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Determination of genetic aberrations and novel
transcripts involved in the pathogenesis of
oligodendroglioma using array comparative genomic
hybridization and next generation sequencing
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Abstract. The aim of the present study was to determine
the genetic aberrations and novel transcripts, particularly the
fusion transcripts, involved in the pathogenesis of low-grade
and anaplastic oligodendroglioma. In the present study, tissue
samples were obtained from patients with oligodendroglioma
and additionally from archived tissue samples from the Brain
Tumor Tissue Bank of the Brain Tumor Foundation of Canada.
Six samples were obtained, three of which were low-grade
oligodendroglioma and the other three anaplastic oligoden-
droglioma. DNA and RNA were extracted from each tissue
sample. The resulting genomic DNA was then hybridized
using the Agilent CytoSure 4x180K oligonucleotide array.
Human reference DNA and samples were labeled using Cy3
cytidine 5'-triphosphate (CTP) and Cy5 CTP, respectively, while
human Cot-1 DNA was used to reduce non-specific binding.
Microarray-based comparative genomic hybridization data
was then analyzed for genetic aberrations using the Agilent
Cytosure Interpret software v3.4.2. The total RNA isolated
from each sample was mixed with oligo dT magnetic beads to
enrich for poly(A) mRNA. cDNAs were then synthesized and
subjected to end-repair, poly(A) addition and connected using
sequencing adapters using the Illumina TruSeq RNA Sample
Preparation kit. The fragments were then purified and selected
as templates for polymerase chain reaction amplification. The
final library was constructed with fragments between 350-450
base pairs and sequenced using deep transcriptome sequencing
on an [llumina HiSeq 2500 sequencer. The array comparative
genomic hybridization revealed numerous amplifications and
deletions on several chromosomes in all samples. However, the
most interesting result was from the next generation sequencing,

Correspondence to: Dr Stephen N. Ponnampalam, Cancer Research
Center, Institute for Medical Research, Jalan Pahang, 50588 Kuala
Lumpur, Malaysia

E-mail: ponnams99@yahoo.com

Key words: oligodendroglioma, genetic aberrations, novel transcripts,
fusion genes, next generation sequencing

where one anaplastic oligodendroglioma sample was demon-
strated to have five novel fusion genes that may potentially serve
a critical role in tumor pathogenesis and progression.

Introduction

Cancer is the leading cause of morbidity and mortality glob-
ally (1). Brain and other central nervous system tumor types
are common amongst adults and children, ranking 17th in
incidence among all cancer types globally (2) and is the 2nd
leading cause of mortality in the pediatric age group (3).

Brain tumor types are either primary or secondary (4).
Currently, there exists a World Health Organization (WHO)
classification for the prognostication of gliomas based on
their morphological characteristics. Oligodendrogliomas are
divided into low-grade (WHO Grade II) and anaplastic (WHO
Grade III) tumor types. Astrocytic tumor types are classified
into low-grade diffuse astrocytoma (WHO Grade II), anaplastic
astrocytoma (WHO Grade III) and glioblastoma multiforme
(GBM) and its variants (WHO Grade V) (4). GBM is the most
malignant and aggressive of these tumor types (4).

Conventionally, brain tumor types are diagnosed by
imaging. In certain cases, imaging may not be adequate to
reach a diagnosis, so a biopsy and histopathological examina-
tion of the tissue may be required (5). The molecular genetics
of tumor cells serve a notable role in the pathogenesis of brain
tumor types. This is particularly the case for oligodendro-
gliomas that have their own unique set of alterations, with
the most notable being the loss of heterozygosity (LOH) on
chromosomal arms 1p/19q. LOH 1p/19q has emerged as an
independent predictive marker of an improved response to
radio- and chemotherapy in addition to prolonged overall
survival in anaplastic oligodendrglioma (6-11). Combined
with the status of isocitrate dehydrogenase 1 and 2 and tumor
protein p53 (TP53) mutations, the prognosis and diagnosis
of distinct subgroups of gliomas has become dependent on
these genetic alterations due to their functions in these tumor
types (12,13).

Over the years, fluorescence in situ hybridization (FISH)
analysis has become a useful diagnostic test to determine
the molecular profile of oligodendrogliomas, along with
other techniques including microsatellite markers and array
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comparative genomic hybridization (aCGH) (14). There are
several disadvantages to using FISH, one of which is the
decreasing intensity of the signals over time. Other limitations
include the need to optimize the control probes for each locus,
which may be time-consuming and costly (14).

Using aCGH as a clinical tool has proven to be more useful
and reliable compared with FISH as it is able to detect a wide
and extensive number of genetic changes in one screening of
the human genome. It is a highly sensitive tool that is able to
distinguish even the smallest genomic regions and subtlest DNA
copy number difference (15). A study by Mohapatra et al (15),
demonstrated this by using formalin-fixed, paraffin-embedded
oligodendroglioma samples in aCGH analysis with a novel
labelling technique to generate high-quality hybridization
probes. It was hypothesized that aCGH was able to detect
single copy losses and 50% more DNA losses in the cells when
compared with FISH analysis (15).

In more recent years, a method to analyze the entire
genome has been identified through the use of next genera-
tion sequencing (NGS) technologies (16,17). There are a
number of techniques that fall under the definition of NGS
including whole genome, whole exome and RNA sequencing.
NGS is a method that is able to provide in-depth information
regarding the functionalities of the whole genome including
its genomic alterations, transcriptional changes, gene fusions
and alternative splicing (16,17). RNA sequencing (RNA-Seq)
in particular, is a high-throughput whole transcriptome
sequencing technology that utilizes isolated RNA for deep
sequencing for profiling and generates comprehensive tran-
scriptomic information of the cells. Previous studies have been
performed using NGS to provide an RNA-Seq profiling dataset
and identify biomarkers for diagnosis and prognosis with the
potential to be candidate genes for glioma therapy (18-20).
The main objective of the present study was to capture the
transcriptomic landscape along the pathogenesis of oligoden-
drogliomas from low-grade to high-grade tumor progression.
Using aCGH and NGS, the present study also aimed to identify
differentially expressed genes, genetic aberrations and novel
markers involved in the pathogenesis of oligodendrogliomas.

Materials and methods

Clinical patient data. Patient samples of 6 patients were
collected from the respective hospitals for a period of 3 years
between 1st January 2014 and 31st December 2016. A select
number of archived samples were also obtained from the
Brain Tumor Tissue Bank (Brain Tumor Foundation of
Canada, London, ON, Canada) due to the limited availability
of samples obtained from patients. Upon admission to the
hospital, demographic data and a brief clinical history were
elicited from the patients. This included the age and sex of
the patient and the state in which the patient was domiciled.
The final selection of 6 patients consisted of 3 low-grade
oligodendroglioma and 3 anaplastic oligodendroglioma cases
(Table I). Written informed consent was obtained prior to brain
tumor removal from the patient during surgery. Subsequent to
obtaining consent, surgery was performed the next day, typi-
cally within 12-24 h. In addition, the present study received
ethical approval from the Medical Research Ethics Committee
of the Ministry of Health (Putrajaya, Malaysia).
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Tissue sample collection. The tumor samples were collected
and then inserted into a PAXgene™ Tissue Container (Qiagen
GmbH, Hilden, Germany). The tissue specimens were placed
first into a standard tissue cassette. The cap of the PAXgene
Tissue Container was then unscrewed and lifted up to remove
the screw cap-rack assembly. The tissue cassette was attached
to the rack by inserting the lower edge of the tissue cassette
into the bottom edge of the rack and pressed to secure it under
the rack upper release tab. Then, the rack holding the tissue
cassette was placed into chamber 1 containing the PAXgene
Tissue Fix solution and capped into place. Fixation of the tissue
was performed at room temperature for 2-4 h. Following fixa-
tion, the cap was unscrewed and lifted up to remove the screw
cap-rack assembly with the tissue cassette from chamber 1.
The rack-tissue cassette was then placed directly above
chamber 2 which contained the PAXgene Tissue Stabilizer
and submerged with the cap screw tightened. The PAXgene
Tissue Container was then stored at -80°C until required for
further experimentation.

DNA and RNA extraction. Approximately 20 mg tissue
specimens were harvested by placing them in 350 ul buffer
cytotoxic T-lymphocyte with B-mercaptoethanol (GeneAll
Biotechnology Co., Ltd., Seoul, South Korea) followed
by complete homogenizing with a handheld rotor-stator
TissueRuptor (Qiagen GmbH, Hilden, Germany) for 30 sec.
The lysates were left to incubate for 10 min at room tempera-
ture, allowing the nucleoprotein complexes to completely
dissociate. The lysates were then centrifuged at 10,000 x g for
3 min and the supernatant transferred to a mini spin column.
The mini spin column containing the supernatant was then
centrifuged at 210,000 x g for 30 sec at room temperature. The
pass-through was used for total RNA purification while the
spin column with the DNA bound to the membrane was trans-
ferred to a new collection tube and used for DNA purification.
The pass-through in the previous collection tube (for total
RNA purification) was mixed with an equal volume of 70%
ethanol prior to being transferred to another new mini spin
column (type W, blue ring). A series of centrifugation steps
for total RNA purification were performed (Allspin™ Total
DNA/RNA Purification kit; GeneAll Biotechnology Co., Ltd.,
Seoul, Korea) according to the manufacturer's protocol. The
purified RNA bound to the membrane was then eluted with
50 ul nuclease-free water. The mini column containing the
membrane bound DNA also underwent a series of centrifuga-
tion steps for total DNA purification and was eluted in 100 pul
nuclease-free water. DNA was stored at -20°C until further use.

DNA analysis. Concentration and purity of the DNA was
analyzed using the Spectrophotometer NanoDrop ND-1000
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). The
integrity of the genomic DNA was analyzed using the Agilent
Genomic DNA ScreenTape System (Agilent Technologies,
Inc., Santa Clara, CA, USA). The DNA concentration ranged
from 205.6 to 582.6 ng/ul while the mean DNA integrity
number was 8.28 with a standard deviation of 1.06.

RNA analysis. Concentration and purity of the RNA was
analyzed similar to that for DNA. The integrity of the RNA was
analyzed using the Agilent 2100 BioAnalyzer RNA 6000 Nano
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Table I. Patient demographics and histopathology of tumor types.
Patient Sample no. Age (years) Sex Histopathology Grade
1 88 23 Male Low grade oligodendroglioma II
2 1578 34 Female Low grade oligodendroglioma II
3 1090 37 Female Low grade oligodendroglioma I
4 1385 35 Female Anaplastic oligodendroglioma I
5 1395 44 Female Anaplastic oligodendrglioma I
6 1430 45 Female Anaplastic oligodendrglioma I

Chip platform (Agilent Technologies, Inc.). The RNA concen-
tration ranged from 87.6 to 894.4 ng/ul while the mean RNA
integrity number was 7.15 with a standard deviation of 0.46.

aCGH. The DNA obtained from tissue samples were then
investigated for genetic aberrations by aCGH using the
Cytosure 4x180K oligonucleotide array (Agilent Technologies,
Inc.). For each sample, 18 ul genomic DNA was used.
The CytoSure Genomic DNA aCGH labeling kit (Agilent
Technologies, Inc.) was used to label the reference and tumor
DNA with Cy-3 and Cy-5 respectively. The labeled targets
were then purified according to the manufacturer's protocol
with a minimum labeling efficiency of 250 pmol/ug DNA
for Cy3 and 200 pmol/ug DNA for Cy-5. The purified Cy3
and Cy5-labelled genomic DNA was then mixed with human
Cot-1 DNA, blocking agent and hybridization buffer, and then
was denatured and incubated at 37°C for 30 min. A total of
100 pl sample mix was then pipetted into the hybridization
chamber containing the microarray and placed in a rotisserie
hybridization oven at 65°C for 40 h. Subsequent to hybridiza-
tion, the slides were washed with 2 wash buffers, Wash Buffer
1 for 5 min at room temperature and Wash Buffer 2 for 1 min
at 37°C. The slides were then scanned using the Agilent DNA
scanner to produce the raw image data. This data was further
processed using the Agilent Feature Extraction software
(Agilent Technologies, Inc.) and the results analyzed with the
Cytosure Interpret software v3.4.2 (Agilent Technologies,
Inc.).

NGS-RNA quality control, library construction and
sequencing. RNA samples were analyzed using deep tran-
scriptome sequencing (Theragen Etex Bio Institute, Suwon,
Gyeonggi, South Korea). A total of 1 ug total RNA was mixed
with oligo dT magnetic beads to enrich for poly(A) mRNA.
The purified mRNAs were disrupted into short fragments
and cDNAs were synthesized. The cDNAs were subjected to
end-repair, poly(A) addition and connected with sequencing
adapters using the TruSeq RNA Sample Preparation kit
(INlumina, Inc., San Diego, CA, USA). The suitable fragments
were purified using the BluePippin 2% agarose gel cassette
(Sage Science, Inc., MA, USA) and were selected as templates
for polymerase chain reaction amplification. The final library
size and quality were evaluated electrophoretically with an
Agilent High Sensitivity DNA kit (Agilent Technologies, Inc.)
with fragment sizes between 350-450 base pairs. The library
was then sequenced using an Illumina HiSeq 2500 sequencer
(Illumina, Inc.).

Transcriptome data analysis

Filtering. The quality of reads were checked using the fast
QC tool (v.0.10.1) (21) for basic sequence quality score, GC
content, N content, length distribution and duplication levels.
Low quality reads were filtered according to the following
criteria: Reads containing >10% of skipped bases (marked as
‘N’s), reads containing >40% of bases whose quality scores
were <20 and reads whose mean quality scores for each read
was <20. The entire filtering process was performed using
in-house scripts.

Sequence alignment. Filtered reads were mapped to the human
reference genome (obtained from the online genome database
Ensembl release 72) (22) using the aligner Tophat (23).

Gene expression estimation. Gene expression levels were
measured using Cufflinks v2.1.1 (24,25) using the gene
annotation database of Ensembl release 72. Non-coding gene
regions were removed using the mask option. In order to
improve the accuracy of measurements, multi-read and frag-
ment bias corrections were applied. All other options were set
to default values.

Results

aCGH. aCGH was performed on 3 oligodendroglioma
samples, 1 of which was a low-grade oligodendroglioma
(WHO Grade II; sample 1090) and 2 anaplastic oligodendro-
glioma (WHO Grade III; samples 193 and 1395). The purpose
of this was to determine any known and novel amplifications
and/or deletions in any of the chromosomes in these samples.
Figs. 1-3 present the chromosomal aberrations, particularly the
amplifications and deletions present in all 3 samples. Sample
1395, by far, had the greatest number of chromosomal aberra-
tions and sample 193 had the greatest number of deletions out
of the 3 samples.

The most common and notable losses were identified on
the 1p chromosomal arm, which was present in all 3 samples.
This was followed by a loss in chromosome 19q present only
in the 2 anaplastic oligodendroglioma samples and a whole
set of amplification on chromosome 7 present in samples
1395 and 1090. In addition, there was a partial loss in chromo-
some 14q (samples 193 and 1395) and deletions in chromosomes
15q (in samples 1395 and 1090). It was interesting to note that
while there was a deletion in chromosome 17p in samples
1395 and 1090, sample 1395 had an extra mutation in the form
of amplification on chromosomal arm 17q. Another interesting
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Figure 1. Ideogram for aCGH analysis for sample 193 (anaplastic oligodendroglioma) showing chromosomal aberrations in the form of amplification/gain
and/or deletion/loss in the chromosomes. aCGH, array comparative genomic hybridization.
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Figure 2. Ideogram for aCGH analysis for sample 1395 (anaplastic oligodendroglioma) showing chromosomal aberrations in the form of amplification/gain
and/or deletion/loss in the chromosomes. aCGH, array comparative genomic hybridization.

result was observed on chromosome 11 for samples 193 and
1395 with a partial amplification in the q arm for sample 193
and a complete deletion of the p arm in sample 1395.

Less common losses were also observed in chromosomes
2p, 2q, 4p, 44, 8p, 9p, 10q, 13q, 18 (whole chromosomal arm)
and 22q. Excluding chromosomes 7,11q and 17q, losses were
also identified in chromososmes 12p, 12q, 20q and 21q.

Copy number variations (CNVs) in anaplastic oligoden-
droglioma. Using aCGH for the genome-wide profiling
of oligodendroglioma not only revealed chromosomal
alterations within the tumor samples, but also allowed for

the detection of genomic CNVs. Based on the examina-
tion of sample 193, notable deletions in the majority of the
chromosomes associated with amplifications were identified
in the tumor sample. Chromosome 1p contained the largest
loss in its chromosomal arm of 120.63 Mb involving 2540
gene overlaps. This was followed by chromosome 19q with
a deletion of 1599 overlapping genes. Notable losses were
also observed on chromosomes 9p, 14q, 18, 19q and 22q
with deletions of 303, 1172, 1032, 1599 and 1129 overlapping
genes, respectively. There were an additional 918 genes that
were amplified on chromosome 11q and 484 genes amplified
on chromosome 21q.
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Figure 3. Ideogram for aCGH analysis for sample 1090 (low grade oligodendroglioma) showing chromosomal aberrations in the form of amplification/gain
and/or deletion/loss in the chromosomes. aCGH, array comparative genomic hybridization.

Two anaplastic oligodendroglioma samples (samples 193
and 1395) were compared to determine if there were any CNV
overlaps. The two samples had a common CNV at the same
start and stop positions (10478 and 121350692). Sample 1395
had a matching region deleted that spanned 29663113 base
pairs in chromosome 1, a matching region that was ampli-
fied spanning 159022882 base pairs on chromosome 7 and
another matching deleted region spanning 1087 base pairs
on chromosome 17. For sample 193, there was a matching
region of 120627374 base pairs that was deleted in chromo-
some | and another region of 30856201 base pairs that was
deleted on chromosome 19.

Gene ontology. A number of gene functions linked to the
chromosomal aberrations in the tumor cells were selected,
particularly with regards to immune regulation. This
included deletions in genes involved in the regulation of type
I interferon-mediated signaling pathway, T-cell activation,
complement activation of the classical pathway, circulating
immunoglobulin complexes, immunoglobulin receptor binding
and antigen binding. The genes involved in the amplification
of certain chromosomes were not as common, however they
included functions in the regulation of interleukin-1 § secre-
tion, keratinization, cell-cell junction, intermediate filament
and endopeptidase activity. All overlapping genes involved in
chromosomal aberrations (amplifications/deletions) are listed
in Table II.

NGS. High-throughput RNA sequencing was performed on all
6 oligodendroglioma samples. The NGS analysis of sample 193
only revealed a few notable gene fusions. Data revealed five
novel fusion genes (Fig. 4). Intra-chromosomal rearrangements

were identified on chromosome 1g42.3 between the AT-rich
interaction domain 4B (ARID4B) and G protein subunit y
4 (GNG4) genes (Fig. 5), chromosome 11q12.1 between the
family with sequence similarity 111 member B (FAM111B) and
FAMI11A genes (Fig. 6) and on chromosome 16p13.3 between
the WD repeat domain 90 (WDR90) and ras homolog family
member T2 (RHOT?2) genes (Fig. 7). Inter-chromosomal
rearrangements were identified between genes LDL receptor
related protein 12 (LRP12; on chromosome 8q22.3) and parkin
RBR E3 ubiquitin protein ligase (PARK2; on chromosome
6q26; Fig. 8) and additionally between genes neurofibromin
1 (NF1) and SH3 domain containing GRB2 like 3, endophilin
A3 (SH3GL3) which mapped to chromosomes 17q11.2 and
15q25.2, respectively (Fig. 9).

The fusion events occurring in the majority of the chro-
mosomes in Sample 193 appeared to have different activity
levels. For the ARID4B_GNG4 fusion gene, the activity for
GNG4 was higher compared with ARID4B. This was also
observed in the FAM111B_FAMI111A gene fusion where the
activity of the FAMI111A isoform was higher compared with
the FAM111B isoform. The most notable difference in activity
was observed in the fusion genes WDR90_RHOT?2 and NF1_
SH3GL3, where RHOT?2 and NF1 activity were substantially
higher compared with their respective pairings. On the other
hand, there was no notable difference in the activity for the
fusion gene pair LRP12_PARK2.

Discussion
In the present study, a comparative genomic analysis of

oligodendroglioma (WHO Grade II) and anaplastic oligoden-
droglioma (WHO Grade III) samples was undertaken, using
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Table II. GO associated with chromosomal aberrations.
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A, List of overlapping genes involved in loss/deleted regions

GO category GO name No. of genes P-value Term ID
BP Regulation of type I interferon-mediated signaling pathway 18 1.68x10%  GO:0060338
BP T-cell activation involved in immune response 24 2.72x10%  GO:0002286
BP Defense response to other organisms 94 3.46x10%  GO:0098542
BP Positive regulation of peptidyl-serine phosphorylation of 17 8.33x10""  GO:0033141
signal transducer and activator of transcription protein

BP Response to exogenous double stranded RNA 19 5.93x10%  GO:0043330
BP Complement activation, classical pathway 67 3.01x10%  GO:0006958
CC Extracellular region 569 2.73x10%  GO:0005576
cc Blood microparticle 50 9.79x10%®  GO:0072562
cc Immunoglobulin complex, circulating 37 9.21x10%  GO:0042571
CC External side of plasma membrane 52 9.21x10%  GO:0009897
MF Metal ion binding 489 7.15x10*  GO:0046872
MF Immunoglobulin receptor binding 37 1.76x10%  GO:0034987
MF Transcription factor activity, sequence-specific DNA binding 189 1.12x10%  GO:0003700
MF DNA binding 343 5.49x10%  GO:0003677
MF Type I interferon receptor binding 16 3.25x10"*  GO:0005132
MF Antigen binding 92 1.98x10%  G0:0003823
MF Serine-type endopeptidase activity 55 3.41x10%  GO:0004252
B, List of overlapping genes involved in gain/amplified regions

GO category GO name No. of genes P-value Term ID
BP Regulation of interleukin-1 f secretion 9 4.61x10*  GO:0050706
BP Keratinization 30 3.95x10""  GO:0031424
BP Multicellular organismal catabolic process 10 3.23x102%  GO:0044243
CC Cell-cell junction 26 2.65x10%  GO:0005911
CC Intermediate filament 33 2.45x10"%  GO:0005882
MF Odorant binding 11 1.56x102  GO:0005549
MF Endopeptidase activity 30 4.07x10°  GO:0004175
MF Interleukin-10 receptor activity 4 1.50x10%  GO:0004920

GO, gene ontology; BP, biological process; CC, cellular component; MF, molecular function.

aCGH and NGS. The aCGH results revealed that the most
common deletion present in oligodendroglioma samples were
on chromosomes 1p followed by 19q. This is in keeping with
previous studies that have presented similar results (26,27).
This is not surprising as LOH 1p 19q is a predictor of radio- and
chemosensitivity in patients with improved survival (28,29).

Aberrations were identified in the majority of the other
chromosomes and included amplification/gain or deletion/loss.
This reiterates the fact that genetic alterations are common in
solid tumor types, including tumors of the central nervous
system (30-32).

Genetic alterations including CNVs are more commonly
observed in high-grade tumor types compared with low-grade
tumor types (33). Comparison between 2 anaplastic oligoden-
droglioma samples, namely samples 1395 and 193, revealed
that there was a large region of CNV overlap of >121 million

base pairs. This suggests that high-grade tumor types origi-
nating from a similar cell type have not only heterogeneity but
also substantial homogeneity.

Gene ontology analysis of the gene functions associated
with the chromosomal aberrations in the tumor cells indicate
that a large number of these genes are involved in the innate
and adaptive immune system. This included deletions in genes
involved in the regulation of the type I interferon-mediated
signaling pathway, T-cell activation, complement activation of
the classical pathway, circulating immunoglobulin complexes,
immunoglobulin receptor binding and antigen binding. This
suggests that the modulation of the immune system serves a
critical role in tumor response.

NGS analysis revealed 5 novel fusion genes in sample 193
(anaplastic oligodendroglioma). To the best of our knowledge,
this is the first study to have identified the presence of 5 novel
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Figure 4. Fusion gene map showing fusion of genes in sample 193.

fusion genes in one anaplastic oligodendroglioma sample with
3 intra-chromosomal and 2 inter-chromosomal fusions. Fusion
genes are not uncommon in gliomas. The fibroblast growth
factor receptor 3_transforming acidic coiled-coil containing
protein 3 gene present in patients with glioblastoma has been
revealed to recur at a rate of up to 8.3%. It is postulated to
be involved in the extracellular signal-regulated kinase
(ERK) and signal transducer and activator of transcription 3
(STAT?3) signaling pathways, promoting tumor growth and
formation (34,35). Another fusion gene that is common is
KIAA1549_B-Raf proto-oncogene, serine threonine kinase
(BRAF) which occurs in 70% of patients diagnosed with
pilocytic astrocytoma. A mutation in the BRAF gene has been
observed in a number of cancer types, and is not exclusive to
gliomas (36).

The 3 intra-chromosomal fusions identified were
ARID4B_GNG4, FAM111B_FAMI11A and WDR90_
RHOT?2. ARID4B, also known as retinoblastoma-binding
protein-1-like protein-1 or breast cancer-associated antigen
1, belongs to the ARID gene family and is frequently
expressed in human carcinomas and normal testis (37).
The gene family is involved in regulating cell growth and

mutations result in the loss of inhibitory histone makers and
DNA methylation (38). ARID4B in particular serves a dual
role in a tumor, where it contributes to the spread and inva-
sive nature of breast cancer cells; however, it also functions
as a tumor suppressor in leukemia (39,40). It has recently
been reported to be overexpressed in primary brain tumor
types and therefore may be able to function as an effective
biomarker for and predictor of tumor grade in meningioma
and gliomas (41). GNG4, on the other hand, was recently
discovered to be hypermethylated and downregulated in
GBM (42). It has been suggested that it may function as a
tumor suppressor gene in GBM through the inhibition of the
C-X-C motif chemokine ligand 12/C-X-C motif chemokine
receptor 4-dependent chemokine signaling pathway (42).
Therefore, it is likely that a fusion between the ARID4B
and GNG4 genes has a role in the signaling pathway that
regulates DNA methylation.

FAMI111B and FAMI111A are members of the FAMI111
family of genes. Although the two genes contain a func-
tional region called a trypsin-like peptidase domain located
close to each other, they each have distinct functional prop-
erties (43). A mutated form of FAM111B protein is thought
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Figure 5. Chromosomal view of intra-chromosomal fusion gene ARID4B_GNG4 and its genomic activity for sample 193.
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Figure 6. Chromosomal view of intra-chromosomal fusion gene FAM111B_FAMI111A and its genomic activity for sample 193.

to be involved in hereditary fibrosing poikiloderma, charac-
terised by mottled pigmentation, telangiectasia and atrophy
of the epidermis, tendon contractors and progressive
pulmonary fibrosis (43). Notably, it has also been reported
to be a cancer predisposition gene to pancreatic cancer
although a broader analysis and exploration is required to
confirm this (44). FAMI111A is the paralog of this gene and
is associated with the diseases Kenny-Caffey syndrome
type 2 and osteocraniostenosis (45). It may also contribute
to carcinogenesis as it serves a role in cell cycle regulation
and DNA replication.

The activity of WDR90 was downregulated when fused
with RHOT2 in the anaplastic oligodendroglioma sample.
WDRO90 has been thought to serve a role in signal transduc-
tion, transcription regulation, cell cycle control, autophagy

and apoptosis (46). However, RHOT?2 was upregulated in the
tumor sample in the present study. The RHOT? gene is part of
the Ras homolog gene family and encodes an enzyme called
mitochondrial Rho GTPase 2 (47). The enzyme is thought to
serve a role in mitochondrial trafficking and apoptosis (47,48).
RHOT?2 has also been linked to cancer progression, as it is
upregulated in epithelial and hematological tumor types (49).
This may corroborate with the hypothesis that an increase in
RHOT?2 may serve a role in supporting tumor cell invasion in
high-grade gliomas.

LRPI12 encodes a protein named as the 12th member of
the low-density lipoprotein receptor related protein family.
Lipoproteins serve an important role in the development of the
brain. The low-density lipoprotein LRP12 has been postulated
to be a receptor for internalizing lipophilic molecules and
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Figure 8. Chromosomal view of inter-chromosomal fusion gene LRP12_PARK?2 and its genomic activity for sample 193.

may have a potential function in signal transduction (50). Also
known as suppressor of tumorigenicity 7 protein, LRP12 has
also been reported to be differentially expressed in various
cancer types including oral squamous cell carcinoma (50),
Ilymphoma (51) and more recently gangliogliomas and
low-grade central nervous system tumor types (52). PARK2
is a tumor suppressor gene and when deleted is known to
promote tumorigenicity. The activation of PARK?2 and its
function in tumor growth is not fully understood. However,
the anti-apoptotic protein B-cell lymphoma-extra large is
thought to be involved to some extent in the activation mecha-
nism of PARK?2 through regulation of the permeability of the
mitochondrial outer membrane (53). The fusion between these
two genes may imply the same manner by which high-grade

gliomas including anaplastic oligodendroglioma progress,
although further investigation is required in order to justify
this.

The most notable fusion gene was NF1_SH3GL3. The
NF1 gene is located on chromosome 17q11.2 and encodes
the cytoplasmic and multi-domain regions of neurofibromin,
a protein that functions as a tumor suppressor and negatively
regulates Ras through the mitogen-activated protein kinase
(MAPK)- and mechanistic target of rapamycin-pathway (54).
A mutation or inactivation of the gene will likely increase Ras
activity (55). Ras activation will induce a series of cascades
involved in regulating transcription, translation, cell cycle
progression, metabolic processes, immune inflammatory
responses and survival.
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NF1 mutations are mostly identified in low-grade gliomas,
particularly with regards to the optic pathway (56). However
the mutation may also be observed in higher-grade gliomas
commonly during adult life (57). In the majority of cases,
there are mutations that occur in additional genes together
with NF1, including TP53 and cyclin dependent kinase
inhibitor 2A (58,59). This is clearly observed in the anaplastic
oligodendroglioma sample 193 that has multiple gene ampli-
fications and deletions, along with gene fusions in different
chromosomes.

Currently, there are 5 known NF1 fusion genes based
on The Cancer Genome Atlas RNA-Seq analysis data that
are involved in certain cancer types including oesophageal
carcinoma, lung adenocarcinoma and ovarian cancer (60).
Based on the Ensembl genome browser, there are 23 alterna-
tive transcripts that have been discovered from gene splicing.
However, the full significance of the NF1 alteration has yet to
be elucidated for this particular glioma subtype and requires
further study. One previous report revealed a linkage between
NF1 gains in a subset of diffuse gliomas, whilst NF1 loss is
restricted to only a small subset of GBM (60). In the case of
anaplastic oligodendroglioma, there has only been one case
report that suggested an association between a somatic muta-
tion in NF1 and the tumor (61).

The SH3GL3 gene is a member of a family of genes highly
expressed in the central nervous system (62). More specifically,
the gene becomes enriched in myelinating and newly formed
oligodendrocytes. The carboxyl and amino-terminal of the
Src-homology-3 domain (SH3) binds to proline-rich ligands and
is involved in signal transduction pathways for protein-protein
interaction. The disease most frequently associated with the
SH3GL3 gene is Huntington's disease (HD) (63). The SH3
domain binds to the proline-rich region in the first exon of the
HD gene, which contributes to the production of high levels of
insoluble polyglutamine-containing aggregates in the brain.
These aggregates interfere with cellular functions, resulting
in cellular death and neuronal degradation that are atypical in
HD (63). SH3GL3 mutations have been implicated in a number

of cancer types including colorectal cancer, multiple myeloma
and breast cancer (64-66). Recently, it has been suggested that
SH3GL3 is one of three novel genes expressed in infiltrating
glioma cells and is likely a key component involved in the
invasive nature of malignant gliomas (67).

The growth factor receptor bound protein (GRB2), via its
SH3 domain, serves akey role in the Ras/MAPK pathway. GRB2
facilitates Ras activation via the co-localisation of SOS Ras/Rac
guanine nucleotide exchange factor 1 and Ras, which in turn
activates MAPK/e mitogen-activated protein kinase (MEK).
This then activates MAPK/ERK phosphorylation through Raf
activation, promoting cell proliferation and survival (68). A
mutation or deletion/amplification in part of the SH3 domain
or GRB2 adaptor protein would affect the Ras/Raf/MEK/ERK
cascade, affecting cellular responses including cell cycle
progression and potentially contributing to the spread of solid
tumor types through local invasion and metastasis, for example
in oligodendroglioma. Its signaling has been reported to be
linked with several human diseases including breast cancer and
chronic myelogenous leukaemia (36).

Another paralogous gene, SH3GL?2, has already been
reported to be downregulated in glioblastoma cells (69).
Loss of SH3GL2 may increase the activity of STAT3/matrix
metalloproteinase-2 signaling and promote the migration
and invasion of high-grade glioma cells. It may be fused to
a part of the SH3 domain of GRB2, similar to the interaction
between NF2 and GRB2 signaling in neurofibromatosis type
2 (70). However, it still remains to be seen how the interaction
between NF1 and SH3GL3 may define a particular glioma cell
type, for example anaplastic oligodendroglioma.

In the present study, five novel fusion transcripts were iden-
tified, the most notable of which was the identification of the
NF1_SH3GL3 fusion gene in an anaplastic oligodendroglioma
sample. To the best of our knowledge, this is the first report of its
type to identify the involvement of these five fusion genes in the
pathogenesis of oligodendroglioma. The functional consequences
of these fusions and their underlying mechanisms have yet to be
explored and require further investigation and validation.
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