secreted from cancer cells and exhibit distinct regulatory features in the context of 

cancer progression. Such roles of exosome-linked ncRNAs have been extensively reviewed 

[358].  
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Figure 17. Mechanisms of exosome mediated transport of non-coding RNAs and tumour 

progression. Exosomes deliver non-coding RNAs from cancer cells to other cells and elicit wide 

range of genetic programs in recipient cells, which lead to progression tumour. Figure adopted 

from Fatima, F. and Nawaz M., 2017 [358]. 
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1.5 Exosomes as diagnostic and prognostic biomarkers 

Proteins and nucleic acids encapsulated within exosomes are thought to be highly stable against 

degradation by proteases and nucleases that are naturally present in body fluids. Such protection 

provides a great advantage for storage conditions and handling at adversative physical conditions 

such as multiple freeze and thaw cycles, fluctuations in temperature and changes in pH, making 

exosomes as appealing source for biomarker development [277, 311]. Moreover, circulating 

exosomes in body fluids of cancer patients having tumour specific signatures could provide a 

platform of biomarker discovery. Importantly, the contents and profiles of cancer derived 

exosomes are significantly distinct as compared to normal controls [433-435].  

Exosomes released into body fluids not only contain differentially or aberrantly expressed 

miRNAs but also often retain the characteristics of the tumours from which they originated [334, 

434, 436]. It has been proposed that the cellular origin of exosomes from certain cancer types or 

cell types could be used to determine the likely identity of an unknown disease [437]. 

Consequently, exosomes obtained from body fluids could be used to large-scale screening of 

tumour specific markers [311, 349, 438-442]. Interestingly, exosomes could be easily isolated 

from various body fluids such as blood plasma, serum and urine. Samples could be collected 

longitudinally with great ease and in large quantities (i.e. sample reproducibility), providing a 

tool for liquid biopsies. Exosome release is an active process and tumour cells can shed plenty of 

exosomes per mL of plasma [439].  

In this context, the presence of ncRNA in exosomes, they may serve an additional platform for 

biomarker discovery [358, 443]. The global profiling of exosome-encapsulated RNAs with 

mutation characterization and/or without mutation characterization could serve potential source 

for cancer detection. This could allow clinicians to perform patient stratification (companion 

diagnostics), screening, monitoring treatment response and detection of minimal residual disease 

after surgery/recurrence. In addition to their utility in diagnostic platforms, the exosome-

associated ncRNAs from peripheral blood could serve as bona fide markers of disease prognosis, 

tumour recurrence and overall survival. This refers to prognostic implications against chemo 

therapies as well as radio therapies related to several cancer types [358]. Therefore, the ncRNA 

signatures from exosome fractions may have clinical implications.  
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1.6 The therapeutic applications of exosomes  

In fact, some of the earliest exosome research indicated secretion of exosomes could promote 

antitumor immune responses in mice in vivo [303]. When applying exosomes as therapeutic 

vectors they are advantageous in the context that exosomes do not invoke an immune response in 

host. Alternatively, they regulate immune responses in such that they could be exploited for 

immunotherapies [311, 418]. Exosome therapies are now being explored in anti-cancer clinical 

trials as recent reports claim taxol-filled exosomes can be used to treat cancers in mice with 50-

fold lower doses than conventional treatments [444]. Exosomes are also being implicated in 

repairing the defects and stem cells therapies [312, 445], with enormous potential in clinical 

settings [446, 447].  

Exosomes have been proposed to be superior delivery vectors as compared to synthetic 

polymers, due the fact that exosomes are naturally occurring biological entities, and are well 

tolerated by the host as compared to other delivery vectors. They do not evoke immune 

responses in host, easy to prepare, cost effective and have no potential ethical issues, therefore 

have emerged as alternative platform in nano-medicine. Inspired from their natural ability in 

transporting genetic material between cells, exosomes can be used as vehicles of gene delivery. 

However, to apply exosomes as delivery vectors, first of all drug or therapeutic RNA needs to be 

loaded into exosomes and the loading efficacy must be defined prior to their internalization into 

target cells.  

Researchers have loaded therapeutic interfering RNAs (siRNA) into exosomes and have 

administered them as gene delivery vectors in vitro as well as in vivo [448, 449]. However, the 

specific targeting and internalization of exosomes by intended organs remains a critical question. 

More refined methods for exosome tailoring, as well as routes of administration are prerequisite. 

In addition, defining the doses to each separate disease type and whether the dose-dependent 

effects of drugs or therapeutic RNA administered through exosomes in model animal 

experiments is promising must be determined. However, this is truly interesting to use exosomes 

as safe delivery vectors.  
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2. AIMS AND OBJECTIVES  

Exosome-vesicles are important messengers of cell-to-cell communication and potentially 

exchange genetic messages between cells by transporting nucleic acids in particular ncRNAs. 

Albeit much is known about the presence of RNA molecules in exosomes, little is known about 

the mechanisms by which these RNAs are packaged into exosomes. The major aim of this study 

(performed at University of Gothenburg Sweden as a part of PhD sandwich program) was to 

study the mechanisms by which RNA molecules are packaged into exosomes. A research article 

has been submitted to a peer reviewed scientific journal (but data is not shown in thesis).  

Since exosomes vesicles naturally shuttle/deliver RNAs between cells (first time revealed by 

Valadi and colleagues at University of Gothenburg Sweden [357]; the aim was also to use these 

vesicles as gene delivery vectors. Data is not shown in thesis (as the Swedish group has patent 

application).  

As the content of exosomes varies depending on cell types, cellular conditions or disease state 

such as cancer; we aimed also to examine cancer specific contents including RNA and proteins 

for identification of cancer biomarkers.   

The more specific objectives are;   

1. Isolation of exosome-vesicles from cancer cells and analysing RNA content in exosomes  

2. Isolation of exosome-vesicles from cancer cells and analysing protein content in 

exosomes  

3. Studying the mechanisms of RNA packaging into exosomes  

4. Using exosomes as gene delivery vectors  

5. Determining the potential biomarkers from cancer cell derived exosomes 
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3. MATERIALS AND METHODS   

3.1 Preparations of exosomes from supernatant of cancer cell lines  

Cells  

Lung cancer cells line (HTB-177) and breast cancer cell line (HTB-133) were purchased from 

ATCC (USA) and cultured as described by ATCC guidelines with some modifications. The 

growth medium RPMI-1640 medium (Sigma Aldrich, Sweden) was supplemented with 10% 

foetal bovine serum (FBS), 2 mM L-glutamine and 1% penicillin/streptomycin (ThermoFisher 

Scientific, Sweden). Prior to its supplementation with medium, the FBS was depleted from 

exosomes by ultracentrifugation using 70Ti rotor (Optima L-100 XP Beckman Coulter 

ultracentrifuge). The cultured cells were harvested after reaching ~90% confluency for the 

isolation of exosomes.  

 

3.2 Isolation and purification of exosomes 

Exosomes were isolated from HTB-177 cell lines through a series of ultracentrifugation steps 

accompanied by microfiltrations with some modifications from what has been previously 

described
 

previously [448]. Briefly, the conditioned culture medium was harvested and 

centrifuged (SIGMA 4K15) at 1300 rpm for 15 min, 4
o
C in order to eliminate the cell debris 

followed by ultracentrifugation at 19800 rpm for 30 min and 4°C. The resultant supernatant was 

filtrated through a 0.22 µm filter and was ultracentrifuged at 38800 rpm for 70 min, allowing the 

final isolation of the exosome pellet. All the ultracentrifugation steps were performed by using a 

Beckman 70Ti rotor (Optima L-100XP Beckman Coulter ultracentrifuge). The isolated 

exosomes were dissolved in PBS for protein estimation and were directly used for RNA 

isolation.  

 

3.3 Exosome estimation  

Exosome pellet(s) were dissolved and resuspended in 10µl PBS and 10µl SDS was added to it. 

1µl exosome sample solution was dissolved in 198µl of Qubit buffer and 1µl protein reagent. 

The readings were made using Qubit 2.0 spectrofluorometer (Thermo Scientific).  
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3.4 RNA isolation from exosomes  

The total RNA from exosomes as well as from parent cells was isolated using miRCURY
TM

 

RNA isolation kit (Exiqon, DK) according to the manufacturer‟s instructions and as described 

previously [450]. RNA quantification and quality control were performed by using both 

NanoDrop v2.0 (Thermo Scientific) and Qubit 2.0 spectrofluorometer (Thermo Scientific).  

 

3.5 Detection of exosomes by exosomal markers  

The isolated Exosomes were detected by exosomal markers using both western blotting and 

FACS scan against CD63, CD9, and CD81 as described previously [448].  

The results showed that the exosomes carry all the three markers commonly used for exosomes 

detection.  

 

3.6 Identification of proteins  

Next, in order to investigate whether the protein content of these two types of exosomes, derived 

from breast and lung cancer cells, can potentially be used as biomarker, we have identified the 

total protein content of these exosomes using magnetic beads coupled with antibodies against the 

MHCII proteins. Exosomes isolated this way, using antibody-coupled-magnetic beads, turned to 

be more pure from the sticky proteins such as albumin.  

For the identification of proteins in exosomes, the liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) was used as described previously [357, 451, 452], with little 

modifications.  

 

3.7 Network analysis of proteins identified in HTB-133 and HTB-177 exosomes  

Network analysis of the identified proteins present in exosomes derived both from breast cancer 

cells HTB-133 and lung cancer cells HTB-177 was performed. Ariadne pathways analysis 

software (http://www.ariadnegenomics.com/products) was used to analyse the identified 

exosomal proteins.  

http://www.ariadnegenomics.com/products
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4. RESULTS  

4.1 Detection of exosomal markers  

The western blotting and FACS scan against CD63, CD9, and CD81 showed that the exosomes 

carry all the three markers commonly used for exosomes detection (Figure 18).  

 

 

 

 

Figure 18: Detection of exosomal markers: (a) Exosomes from HTB-177 lung cancer showing 

CD9 and CD81 markers. (b) Exosomes from HTB-133 breast cancer showing the detection of 

CD63 marker.  
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4.2 Detection of RNA in exosomes versus cells   

The exosomes were derived from two different cancer cells; lung cancer cells HTB-177 and 

breast cancer cells HTB-133. Cell RNA and exosomal-RNA was analysed by Bioanalyzer and 

comparison was made between cellular and exosomal-RNA. Figure 19a and 19b shows cellular 

RNA from HTB-177 lung cancer cells and HTB-133 breast cancer cells respectively. Figure 19c 

and 19d shows exosomal-RNA derived from HTB-177 lung cancer cells and HTB-133 breast 

cancer cells respectively.  

 

 

 

Figure 19: The comparison of RNA in cells and exosomes. (a & b) Cellular RNA from HTB-

177 lung cancer cells and HTB-133 breast cancer cells respectively. (c & d) Exosomal RNA 

derived from HTB-177 lung cancer cells and HTB-133 breast cancer cells respectively.  
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4.3 Comparison of total RNA and proteins from exosomes versus cells  

The exosomes isolated after 4 days (90%) cell confluency, were estimated for total RNA isolated 

from exosomes and were compared with cellular RNA. Results show that there is differential 

presence of RNA in exosomes versus cells. Similarly cellular proteins and exosomal proteins 

showed differences (Figure 20). Additional analysis for specific miRNAs and mRNA presence 

in exosomes and expression was evaluated by RT-qPCR and compared with cellular expression 

levels of miRNA. The results have shown that there is a preferential sequestering of some 

miRNAs into exosomes having their levels different from parent cells.  

 

 

 

 

Figure 20: Estimation and comparison of exosomal RNA and exosomal proteins with cellular 

RNA and protein  
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4.4 Identification of proteins  

Next, in order to investigate whether the protein content of these two types of exosomes, derived 

from breast cancer (HB-133) and lung cancer (HTB-177) cells, can potentially be used as 

biomarker, we have identified the total protein content of these exosomes using magnetic beads 

coupled with antibodies against the MHCII proteins (Figure 21). Exosomes isolated this way, 

using antibody-coupled-magnetic beads, turned to be more pure from the sticky proteins such as 

albumin.  

Using liquid chromatography-tandem mass spectrometry (LC-MS/MS), in total 192 proteins 

were identified in exosomes derived from the breast cancer cells. 74.5% of them have at least 2 

hits, and at least one hit with 99% accuracy, whereas, 25.5% of them have at least one hit at 99% 

which is equivalent to 49 proteins out of 192 proteins totally identified.  

In total, 166 proteins were identified in exosomes derived from the lung cancer cells. 68% of 

them have at least 2 hits, and at least one hit with 99% accuracy. 32% of them have at least one 

hit at 99% accuracy which is equivalent to 35 proteins out of 166 proteins identified totally. Out 

of total (192 proteins in breast cancer exosomes and 166 lung cancer exosomes), 75 proteins 

were found common in both exosomes. Comparison is made in Figure 22. 
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Figure 21: Scheme for identification of the total protein content from exosomes  
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Figure 22. Proteins identified in exosomes from HTB-133 breast cancer cells and HTB-177 

lung cancer cells. In total 199 proteins were identified in exosomes from HTB-133, and total 

166 in HTB-177. 75 proteins were found common in exosomes from both sources. Of 192 total 

proteins in HTB-133 exosomes, 49 proteins showed at least 1 hit with 99% accuracy. Likewise, 

of total 162 proteins in HTB-177 exosomes, 35 proteins showed at least 1 hit with 99% accuracy. 
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4.5 Network analysis of proteins identified in HTB-133 derived exosomes  

Network analysis of the identified proteins present in exosomes derived from breast cancer cells 

HTB-133. Ariadne pathways analysis software (http://www.ariadnegenomics.com/products) was 

used to analyse the identified exosomal proteins (Figure 23). 

 

 

 

 

Figure 23. Network analysis of the identified proteins present in exosomes breast cancer cells 

HTB-133.   

http://www.ariadnegenomics.com/products
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4.6 Network analysis of proteins identified in HTB-177 derived exosomes  

Network analysis of the identified proteins present in exosomes derived from lung cancer cells 

HTB-177. Ariadne pathways analysis software (http://www.ariadnegenomics.com/products) was 

used to analyse the identified exosomal proteins (Figure 24).  

 

 

 

 

Figure 24. Network analysis of the identified proteins present in exosomes derived from lung 

cancer cells HTB-177 

http://www.ariadnegenomics.com/products
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5. DISCUSSIONS AND CONCLUDING REMARKS  

Exosomes vesicles are important messengers of cell-to-cell communication and potential 

vehicles of genetic exchange between cells by transporting nucleic acids. Due to their wide 

spread role in dissemination of bioactive molecules, exosomes are implicated in variety of 

diseases. Albeit much is known about the presence of RNA molecules in exosomes and their 

transport to other cells, little is known about the mechanisms by which these RNAs are packaged 

into exosomes (recall that exosomes are synthesised by endosomal pathway). There are initial 

studies which propose that both active and passive mechanisms involved in the incorporation of 

RNA molecules into endosomes [453-455], however the detailed mechanisms are not fully 

known. In our study (part of PhD sandwich program performed at University of Gothenburg) we 

revealed new mechanisms of RNA packaging into exosomes and identified the role of several 

RNA binding proteins (Article submitted to a peer reviewed scientific journal, but data not 

shown as the results are protected by host group at University of Gothenburg).  

Perhaps the most interesting feature for which exosomes have received intensive attention is 

their natural ability to act as vehicles of genetic transport. Since exosomes naturally 

shuttle/deliver RNAs between cells (first time revealed by Valadi and colleagues from University 

of Gothenburg Sweden [357]); the exosomes can be used a vehicles of gene delivery to target 

cells as toots for gene therapy. For gene therapy several vectors have been developed in last 

decades such as viral vectors and liposomal vectors, gold or carbon nanoparticles, and synthetic 

polymers. However, exosomes are thought to be superior that existing methods of gene therapy, 

because exosomes are biological entities secreted from cells and these vesicles are naturally 

engineered biological vectors which do not evoke immune responses in the host. Exosomes are 

easy to obtain, easy to handle and are cost effective.  

Major limitation is loading RNA of interest into exosomes. Since this field is new and there are 

very few reports that have tried to develop methods for loading therapeutic RNAs into exosomes. 

Researchers have loaded therapeutic interfering RNAs (siRNA) into exosomes and making 

attempts to using exosomes as gene delivery vectors in vitro as well as in vivo [448, 449]. 

However, these methods are insufficient in terms of loading efficacy and delivery efficiency. 

Therefore, more improved methods are required. We (a part of PhD sandwich with Hadi Valadi, 

at University of Gothenburg) developed a more advanced method of loading therapeutic RNAs 
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into exosomes as well as their delivery to cancer cells in-vitro and in-vivo. As compared to 

previous methods this method is more robust, efficient and uses advanced technology (Data is 

not shown, as the results are protected by group). 

As the content of exosomes varies depending on cell types, cellular conditions or disease state 

such as cancer [277, 311]; therefore we aimed to examine cancer specific contents including 

RNA and proteins for identification cancer biomarkers and their relevance to diseases 

progression. Exosomes isolated from different cancer cells were shown to be positive for 

exosome detection markers CD9, CD63 and CD81 confirming that our preparations have 

exosomes. The analysed of exosomes from breast cancer cells and lung cancer cells showed that 

different cancer types secrete different amount of RNA and proteins. Moreover, not only the 

amount but also the type of contents is different in different cancer cell types.  

Interestingly, the RNA in exosomes shows selective sequestering/packaging, as it was observed 

by setting comparison between cellular RNA and exosomal-RNA. The absence or little presence 

of ribosomal RNA in exosomes indicates that cells mostly secrete miRNAs or mRNAs but not 

the ribosomal RNAs. This implies that cells have evolved a mechanism of packaging of 

functional RNA (mRNAs, mRNAs but not the ribosomal RNAs) into exosomes and delivery to 

other cells. Also, such trends are unique to exosomes from individual cancer type, as was shown 

by comparing breast cancer-secreted exosomes and lung cancer secreted exosomes. It can be 

inferred that the secretion of cancer specific miRNAs in exosomes could be used as disease 

biomarkers, whereas their delivery to other cells may help understand the mechanisms of gene 

regulation between cells.  

Since long it has been thought that cells releases secretory proteins into extracellular 

environment. However, it is only recently being explored that cells also secrete proteins via 

exosomes. In current study the proteins identified from two different exosomes sources (i.e. rom 

breast and lung cancer cells) were different in both types of exosomes and some were highly 

specific to each exosome type. However, the identification of proteins that are common in 

exosomes from breast cancer and lung cancer indicate that they might have some common roles 

in cellular functions. The networking and pathway analysis of proteins identified from two types 

of exosomes, indicate their participation in various signalling pathways linked to cell cycle 
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regulation, adhesion, migration and proliferation, as well as matrix remodelling in order to 

prepare tumour microenvironment. This suggests that cancer cells secrete proteins to 

communicate tumour related messages to other cells. However, to understand their mechanisms 

will need further studies in certain in-vivo disease models and targeting specific pathways. 

Although, exosomes have enormous potential for their utility as diagnostic and prognostic 

biomarkers, however there are certain technical challenges that need explicit attention. Pertinent 

to using exosomes as diagnostic biomarkers, the harvesting pure exosomes from patient body 

fluids still needs more sensitive capture platforms, standardized and optimized methods. As 

discussed in previous sections that exosomes are contaminated with lipoproteins or other protein 

complexes. Also, exosomes may have sticky proteins such as albumin. In this regard, the 

identified protein content from exosomes using magnetic beads coupled with antibodies against 

the MHCII proteins, turned to be more pure from the sticky proteins such as albumin. However, 

protein contamination is not the only issue; there are other potential issues for exosome isolation, 

purification and characterization (as discussed in introduction section).  

The applications of highly sensitive detection platforms and high-throughput next generation tool 

may warrant the utility of exosomes as routine biomarkers. There have been suggested the 

strategies to rigorously validate and test exosomes for applying US food and drug administration 

(FDA) approval [277]. The emerging technology for obtaining clinical grade and pure exosomes 

will help to use exosomes as diagnostic biomarkers and their applications as nano-therapeutics 

[358, 418]. Since this field is gaining huge interest both in basic research in and translational 

medicine, there are several methods and technology is being developed by newly formed 

companies specific for exosome research.  

Finally, the therapeutic applications of exosomes as drug delivery or gene delivery vectors are 

promising. By having improved methods of drug loading into exosomes and defining their 

therapeutic routes of administration in disease models will make exosomes better defined 

therapeutic modalities. In addition, defining the doses to each separate disease type and whether 

the dose-dependent effects of drugs or therapeutic RNA administered through exosomes in 

model animal experiments is promising must be determined. The evaluation of exosomes for 

clinical trials in human diseases has been already started and exosomes have approved for phase 

II, and –III clinical trials [446, 447, 456]. This takes exosomes applications from bench to 
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bedside. There is intensive interest in the field of exosomes and recent decade has witnessed 

huge amount of scientific reports on exosomes both in understanding basic functions of 

exosomes as well as their therapeutic applications. It is anticipated that the next decade will form 

the basis of advanced and targeted therapeutic strategies and this is truly interesting area of 

research.  
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6.1 Electronic Databases  

 Ariadne pathways analysis software – http://www.ariadnegenomics.com/products  

 Bioconductor – https://www.bioconductor.org/   

 DIANA tools – http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=site/index  

 Ensembl genome browser – http://www.ensembl.org/index.html  

 EvPedia: Extracellular vesicles database – http://student4.postech.ac.kr/evpedia2_xe/xe/  

 EV-Track platform for extracellular vesicles reporting – http://evtrack.org/  

 Exocarta: Exosome database – http://www.exocarta.org/  

 GenBank NCBI – https://www.ncbi.nlm.nih.gov/genbank/   

 ISEV: Vesicles community – http://www.isev.org/   

 miRBase: microRNA database – http://www.mirbase.org/  

 miRNA-database – http://www.microrna.org/microrna/getDownloads.do  

 mirSVR – www.microRNA.org  

 NCBI PubMed – https://www.ncbi.nlm.nih.gov/pubmed  

 PicTar – http://pictar.mdc-berlin.de/  

 R – Environment/Package –  https://cran.r-project.org/  

 SEER Cancer Statistics – https://seer.cancer.gov/archive/csr/1975_2013/   

 TargetScan – http://www.targetscan.org/vert_71/  

 UCSC Genome Browser – https://genome.ucsc.edu/   

 Vesiclepedia: Microvesicles database –  http://www.microvesicles.org/  

 Wikipedia – https://www.wikipedia.org/  
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