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Abstract

Glioblastoma multiforme (GBM) is the most aggressive and frequent
adult brain tumour. Current therapy consists of debulking surgery
followed by radiotherapy and temozolomide chemotherapy. The median
survival is only 14 months post-therapy due to the high rates of
recurrence. GBMs are known to be very heterogenous both within the
tumour and between patients, this is a key contributor to GBM
recurrence. Solid tumours, including GBM, often harbour hypoxic regions
which are areas of low oxygen, often around 1% or lower. Physiologically,
the brain is usually at 7% oxygen and can vary often between 12.5% and
2.5%. Hypoxia is a tumour microenvironment which is known to
exacerbate and accelerate tumorigenesis. As tumours proliferate and
become denser, a hypoxic gradient occurs with less oxygenated cells at
the core and more oxygenated cells towards the periphery. Although
hypoxic pockets can be found throughout the tumour. Hypoxia causes
hypoxia-induced transcription which consequently up or downregulates
genes that are important within different hallmarks of cancer. These
processes are regulated by many factors including miRNAs. miRNAs are
small non-coding sequences which bind to complimentary sequences
which cleaves target mMRNA and subsequently causes mMRNA
degradation, translation inhibition or deadenylation. miRNAs regulate
gene expression; however, their expression can be affected by many

microenvironmental conditions such as hypoxia.



Different screening techniques were employed to determine significantly
changed miRNA expression in response to hypoxia, in order to select
hypoxia-sensitive miRNAs. This research aims to identify changed
mMiRNAs in response to hypoxia, to then explore the depths of this
response further including functional changes and gene target
expression. Two miRNAs, miR-149-5p and miR-92a-3p were identified
as significantly up and downregulated respectively, in response to
hypoxia in glioblastoma cell lines. These findings were mostly also seen
within glioblastoma tissue samples. Using miRNA mimics and inhibitors,
the level of apoptosis is affected by hypoxia and changed expression of
miRNAs. Further work analysed the gene targets of the selected miRNA
and the effects of hypoxia on their expression using the mimics and
inhibitors. The final aspect of this work identified that miR-149-5p is
potentially a hypoxia-induced miRNA. This work highlights the
importance of hypoxia in tumours at the molecular level and provides a
basis of which individual miRNAs and their gene targets may be exploited

to combat hypoxia in glioblastomas.
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1 Chapter 1: Introduction

1.1 Brief cancer overview

The history of cancer is thought to have been recorded by ancient
Egyptians and Greeks (1) and throughout time since then. It is a disease
that has been found in most organisms from humans to fish, including the
possibility of dinosaurs (2). However, with the eradication and control of
various diseases such as polio and smallpox which were endemic to the
UK, cancer has come into the limelight throughout recent decades. Since
then, cancer is a word that has become used ever more frequently within
soci ety 06 s,dveacireereasdd ancidgnce via increased screening
and detection. In the UK between 2016 and 2018, around 375,400 new
cancer cases occurred and during 2017 - 2019 around 167,142 people
died from cancer (3). These statistics show that cancer has become a
prominent disease, and the vast amount of on-going international cancer

research across all cancer types reflects this.

1.1.1 What is cancer?

Definitively, cancer is known to be the rapid proliferation of abnormal cells
that can occur in nearly every organ of the body. Many tumours are solid
masses of rapidly dividing cells. However, leukaemia and other blood
malignancies are cancer in its liquid form with malignant cells residing
within the bone marrow and blood (4). Underpinning all the molecular
changes that occur with every type of cancer, stems from genetic
mutations which favour oncogenic transformations resulting in oncogenic
phenotypes. There are features that occur in cancer which have been
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|l abell ed the 0ha(5)l havevkrsalong fwith genetic e r

alterations, post-transcriptional and post-translational changes have

been shown to heavily contribute to oncogenic features.

1.1.2 Hallmarks of cancer

The hallmarks of cancer are acquired capabilities of cancer cells to
ensure and enhance tumour growth. These were originally described by
Hanahan and Weinberg in 2000 (6), then reviewed again in 2011 (5)
adding an additional four traits. Nearly two decades on these features

remain the focal points of most cancer research.

1.1.2.1 Genomic instability and mutations

Underpinning most features of malignancies are changes in the genetic
code. Other hallmarks, which are described later, often arise due to
mutations in particular genes. Carcinogenesis is a multistep progression
which arises due to the acquisition of multiple mutations over time (7).
Mutations in this process are described as either driver or passenger
mutations (8). Driver mutations result in an advantage for the cancer i.e.
a mutation that drives uncontrollable proliferation, whereas passenger

mutations occur naturally but do not aid the progression of tumorigenesis

(9).

1.1.2.2 Angiogenesis
As with normal cells and tissues, malignant cells require constant blood
supply to deliver oxygen in order to proliferate profusely, alongside the

delivery of other micronutrients and the removal of waste products (10).
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The formation of new blood vessels from existing ones is defined as
angiogenesis. Vascular endothelial growth factor-A (VEGF-A) is a gene
which is heavily involved in the formation of blood vessels via signalling
from VEGF-A ligand binding to one of three VEGF receptors which are
tyrosine kinases (10). This signalling is upregulated in both tumorigenesis
and hypoxia (11). Many other genes and receptors are involved in the
formation of tumour vasculature. Aberrant angiogenesis in tumorigenesis
often produces blood vessels which are porous and leaky with
spontaneously sprouting micro-vessels (11). The vasculature of tumours
often prevents efficient delivery of chemotherapeutic or targeted drugs to

the tumour.

1.1.2.3 Maintaining proliferative signalling

As seen with VEGF in angiogenesis, in malignancies, many pro-
proliferative signals enable and sustain rapid and constant cell division.
Many different pathways have been identified in different tumours and
are constitutively active such as MAPK pathway in melanomas and the
PI13-kinase pathway which results from mutations in the PI3 kinase
causing hyperactive signalling (12). In contrast, anti-proliferative signals
that are used to regulate proliferation in normal cells are often switched-
off preventing control of proliferation in cancer. PTEN phosphatase, a
well-known tumour suppressor, also involved in the PI13-kinase pathway,
is affected by mutations which causes loss of function and consequently
contributes to sustained proliferation by PI3-kinase (13). The proliferative

signalling is sustained in many different ways by many mutations in both
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pro- and anti-proliferative genes, which contributes to one of the most

well-known characteristics of cancer.

1.2 Gliomas and Glioblastomas

Gliomas are brain tumours which derive from glial cells that surround
neurons. Multiple cell types are classified as glial cells such as
astrocytes, oligodendrocytes, ependymal cells and microglia. These
different types of glial cells can give rise to the different subtypes of

gliomas defined by the World Health Organisation (WHO).

1.2.1 Glioma/Glioblastoma WHO classification

In 2016, the glioma classification was issued. Glioblastomas can be
abbreviated to GB or GBM, however in this thesis GBM will denote
glioblastomas. This thesis focuses on gliomas which are grouped into,
glioblastomas, diffuse astrocytic and oligodendroglial tumours which is a
branch of tumours that will be discussed in further detail. These tumours
range from grade 2 to grade 4. This classification is based on both
molecular and genetic characteristics of the tumours. Three main
subgroups of molecular characterisations have arisen to diagnose
gliomas. These are: isocitrate dehydrogenase (IDH) mutant and 1p/19q
codeleted, IDH-mutant and 1p/19q non-codeleted and IDH wild-type.
Histology and genetics are used to diagnose diffuse gliomas. However,
when the histological diagnosis does not match the diagnosis made by
genetic testing, the diagnosis is determined on the outcome of the genetic
test (14). In cases where genetic testing in unable to be performed, the
diagnosis is determined by the results of histology and often annotated
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WHO classification of gliomas and glioblastomas was updated in 2021.
The change of classification altered so that glioblastomas are grade 4
IDH-wildtype tumours, and that astrocytomas are grade 2, 3 and 4 IDH-
mutant tumours with oligodendrogliomas are grade 2 and 3, IDH-mutant

with 1p/19q codeletion (15) as shown in table 1.

Table 1. WHO 2021 classification of CNS tumours.

WHO CNS Tumours Tumour Grade
Glioblastoma, IDH-wildtype 4
Astrocytoma, IDH-mutant 2,3,4
Oligodendroglioma, IDH-mutant, 1p/19q 2,3
codeletion

1.2.1.1 Isocitrate dehydrogenase (IDH) mutant/wildtype

Mutations within isocitrate dehydrogenase were one of the first genetic
changes discovered to aid diagnosis in gliomas. Gliomas that harbour
IDH mutations are often of a lower grade (2 or 3) but can be grade 4 as
of the new 2021 classification, grade 4 IDH-mutated gliomas are
classified as grade 4 astrocytomas. IDH 1 and 2 proteins produce
reduced nicotinamide adenine dinucleotide phosphate (NADPH) from
NAPD+ by catalysing the oxidative decarboxylation of isocitrate to U-
ketoglutarate (U-KG) outside of the Krebs cycle (16). It has also been

noted that cells with low amounts IDH 1 and 2 proteins are more
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susceptible to oxidative stress via free radicals and reactive oxygen
species (ROS), indicating IDH plays a role in protecting against oxidative
damage (17). Mutations identified in IDH1 in gliomas are a single amino
acid missense mutation in residue arginine 132 and this residue is within
the active site of the protein and required for binding to isocitrate (18).
Mutation of arginine 132 inactivates its binding capabilities and also
eradicates its normal catalytic activity (16). Mutations in IDH1 also result
ina reducti on oKGvwidhR Kquaed tb maintain normal
levels of reduced glutathione (GSH) to protect against ROS (19).
Mutations in IDH2 are a single amino acid missense mutation of the
analogous residue arginine 172 (19). Though the mechanism of how IDH
and its mutations contribute to oncogenesis is widely disputed, IDH wild-
type/mutated proteins are associated with the hypoxic pathway (20).
Prolyl-hydroxylase enzymes are required for the hydroxylation and
degradation of hypoxia inducible factor 1 (HIF-1) (21). These particular
enzymes r-k@and roa (F&*), however, the IDH mutations
causcadecrease i n t-K@andRed (@6)°t Thi® results in
an accumulation and stabilisation of HIF-1 which consequently promotes
many HIF-induced cancer pathways such as angiogenesis (22). As HIF1
can be stabilised due to IDH mutations without the presence of hypoxia,
itcan be def i ned as 0 p(&6) es8Mshtlyap comtainalDH
mutations (now classified as grade 4 astrocytomas) have higher amounts
of HIF-1 U p r o tn &BMs whidh @ontain wildtype-IDH (16). A study
has found that R-2-HG c an S u b s tKiGt ta tinereasé dahe

hydroxylation activity of PHD (23) and therefore promote the degradation
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of HIF-1 UHowever, a gene expression analysis study showed that IDH
mutations reduced expression of HIF-target genes (16). Though it seems
clear that IDH mutations play a role in HIF-1 Ustabilisation, more specific
elucidation of its role is required for a solid understanding of its

mechanism.

IDH mutations are more widely observed in the lower grade gliomas (2
and 3) (24). In astrocytic tumours, IDH mutations are accompanied by
TP53 mutation whereas in oligodendrogliomas with IDH mutations are
accompanied by 1p/19qg codeletion (25). These genetic alterations are
mutually exclusive and determine the type of glioma. The presence of
IDH mutations in lower grade gliomas suggests that these mutations are
obtained early on in tumorigenesis and often precedes TP53 mutation or
1p/19g codeletion. Patients whose tumours harbour IDH mutations are
common in adolescents of 14 years old or more and are often younger
than those without IDH mutations (26). Following multiple prospective
analyses glioma patients that carry IDH mutations have a significantly

longer overall survival than patients with wildtype-IDH (18).

1.2.2 Molecular biology of gliomas/GBM
Molecular information about glioblastomas along with WHO classification
and histological classification allows for a comprehensive diagnosis and

prediction of the response and prognosis of the tumour.
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Clinical molecular subtyping has changed and advanced throughout the
years of glioma research with the first subtype classification developed
by Phillips et al identifying three groups; proliferative, mesenchymal and
proneural (27). In 2010, this classification was expanded and altered by
Verhaak et al changing the glioma subtypes to classical, mesenchymal,
proneural and neural (28). High PDGFRA gene expression and high
frequency of harbouring IDH-mutations is characteristic of proneural
subtype found often in younger patients (28). Though proneural subtypes
do not show a favoured response to chemo or radiotherapy, survival rates
of proneural are the highest of the subtypes (29). Neural subtypes are
more responsive to chemotherapy and radiotherapy and have similar
gene expressions to normal brain and express markers such as
Neurofilament Light Polypeptide (NEFL) and Synaptotagmin 1 (SYT1)
(30). The classical subtype can harbour genetic aberrations such as
chromosome 7 amplification, chromosome 10 loss, focal 9p21.3
homozygous deletion as well as high expression of Sonic hedgehog and
Notch pathways (30). Aggressive chemo and radiotherapy can
significantly improve the mortality of classical subtype patients.
Mesenchymal subtypes have the worst prognosis of the four groups even
though it is reported to be responsive to chemo and radiotherapy (29).
Mesenchymal gliomas are characterised by deletion of tumour
suppressor genes; P53, PTEN, NF1, increased expression of tumour
necrosis factor family of genes, upregulation of angiogenesis gene and
extensive inflammation and necrosis (30). Also a variety of angiogenic

genes specifically were shown to be upregulated in mesenchymal
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subtype including VEGFA, VEGFB and angiopoietin 1 (31). Further
studies have shown that mitogen-activated protein kinase (MAPK)
pathways, PI3K/AKT pathways and extracellular-signal related kinase
(ERK) and Wnt pathways are associated with mesenchymal subtypes
and those with PIK3R1 or protein piccolo (PCLO) have an increased
poorer prognosis (32). In 2019, Teo et al , have combined the proneural

and neural subtype as one entity (33).

Other classifications have also been developed such as prognostic
subtyping of gliomas as invasive (poor prognosis), intermediate and
mitotic (favourable prognosis) (34). A methylated MGMT promoter is
associated with mitotic subtype which indicates the increased likelihood
of a positive response to TMZ (34). Invasive subtypes require aggressive
therapeutic intervention (30). Though this subtyping classification is
generated by transcription profiles and survival times and some genetic
features have been shown to identify with a certain subtype. Gliomas that
harbour IDH-mutations, ATRX mutations and DNA methylation are only
seen in mitotic subtypes, associated with a more favourable prognosis

(34).

Particular gene mutations are important indicators and markers within
GBM such as IDH-mutations, 1p/19q co-deletion (oligodendroglioma-
specific), PTEN mutations, TP53 mutations, Telomerase Reverse
Transcriptase (TERT) gene promoter mutations Alpha

Thalassemia/Mental Retardation Syndrome X-linked (ATRX) mutations
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and EGFR mutations (30). PTEN catalyses the dephosphorylation of the
inositol ring in phosphatidylinositol-3,4,5-triphosphate (PIP3) to produce
phosphatidylinositol-3,4,5-biphosphate (PIP2) which is vital to inhibit the
AKT pathway (35). The lack or loss of PTEN activates the modulation of
the cell cycle pushing towards an aggressive cell phenotype (30). TERT
promoter mutations are associated with poor prognosis, linked with
elderly patients and correlates overall with a shorter overall survival (30).
EGFR amplification or high rate of EGFR mutations are characteristic of

primary GBM and seen in around 50% of cases (36).

IDH-mutations, as discussed earlier, promote a favourable prognosis
comparative to IDH-wildtype. IDH-wildtype glioblastomas are
characterised by atypical nuclei, polymorphic cells, diffuse growth
patterns, mitotic activity, microvascular proliferation and necrosis (30).
There are also some IDH-wildtype glioblastomas variants including giant
cell GBM, gliosarcoma and epithelial-like GBM (37). There are a few
genetic differences noted between the GBM variants including a lack of
EGFR amplification, PTEN, TP53 mutations and CDKN2A deletion for
giant cell glioblastoma (38). In gliosarcoma, CDKN2A deletion, EGFR
amplification is uncommon and unlikely to harbour TP53 mutations (39).
Epithelial-GBM is more likely to occur in children, and often has a BRAF
V600E mutation (40), lack of EGFR amplification, PTEN loss and

hemizygous deletion of ODZ3 (41).
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Epigenetic changes such as methylation are important markers in many
cancers including GBM. Extensive DNA methylation of CpG islands in
multiple promoter regions in gliomas is known as, glioma-CpG island
methylator phenotype (G-CIMP), is linked to the proneural subtype (28)
and thus associated with a more favourable prognosis. MGMT gene can
confer resistance to alkylating chemotherapeutic agent, TMZ, by
reversing mutagenic O6- alkyl-guanine back to guanine (42). G-CIMP
clusters increase the likelihood of MGMT promoter methylation which
causes silencing of the MGMT gene and correlates with improved

response to TMZ (43).

1.2.3 Adult GBMincidence and risk factors

Glioblastomas are the most frequent and aggressive primary brain
tumour in adults. Overall Caucasians have a higher incidence rate of
GBM than all other ethnicities (44). Along with ethnicity, the incidence of
primary GBM is higher in males than females (45), however GBM
recurrence incidence is higher in females (46). As with most cancers
increasing age is a risk factor for GBM. In particular the mean age of
diagnosis of a primary GBM is around early sixties, with a median age of
64 (47), (44), (46). Annual age-adjusted incidence rate for GBM in the UK
was 2.05 per 100,000 persons and 3.19 per 100,000 persons in the US,
although these figures vary largely between countries (46). Several
hereditary tumour syndromes are linked with an increased risk of GBM
including Li-Fraumeni syndrome, often due to the TP53 germline

mutation in the majority of cases, neurofibromatosis type 1 and 2 and
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Turcot syndrome (45). Glioblastomas are predominately located in the
supratentorial region with the highest incidence rates in the frontal lobe,
followed by tumours overlapping multiple lobes, temporal and parietal

lobes (44), (46).

1.2.4 Adult GBM treatment and prognosis

The current gold standard regime for the treatment of GBM consists of
surgical resection of the tumour. Unfortunately, often tumour deposits are
left behind. This is then followed by adjuvant radiotherapy (60 Gray) and
temozolomide (TMZ) chemotherapy (48). TMZ has been used for
decades and though it has a low ICso, it effectively crosses the blood brain
barrier which has secured its constant use in glioblastoma treatment. The
mean survival with the most optimal treatment regime results in
approximately 14 month survival (49) and only 8% of treated GBM
patients reach long-term survival of 2.5 years (48). However, few patients
can receive optimal regime due many variables including the success of
the resection, the health of the patient as to whether optimal doses of
radio and chemotherapy can be administered and acquired
radio/chemoresistance. With years of persistent and excellent research
focusing on GBM to find new therapies, the gold standard treatment
regime has hardly changed in decades, due to tumour heterogeneity,

crossing the blood brain barrier and therapeutic delivery issues.
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1.2.5 Low-grade glioma incidence, treatment and prognosis

As of the 2021 WHO classification, low-grade gliomas are grade 2 and 3
astrocytoma that harbour IDH-mutations or oligodendrogliomas which
also harbour IDH-mutations as well as 1p/19q co-deletion. Low-grade
gliomas are characterised by IDH-mutations which is indicative of a more
favourable prognosis compared to high-grade IDH-wildtype tumours (50).
The distinction between the two low-grade tumour types, astrocytoma
and oligodendroglioma is the 1p/19q deletion only seen in
oligodendroglioma. Other markers can assist in distinguishing
astrocytomas from oligodendrogliomas are; TP53 which are present in
more than 60% of astrocytomas (51), ATRX inactivation associated with
around 86% of IDH-mutant astrocytomas (25) and TERT promoter
mutations which are present in more than 90% of oligodendrogliomas
(52). In this research, all low-grade gliomas refer to low-grade
astrocytomas with IDH-mutations. Low-grade gliomas, astrocytomas and
oligodendrogliomas, represent 15% of all gliomas and have a highest
incidence between the ages of 35-40 with increased prevalence in
Caucasian males (53). The average overall survival of low-grade gliomas
Is between 5-6 years with a wider range of between 3 and 10 years (54).
However, there are a selection of factors which are associated with a
more negative outcome such as; over 40 years of age, tumours larger
can 6¢cm in diameter, non-seizure symptoms and neurological defects at
presentation, astrocytoma rather than oligodendroglioma, tumours
crossing the midline and increasing at a rate of over 8mm a year (50)(53).

Low-grade gliomas are generally slow growing and three stages of
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disease progression highlighted for low-grade gliomas which are: 1) pre-
symptomatic phase 1T not aware of the presence of the tumour unless
discovered accidentally, 2) symptomatic period of around 7 years after
initial presentation which is usually a seizure, 3) transformational stage
lasting between 2 and 3 years which tumour accelerates and
dedifferentiates into grade 3 or 4 astrocytoma/glioblastoma (53). Biopsies
and pre-operative contrast enhancement are not reliable enough to
establish a low-grade glioma diagnosis. T2/FLAIR-weighted MRI and
baseline neuropsychological tests are preferred diagnostic techniques for
low-grade gliomas (50). Surgical resection is the main treatment option
of choice for low-grade gliomas and is favoured over biopsy and
observation if possible (55). Complete surgical resection compared with
subtotal resection is associated with improved seizure control (53).
Adjuvant chemotherapy of procarbazine, lomustine, vincristine (PCV) or
TMZ and radiotherapy doubles progression-free survival (PFS), overall
survival and quality of life, often benefits oligodendroglioma patients
slightly more (53). As younger patients often do not display any major
neurological defects, the wait-and-see policy is often used as an overall
survival is usually between 6 and 7 years or following initial aggressive
resections, the average survival can be around 10 years from diagnosis
and increased up to 15 years with personalised multi-staged therapies

(50).
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1.2.6 Paediatric GBM incidence, treatment and prognosis

In comparison to adult glioblastomas, GBM is less frequent in children
making up around 3-7% of childhood primary brain tumours (56). The
prognosis of GBM in children is similar to that of adults with a median
survival of between 13 and 43 months (57). Generally, paediatric patients
often survive longer than adult patients with GBM, suggesting that
paediatric GBM has distinctive differences to its adult counterpart (56).
As paediatric GBM is uncommon, reports and studies on the disease is
limited, but in the literature the mean age of childhood GBM ranges
between around 9 and 13 years (58). There is also a ratio of 3:2 male to
female of childhood GBM, which is similar to the male predominance
seen in adult GBM (57). Patients which have MGMT promoter
methylation is favourable for long-term survival, contrasting other
molecular changes such as PTEN and p53 mutations (58). Treatment for
paediatric GBM is surgical resection of the tumour followed by
radiotherapy and/or chemotherapy, however, the chemotherapeutic
regimes differ and a standardised regime is still in investigation (59).
Maximal resection of the tumour is associated with improved prognosis

and overall survival and has been observed in many studies (56).

1.3 Hypoxia

The normal physiological percentage of oxygen (Oz) in the brain is
around 7% (60), but varies between 12.5% and 2.5% (61). Hypoxia is
often defined as the deficiency of oxygen to tissues, with a percentage of
<1% oxygen, and in GBM, hypoxic oxygen levels have been suggested

to be between 2.5% and 0.1% (61)(62). This state is often caused by a
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rapidly proliferating mass of tumour cells which exceeds the rate of which
vasculature inside the tumour is produced (63) causing a shortfall of
oxygen delivery within the centre of the tumour. This phenomenon has
been reported in many solid tumours, noting that the core is very hypoxic
and sometimes necrotic compared to the rim and invasive edge of
tumours which are relatively normoxic (64), depicted in figure 1. The lack
of oxygen within the tumour often affects treatment as hypoxia
contributes to chemoresistance (65) and radio-resistance (66). The
depletion of oxygen initiates a change in gene expression due to the
induction and stabilisation of Hypoxia-Inducible Factors (HIFs) and other

transcription factors (67). HIF-1 is a heterodimer comprised of 2 subunits

(HIF-1 U nda HIF-1 b)) which are each act.i

concentrations (68). In normoxia, HIFs bind to Von Hippel-Lindau (VHL)
a tumour suppressor protein, which contains E3 ubiquitin ligase activity
(69). Once ubiquitination has occurred, the 26S proteasome degrades
HIFs, preventing transcription of hypoxia-inducible genes (60). However,
in depleted oxygen levels, HIF-1 U i s n o tandlaecgmubatibre achd
stabilisation of this subunit and subsequently results in hypoxia-induced
transcription after binding to the hypoxia response element (HRE) in the
nucleus (70) depicted in figure 2. This particular HIF, HIF-1 U, I s

to be more prominent in acute hypoxia (71).
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Oxygenated Normoxic Hypoxic Necrotic

Figure 1. The gradient of hypoxia within a tumour. The cells nearest the blood supply are most

oxygenated and a gradient is created until cells before necrotic, usually in the core of the tumour.

1.3.1 HIF-2 induced hypoxia

During chronic hypoxia another HIF is proposed to be more dominant,

HIF-2, which is also split in1(@2).H®wo0o subu
2U has been studied ted comparpdote HIE-1 t h o u
studies, and its expression has been identified as unique to glioma stem
cells(73).HIF2U regul ates many downstream ge.l
tumorigenesis such as myc (73), p-53, m-TOR and b-catenin (74). As

Zhao et al have studied, HIF-2 is involved and effects many important

aspects of malignancy development and formation including altering

proliferation and apoptosis, inhibiting DNA damage pathways, mediating

the reprogramming of metabolism, regulating signal transduction

pathways and mediating chemo- and radio-resistance (74). One of the

most well-known genes that is induced by hypoxia is VEGF, which

mediates angiogenesis, the formation and growth of blood vessels (75).

As HIF-2 is preferentially expressed in chronic hypoxia, it signals for the

downstream expression of VEGF (73). In comparison to low grade
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tumours, higher levels of VEGF expression are seen in glioblastoma
(76)(77) as well as high levels of hypoxia. Furthermore, as hypoxia aids
angiogenesis, this microenvironmental factor also induces many other

changes within tumours.

Normoxia Hypoxia

Figure 2. Hypoxia pathway. The schematic shows the molecular pathway of HIFs in normoxic and
hypoxic conditions.

1.3.2 Hypoxia detection

Accurately detecting and monitoring oxygen concentrations within the
brain and inside brain tumours is understandably difficult. Throughout the
years, different technologies have been developed to detect hypoxia as
well as to overcome issues such as the invasiveness of the procedure

and representative sampling.
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1.3.2.1 Fluorescent/phosphorescent and oxygen-sensitive probes

Many variations of probes have been developed including
fluorescent/phosphorescent probes and oxygen-sensitive probes.
Fluorescent or phosphorescent probes produce fluorescence or
phosphorescence respectively, when in the presence of Oz which occurs
by complexes being excited in the ultraviolet (UV) or infrared wavelength
ranges (78). Oxygen-sensitive probes were one of the first to be
developed, most notably created by Leland Clark who produced an
oxygen permeable coating on a platinum electrode which allowed the
measurement of partial pressure of oxygen (PO2) (79) (80). However,
due to the large size and invasiveness of the probe, it can disrupt normal
oxygen concentrations causing inaccurate the measurements (80). Also
the sampling is restricted to a small region which is not representative of
the whole tumour/area (80). This has predictably rendered oxygen-

sensitive probes to become superseded by newer technologies.

1.3.2.2 Imaging

Imaging has recently become a technology that is widely used to detect
hypoxia in tumours, using two different techniques, positron emission
tomography (PET) and magnetic resonance imaging (MRI). Corroyer-
Dulmont et al produced an in-depth review analysing a variety of MRI and
PET techniques that measure the oxygen level in differing physiological
compartments such as tissue, blood vessels and at a cellular level (81).
BE-MISO is a 2-nitroimidazole compound that is widely used for

assessing hypoxia using PET (82). *¥F-MISO is a regular procedure for
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cancer patients, and is relatively low in radiation dose, approximately
250MBq (83). As well as the low radiation dose, 8F-MISO diffuses easily
across the blood-brain barrier, which is ideal for assessing hypoxia in
brain tumours, though it is often limited by the low signal to noise ratio
(83). There are other radionuclide agents that can be used for PET such
as %*Cu-diacetyl-bis(N4-methylthiosemicarbazone) (Cu-ATSM) (84) and
1-(2- [*®F] fluoro-1-[hydroxymethyl]ethoxy)methyl-2-nitroimidazole (85).
There are also multiple MRI techniques that are used to indirectly give
information on tumour hypoxia (83). T1-weighted oxygen enhanced MRI
uses the fact that molecular oxygen dissolves in the blood and tissue
plasma distorts the MRI signal by increasing the relaxation rate of the
protons (86). Dynamic contrast-enhanced MRI (DCE-MRI) measures
blood flow, vascularity and parenchymal contrast (87) using low
molecular weight contrast agents (83). Another MRI that is often used is
the Blood oxygenation level dependent MRI (BOLD-MRI). BOLD-MRI
indirectly measures tumour oxygenation (83) as the paramagnetic effects
of deoxygenated haemoglobin is detected (88). Each of the various
techniques of MRI imaging used to detect hypoxia has its advantages
and limitations. They have each been used in the assessment of hypoxia

in gliomas with varying success.

1.3.2.3 Immunohistochemistry

Immunohistochemical (IHC) methods are routinely used in laboratories
and are often used to classify the tumour in relation to the staining of
hypoxic markers, which can also go on to predict the likelihood of

recurrence and prognosis (89). However, IHC methods are limited as the
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technique is restricted to a biopsy, whereas ideally samples that are
representative of the whole tumour are required (81). Nitroimidazoles and
its derivatives can be administered externally, the low oxygen levels bio-
reduce the nitroimidazoles bind to cellular macromolecules and are
trapped intracellularly (90) (91) (83). Antibodies produced against these

markers are then used in IHC techniques (92) (83).

1.3.3 Hypoxia-activated endogenous markers

Hypoxia induces a change in the environment of cells and tumours, which

results in a change in both gene and protein expression. There are
certain proteins that are indicative of hypoxiasuchasHIF-1 U an & UHI F
and are present in most hypoxic solid tumours. Kolenda et al observed

that hypoxia increases markers associated with a tumour stem cell-like
phenotype such as CD133, podoplanin, BMI-1, nestin and Sox-2
alongside two markers which indicate chemoresistance, TIMP-1 and
Lamp-1 in glioblastoma-derived spheroids (93). Other proteins are HIF-
induced, and these proteins can be used as markers indicative of the

presence of hypoxia.

1.3.3.1 Carbonic Anhydrase 9 (CA9)

CA9isHIFF1 U dependent and is consistently
(94). CA9 are catalysts involved in the reaction of reversible hydration of

carbon dioxide to bicarbonate (CO2 + H20 z HCOs + H*) (95). CA9

results from transcription initiated by HIFFLU bi nding to the

response element (HRE) in hypoxic conditions (96). CA9 is required for
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pH regulation and cell adhesion (97). This marker has been shown to be
upregulated in glioblastoma cells, D247-MG, at both the mRNA and
protein level after a 24 hour exposure to 1.5% oxygen (98). CA9
upregulation under hypoxic conditions has been shown in multiple
cancers including head and neck carcinoma (99), renal cell carcinoma
(100) and cervical cancer (101). CA9 is often used in IHC to determine
the hypoxic response within the tumour and, as with hypoxia and HIF-1 U ,

overexpression often correlates with poorer outcomes (102).

1.3.3.2 Glucose Transporter 1 (GLUT-1)

GLUT-1 is also a hypoxia-responsive gene which is used to assess
hypoxia and, as with CA9, GLUT-1 expression is associated with a
negative impact (102). However, using GLUT-1 in IHC for the detection
of hypoxia may not be a suitable marker as studies of GLUT-1 induction

in normoxic conditions have been reported (94).

1.4 Micro-RNA (miRNA)

MicroRNAs (miRNAs) are small single-stranded, non-coding sequences

that are transcribed from either intronic or exonic DNA sequences (103).
Approximately between 18 and 22 nucleotides in length, these miRNAs

play a very important role in the regulation of gene expression across

numerous biological processes and pathways (104). By binding to
untranslated region (UTR) of mMRNA, miRNAs supress gene expression

(105) by degradation of mRNA, translational repression or mRNA

deadenylation.
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1.4.1 miRNA biogenesis

The production of miRNAs has been separated into two pathways:
canonical and non-canonical. The main difference between these
pathways is the type of miRNA precursor with which the process begins.
Non-canonical pathways begins with miRNA precursors such as short
hairpin RNA (shRNA), mirtrons which are pre-miRNA from intronic
sections of MRNA and 7-methylguanosine-capped pre-miRNA (106).
During this study, we will only focus on the canonical pathway, depicted
in figure 4, which uses pri-miRNA as its precursor (106), as we can
assess all the components of the biogenesis process. This is also
because the canonical pathway generates the majority of mammalian
mMiRNAs (107)(108). Firstly, the miRNA is transcribed from DNA by RNA
Pol Il to produce pri-mRNA (around 1kb in length) (109). This pri-miRNA
contains a stem-loop structure which contains the mature miRNA
sequences (110). As with general transcription of all genetic material, it
is open to regulation by many transcription factors, which may alter the
expression of particular miRNAs (110). One enzymatic complex required
for canonical biogenesis is the DGCR8/Drosha complex which acts within
the nucleus of cells, is known as the microprocessor complex (111). This
complex cleaves the pri-mRNA, leaving the loop-structure miRNA of
around 65 nucleotides (112)(113). The product (pre-miRNA) is then
translocated to the cytoplasm often by exportin protein 5 (EXP5) through
the nuclear pore complex (114). The pre-miRNA is then cleaved by
DICER, an endonuclease containing two RNA 1ll domains (115). The

cleaving by Dicer removes the terminal loop and produces a mature
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MIiRNA duplex (116). The directionality of the mature miRNA depends

upon whether it has originated fromthe 56 or 36 e-miRNAo f

hairpin, which determines the name of mIRNA, either 5p or 3p
respectively (106). As miRNAs regulate numerous processes, it is
unsurprising to note that DICER can also be regulated by miRNAs such
as let-7 miRNA (117), which will be discussed in more detail later. This
mature miRNA is then loaded onto the miRNA-induced silencing complex
(miRISC) containing argonaute (AGO) proteins (118). Once loaded onto
the complex, the miRNA is unwound, removing the passenger strand of
the miRNA, resulting in the single strand miRNA (119). The active strand
is known as the guide strand and many factors are involved in
determining which strand becomes the guide strand, including the
instabilit y of the 56 terminus and {(1B0g
The passenger strand after being separated from the guide strand is then

degraded (121).

Nucleus
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Figure 3. miRNA biogenesis. Schematic depicting miRNA biogenesis starting with its transcription
in the nucleus, cleaving by DROSHA and DICER, entering the cytoplasm and being loaded onto
the RISC complex.
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1.4.2 Functions of miRNA

As mentioned, miRNAs can suppress gene expression by mRNA
degradation or translation repression. The target specificity of the miRNA
within the miRISC complex depends on the degree of complementarity
to the miRNA response elements (MRES) sequences on the target mRNA
(122). If the interaction between the mIRNA and MREs are fully
complementary, this induces AGO2 endonuclease activity and causes
cleavage of the mRNA sequence (122). This interaction destabilises the
association between AGO proteins and miRNA which initiates its
degradation (123). However, many miRNA:MRE interactions are not fully
complementary and contain mismatches between the guide miRNA
strand which prevents the AGO2 endonuclease activity and instead has
a mediator role of RNA interference (106), though the mechanism of
translation repression is not fully understood. Proteins of the GW182
family make up the scaffold for the miRISC which then enables the
recruitment of other effector proteins such as poly(A)-deadenlyase
complexes including PAN2-PAN3 and CCR4-NOT which bind following
the miRNA and target mMRNA interaction (124). Poly(A)-deadenylation of
the target mMRNA is initiated by PAN2-PAN3 and completed by CCR4-
NOT (106). Following successful deadenylation, decapping occurs by
decapping enzyme DCP2, followed by degradation of the mRNA by the

cytopl asmi c easeXRb1(B26). exonuc

Whilst miRNA function largely focuses on gene silencing, there are

reports of mMiRNAs being involved with the upregulation of genes. AGO2
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and fragile-x-mental retardation protein 1 (FXR1) are associated with AU-

rich el ements at the 3¢§126)VaRudévanamdct i vat
Steitz found multiple miRNAs interact with AGO and FXR1 to activate

translation during the cell cycle arrest but inhibit translation within
proliferating cells. miR-1 0a has been found to bind
of mRNA that encode for ribosomal proteins and enhance their

translation during amino acid starvation (127). As miRNAs are usually

associated with the silencing of genes, these reports have shown that

under specific conditions, miRNAs can also contribute to the upregulation

of genes.

1.4.3 miRNA in cancer

Within malignancies, miRNA are involved in the regulation of many
hallmarks of cancer, including tumour progression, cell proliferation,
migration and invasion (5)(128). An individual miRNA can interact with
multiple mRNA transcripts (129) widening the downstream effects of
these small nucleic sequences, thus adding another layer of complexity
and interactions within the miRNA regulation. As previously noted,
regulation of vital pathways in cancer are often modulated by microRNAs.
Particular miRNAs that are involved in proliferative and anti-apoptotic
signalling are elevated in cancer such as miR-17-92 cluster, which is
located on chromosome 13931 (130). He et al assessed the role of this
cluster in Epu-Myc transgenic mice, a model for B-lymphoma driven by
oncogene myc. Interrogation of this cluster, noted that one of their

functions is to supress cell death, driving an anti-apoptotic phenotype
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(131). Other miRNAs are involved in pro-apoptotic signalling and anti-
proliferative effects which are similar to tumour suppressor functions, and
are often decreased in cancers such as let-7 miRNAs (130). Let-7 has
been shown to be expressed in lower levels compared to normal cells in
lung cancer, with lower let-7 levels being linked to shorter post-operative
survival (132). These are just two of the hundreds of miRNAs that are
involved in cancer initiation, development, progression, invasion and

migration.

1.4.3.1 miRNAs in glioblastoma

As this research focuses on glioblastoma, it is important to know miRNAs
that have already been studied within glioblastomas and their roles.
mMiRNAs are usually denoted as oncogenic miRNAs (oncomiRs), which
are upregulated and contribute to a malignant phenotype or tumour
suppressor miRNAs that have anti-cancer roles but are often

downregulated in cancer to allow for tumorigenesis and progression.

miR-21 is a well-researched oncogenic miRNA in glioblastoma. miR-21
is upregulated in glioblastomas compared to controls and associated with
anti-apoptotic factors and increased tumour growth (133). Chan et al
further showed that inhibition of miR-21 induces the activation of
caspases and therefore increases apoptosis and cell death within
glioblastomas (134). This miRNA was one of the first to have a role
specifically identified within glioblastomas and highlights how important

the roles of miRNAs are to tumorigenesis. Another oncogenic miRNA in
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glioblastoma is miR-10b-5p whose expression is associated with higher
grade gliomas (135). miR-10b is highly expressed in glioma cells but not
detected in normal brain cells (136). Gabriely et al showed that the
inhibition of MiR-10b led to a decrease of glioma cell growth and an
increase in cell cycle arrest and that autophagy and apoptosis are
induced as a result of miR-10b inhibition. The upregulation of these
mMiRNAs, silences genes which are involved in anti-cancer pathways
such as apoptosis and shows the importance of their involvement in

glioblastoma development.

In contrast there are also a multitude of different miRNAs which have
been reported to be downregulated in glioblastoma which are described
as tumour suppressor miRNAs. miR-181b-5p is downregulated in
glioblastoma tissues compared with normal brain tissues and its
overexpression has been shown to sensitise glioblastoma cells to
temozolomide and subsequently induces apoptosis (137). EGFR was
determined as a target of miR-181b-5p and inhibits EGFR expression,
which itself is overexpressed in GBM and promotes glioma cell
proliferation and invasion (137). Interestingly Chen et al found that
overexpression of EGFR reversed the chemosensitivity to TMZ which
mMiR-181b-5p induces. Similarly, another group looked at the
chemosensitivity of miR-181b-5p but examined a different target gene,
Bcl-2. Bcl-2 is an anti-apoptotic factor, whose expression decreases with
increased expression of miR-181b-5p, and is further lowered with the

combined therapy of miR-181b-5p overexpression and TMZ (138). These
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studies show that increasing the level of miR-181b-5p in glioblastoma,
increases glioma sensitivity to temozolomide and enhances TMZ-
induced apoptosis. Another miRNA is miR-34a which is also
downregulated in glioblastomas compared to normal brain and has
tumour suppressive functions such as blocking cell proliferation,
promoting cell cycle arrest and enhancing apoptosis (139). PD-L1, a
ligand of PD-1, is a target of miR-34a and PD-L1 overexpression is
associated with increased paclitaxel resistance in glioma cells (140). PD-
L1 expression negatively correlates with miR-34a expression, and Wang
and Wang showed that increased miR-34a expression, with miR-34a
mimics, attenuates the chemoresistance effect of PD-L1 and exerts anti-
tumour effects (140). This shows the anti-cancer effects some miRNAs
have on glioblastomas and are lowly expressed in order to promote
tumorigenesis. Increasing the levels of these tumour suppressive

mMiRNAs can potentially enhance efforts to combat glioblastoma.

These examples are just four out of hundreds of miRNAs that are
important for regulating pathways and gene expression vital for
glioblastoma development. Understanding and highlighting these
miRNAs allows for a deeper insight into the many molecular pathways of
glioblastomas and the potential to exploit them to develop novel therapies

or to enhance existing ones, such as increasing chemosensitivity.
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1.4.4 miRNAs in hypoxia

Similarly to miRNAs in glioblastoma, miRNAs can also be associated with
microenvironmental conditions such as hypoxia. miR-210 is a widely
researched miRNA which is upregulated in hypoxia and known as a
hypoxamiR. miR-210 expression is regulated by HIFs and HIF-1 Wlirectly
binds to the HRE directly proximal to the miR-210 promoter (141). The
HRE is located 40bp upstream of the transcriptional target site which
suggests that this HRE element is responsible for the hypoxic induction
of the miR-210 transcript known as, AK123483 located on chromosome
11p5.5, and coordinates expression of downstream target genes (142).
This specific HRE has been shown to be conserved highlighting the
importance of miR-210 regulation by hypoxia across species (142). The
increased expression of miR-210 by hypoxia has been shown to also
increase the stabilisation of HIF-1 U i t s e | feates w Ipasitve ¢
feedback loop (143). miR-210 has gene targets which have an impact on
many molecular and biological processes, of which hypoxia induction
influences their expression. Elevated miR-210 in hypoxic conditions
downregulates downstream target, Ma x 6 s Next Tango (N
transcription factor, which in normoxic conditions competes with c-MYC
for Max to regulate cell cycle entry and progression (144). The
downregulation of MNT allows c-MYC to push cells through the cell cycle,
showing that miR-210 indirectly affects c-MYC and promotes cell cycle
progression (144). Increased miR-210 has also been associated with
disruption of DNA repair and increased genomic instability. Members of

the homology-dependent repair (HDR) DNA repair pathway such as
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RAD51, RAD52, BRCA1 and BRCA2 are downregulated in hypoxia
(145). RAD52 and BRCA2 have similar roles in HDR which involves
recruiting RAD51 to the break sites in order to repair the DNA along with

Replication Protein A (RPA); RAD52 is commonly involved in the process

in BRCA2 deficient cells (146). miR-2 1 0 directly binds

RAD52 which degrades the protein and is therefore unable to participate
in DNA repair (144). In hypoxia more DNA double strand breaks were
reported along with lower levels of RAD52 and increased miR-210
compared to normoxic cells (147). miR-210 is also involved in the evasion
of apoptosis by downregulating many components including apoptosis-
inducing factor mitochondrion-associated 3 (AIFM3) which localises to
the mitochondria and mediates the release of cytochrome-c to the cytosol
within caspase-dependent apoptosis (148). Downregulation of AIFM3
prevents the release of cytochrome-c and results in inhibition of caspase-
dependent apoptosis (147). Another pro-cancer pathway that elevated
miR-210 promotes is angiogenesis. Increased miR-210 levels affect
mitochondrial metabolism which switches oxidative phosphorylation to
lactic acid fermentation that causes an increase in GLUT-1, a hypoxic
biomarker (144). GLUT-1 upregulation causes the upregulation of
Vascular Endothelial Growth Factor (VEGF) and Platelet-Derived Growth
Factor (PDGF) which primes the extracellular environment for
angiogenesis (149). miR-210 highlights the broad effects that just one
individual miRNA can have on multiple gene targets as a result of the
influence of hypoxia and its importance in promoting and sustaining

tumorigenesis.

53



1.4.5 miRNAs as therapeutics

mMiRNAs have been identified as important components within many
biological pathways and molecular networks which are able to regulate
gene expression. One way these miRNAs can assist in the clinical
environment is as non-invasive prognostic predictors and biomarkers.
Multiple studies and research groups have identified many miRNAs
which are indicative of prognosis or survival of cancers, including gliomas
such as the upregulation miR-21 associated with poor prognosis and
overall survival, along with the downregulation of miR-7 which
corresponds to more invasive subtypes and poorer post-treatment
outcomes (150). An advantage of using miRNAs as biomarkers is the
lack of invasive procedures such as biopsies as miRNAs can be obtained
through blood and cerebrospinal fluid, however reproducibility of results
is a major issue in using MiRNAs as biomarkers (150). Many components
of processing such as using different bio-fluids, non-standardised internal
controls and different detection methods such as gPCR, sequencing and
microarrays causes differences in results between laboratories (150).
mMiRNAs are unstable sequences, which poses a difficulty when
considering their use as a biomarker. miRNA expression alters in
different tissues, in order to obtain accurate expression readings miRNA
will have to be extracted from the cell type required which may be
inaccessible. Another challenge of using miRNAs as biomarkers is that
the change in miRNAs expression levels may not be specific to a

particular disease state such as glioblastoma (150). This particular issue
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is combated by increasing research and solidifying the results of previous
groups to link a particular miRNA with that disease state. Due to this,
there is currently no miRNA that is used specifically in the clinic as gold
standard prognostic markers for glioblastoma and gliomas. However,
further research and testing will need to continue before the use of

mMiRNAs as biomarkers for glioblastoma is possible.

mMiRNAs also have the potential to be modulators of efficacy of chemo
and radiotherapy. As discussed, multiple miRNAs have been associated
with sensitising or inferring resistance of glioma cells to chemotherapy
such as miR-21 and TMZ (151). Silencing miR-21 can enhance the
cytotoxic effect of a range of chemotherapeutic agents such as TMZ,
paclitaxel, sunitinib and doxorubicin (151). Conversely, miRNAs such as
miR-370-3p, can have the opposite effect as enhancing their expression
can restore chemosensitivity towards TMZ by targeting MGMT
expression (152). In GBM cell lines, miR-199a-5p was found to be
downregulated, but when miR-199a-5p levels were up-regulated by the
overexpression of bone morphogenetic protein 2 (BMP2), an inhibition of
cell viability and enhanced cytotoxicity of TMZ was observed (153).
Another miRNA whose expression is downregulated in GBM cells and
upregulation enhances TMZ sensitivity is miR-128-3p. In both in vitro and
in vivo experiments, overexpression of miR-218-3p was associated with
the suppression of proliferation, invasion and migration of GBM cells
which subsequently enhanced the chemosensitivity of GBM cells to TMZ

(154). The mechanism by which it was discovered that miR-218 causes
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these effects, was by inhibition of pro-EMT proteins including P DGF R U,
Notchl and Slug as well as directly targeting c-Met to inhibit cell viability
(154). The method of using mMiRNAs as a therapy alongside
chemotherapeutics of radiotherapy to enhance the effectiveness of
treatment has not yet been brought into the clinic. Further studies need
to be performed to analyse the safety of the combinatorial approach and
which individual miRNAs enhance specific chemotherapeutic agents to

achieve the most efficacious and safe result.

Nanoparticle delivery systems have the potential to be used as vehicles
in order to enhance transfection efficiencies of miRNA and also control
drug release in GBM (151). miRNAs can be delivered in nanoparticles
into solid cancers to promote anti-cancer effects, of which there have
been many pre-clinical and in vivo studies. In 2016, Shatsberg et al were
successful in delivering tumour suppressor miRNA, miR-34a, in a
polymeric nanogel to combat GBM in mouse models (155). Similarly,
miR-34a loaded CXCR4 receptor-stimulated lipoprotein-like nanoparticle
(SLNP), reduced the expression of Y-box 2 and Notch which inhibited
stemness and chemoresistance and prolonged the survival glioma-
initiating cell (GIC) bearing mice (156). A cationic carrier system, dendritic
polyglycerol amine (dNG-NH2) carrying miR-34a is stable in plasma and
in a human GBM mouse model, able to cross the blood brain barrier

whilst having anti-tumour effects such as inhibiting tumour growth. (157).

56



However, miRNAs are not clinically approved as current therapies to
combat gliomas and glioblastomas. This is because using miRNA as a
therapeutic poses many issues. Consequences of off-target effects must
be evaluated before pursuing miRNA further. As miRNAs are able to
target multiple genes, it is important to ensure that miRNA therapy is
specifically targeting the desired genes and pathways and to ensure that
no off-target cytotoxicity occurs from delivering miRNA as a therapeutic.
Another difficulty of miRNAs is the low stability and short half-life, which
has been reported in vivo due to the degradation by ribonucleases (158).
However chemical modifications can increase miRNA stability and
protect from RNases by modi fying the 206 sepsogari ti on
backbone (43). Efficient delivery of the miRNA across the blood brain
barrier (BBB) is another challenge faced by miRNA therapeutics. The
BBB is made up of a vast number of cells such as astrocytes, endothelial
cells , microglia, pericytes and a large amount of structural proteins of the
basement membrane which include collagen, laminin, occludin,
cytoplasmic proteins and junction adhesion molecule-1 to form tight
barrier to protect the brain and to prevent entry from circulating
molecules, specifically hydrophilic agents (159). Hydrophilic solutes
require energy-dependent passage through glucose transporters, which
has been exploited for passage into the brain. Glucose-RGD (Glu-RGD)
a synthetic ligand has been favoured to selectively target and accumulate
liposomes containing paclitaxel (PTX) in glioma cells which has been
more effective than the pure drug alone (160). However, during

tumorigenesis, overexpression of the multi-drug transporter P-
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glycoprotein at the brain capillary is responsible for the expulsion of drugs
and exogenous molecules which results in a reduced rate of
bioavailability within the brain (159). Although many more miRNA
therapies are being tested in vivo, it is important to note that these studies
do not necessarily accurately reflect the response of GBM in a human
patient. In vivo studies are established by using subcutaneous or
intracranial injection of GBM cells, requiring miRNA-therapy to be pre-
administered ex vivo or injected into the GBM xenografts which is not
representative of how GBMs would be treated in human patients (161).
Furthermore, many of the mouse models use immunodeficient mice that
may limit the understanding of immunogenicity towards miRNA-therapies
(43). Potential resistance to miRNA therapies may occur and become a
possible drawback to this therapeutic approach. However, this is likely to
be overcome by targeting whole miRNA families or using a combination

of miRNAs to reduce the possibility of resistance (43).

All of these issues need to be overcome before an efficient, effective and
safe miRNA therapy is developed to combat glioblastoma. However, pre-
clinical studies show just how important miRNAs are within glioblastoma
tumorigenesis and that refinement of using miRNA as a therapeutic,

needs to continue.

1.5 Hypotheses and aims
This thesis focuses on the three main components discussed in this

section: gliomas, miRNAs and hypoxia. This study hopes to use
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screening techniques to identify individual and significant miRNAs which
are up or down regulated in hypoxia compared to normoxia in gliomas.
Furthermore, to follow on from selecting possible targets, in-depth
studies will follow their expression and the effects on downstream gene
targets as well as their function within hypoxia. This project aims to
highlight the importance of particular miRNAs within hypoxia, an
important microenvironmental factor in gliomas, especially GBM. This will
facilitate the potential to highlight novel targets that can be exploited to
help combat GBM as well as to further our understanding of the complex

intricacies of gene regulation within these particular brain tumours.

For this study, it is hypothesised that:

1) miRNA expression levels will differ (up or downregulated) in
hypoxia compared to normoxic samples.

2) miRNA expression levels will differ between glioma sub-types,
including high grade (GBM), low-grade (LGG), paediatrics and
commercially available cell lines.

3) Individual miRNAs changing expression in hypoxia compared with
normoxia will affect downstream target gene mRNA expression.

4) Changing miRNA expression will affect biological pathways such

as apoptosis and senescence in hypoxia compared to normoxia.
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2 Chapter 2: Methods

2.1 Cell lines

12 different cell lines were used and divided into four categories:
commercial/established, primary GBM, primary low-grade gliomas and
paediatric. U87 and T98G of the commercial/established group were
obtained from Dr Alan Mcintyre at Cancer Biology at the University of
Nottingham. GIN 8, GIN28 and GIN 31 were derived from the infiltrative
region of the tumour. LGG-11, LGG-19 and LGG-24 were derived from
the core of the tumour. The primary paediatric cell line GCE62 was
derived from the core of the GBM tumour of a teenage patient. Molecular
details of the primary cell lines and patient age and gender are available
in tables 2 and 3 respectively. Cell lines U251, SF188, KNS42 are
established and paediatric | ines
Tumour Research Centre (CBTRC). Table 4 shows the division of cell

lines into categories used throughout this research.
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Table 2. Molecular characteristics of primary cell lines.

Cell line IDH Status | 1p19 co- | ATRX MGMT
deletion Status Status
GINS Wit No - -
GIN28 Wit No Wit No
methylation
GIN31 Wit No Wit No
methylation
LGG11 R132H No Mutant -
LGG19 R132H No Wit No
methylation
LGG24 R132H No Wit Low
methylation
GCE62 Wit No Wt No
methylation
Table 3. Age and gender of patient primary cell lines.
Cell line Gender Age
GINS Female 54
GIN28 Male 71
GIN31 Female 57
LGG11 Female 19
LGG19 Male 33
LGG24 Male 31
GCE62 Male 19
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Table 4. Glioma categories of the 12 different cell lines.

Primary GBM

GINS GIN28 GIN31

Low-Grade Gliomas

LGG11 LGG19 LGG24

Paediatric GBM

GCEG62 SF188 KNS42

Established/Commercial GBM lines

us87 U251 T98G

2.2 Exposure to Normoxic and Hypoxic Conditions

Each cell line was cultured to give two flasks of ~55% confluency. Once
this confluency was reached, one flask was labelled normoxia and kept
in the incubator at 37°C at room oxygen % (~21%). The other flask was
labelled hypoxia and put into a hypoxic chamber at 37°C and at 1%
oxygen. The flasks were put into their respective conditions at the same

time and left to incubate for 24 hours.

2.3 Obtaining and Snap Freezing Cell Pellets

Once the cells had been exposed to the allocated condition, the media
was removed. The cells were then washed with 5mis of HBSS. The cells
were detached from the flask using 3mis of trypsin followed by a 5-minute
incubation period at 37°C. The cells and trypsin solution were neutralised
with 5mls of media. The whole solution was then transferred into a 50ml

Falcon tube and centrifuged at 800rpm (104xg) for 5 minutes. The
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supernatant was removed from the cell pellet. The cell pellet was re-
suspended in 1ml of media and transferred into a 1.5ml Eppendorf tube.
The cell suspension was then micro-centrifuged at 100xg for 5minutes.
The supernatant was removed, leaving only the cell pellet. The
Eppendorf containing the cell pellet was put into a canister containing
liquid nitrogen (-210°C), snap freezing the cell pellet. The cell pellets were

then stored at -80°C.

2.4 RNA Extraction of Cell Pellets

The RNA extraction was conducted using the mirVana miRNA Isolation
Kit (Ambion). The cell pellets were re-suspended using 300ul of
Lysis/Binding Buffer and were mixed via pipetting until the pellet was fully
broken up and all visible clumps were dispersed. The 30ul of miRNA
Homogenate Additive was added and the lysate was vortexed
(WhirliMixer; ThermoFisher Scientific). The vortexed lysate was then left
on ice for 10 minutes. Afterwards, 300ul of Acid-Phenol:Chloroform
(Ambion) was added to the lysate and vortexed for 1 minute before being
centrifuged at 10,000xg for 5 minutes. The centrifuging of the lysate and
Acid-Phenol:Chloroform (ThermoFisher Scientific) causes two distinct
phases to form. The aqueous upper phase contains nucleic acids and
was transferred to a new Eppendorf tube with 375ul of 70% ethanol. The
lysate/ethanol mixture was vortexed before being pipetted onto a filter
cartridge into a collection tube. The lysate/ethanol mixture was
centrifuged at 10,000xg for 1 minute. The flow through was discarded.

Then, 700ul of miRNA Wash Solution 1 was added onto the filter
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cartridge and centrifuged at 10,000xg for 1 minute and the flow through
was discarded. Afterwards, 500ul of miRNA Wash Solution 2/3 was
added to the filter cartridge and centrifuged at 10,000xg for 1 minute, then
flow through was discarded, this step was repeated. Once the flow
through was discarded, the filter cartridge was centrifuged again at
10,000xg for 1 minute to remove any residual fluid. The filter cartridge
was then transferred into a new Eppendorf tube. Nuclease-free water
was pre-heated to 95°C and 50ul was pipetted onto the filter cartridge
and left for 1 minute before centrifuging at 10,000xg for 1 minute. The

RNA was stored at -80°C.

Following the results of the Nanodrop regarding the 260/230 ratio, the
RNA extraction protocol was optimised for the commercial, primary GBM
and paediatric cell lines. The volumes of Lysis/Binding Buffer and Acid-
Phenol:Chloroform were increased to 400ul, 70% ethanol to 500ul and
mMiRNA Homogenate Additive to 40ul to increase the size of the upper
agueous phase. The wash step using the Wash Solution 2/3 was
repeated for a third time. The elution of the nuclease-free water was split

into 2 separate elutions, the first one of 25ul and the second of 50pl.

2.5 miRNA Microarray

The quantification of the RNA was determined using Qubit 4 Fluorometer
(ThermoFisher) using the broad range RNA kit. The RNA integrity
number (RIN) was analysed using TapeStation and all of the RNA

samples fell between the values of 8 and 10, indicating that the RNA was
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intact. Once the RNA was quantified, it was diluted to a concentration of
33ng/ul before being sent to Nanostring, Seattle for nCounter miRNA
expression panel microarray. To begin the process the mIiRNA
underwent a miRNA-tag ligation. Once the ligation is complete, the
ligation reaction is diluted 1:10 and 5ul of the miRNA-tag ligation is added

to the hybridisations. The panels analysed around 800 miRNAs.

2.6 Raw Data Analysis and Normalization by R-packages

2.6.1 NanoStringNorm

NanoStringNorm is a package available in R which optimises the
normalisation of Nanostring nCounter data (162). It allows the use of
multiple normalisation methods. For this particular data, following
graphical representation, quantile normalisation was the most suitable

normalisation method for this data.

2.6.2 NanoStringDiff Package

The package NanoStringDiff is a specific R package which allows the
identification of differentially expressed miRNAs/genes from nCounter
microarray data using a generalised linear model of the negative binomial
family which allows for a multi-factor design (163). This package
incorporates functions to allow the pre-processing to be performed which
includes the normalisation and log transformation. The likelihood ratio is
a test to determine differentially expressed miRNAs within the

comparisons between hypoxic status or GBM category selected.
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2.6.3 Quality control

The impact of different normalization algorithms including ligation
normalisation and background correction on reducing the variability
across the samples were checked by plotting the Log2 expression and
analysing the distribution of Log2 expression values across samples with
ggplot2 R-package (Wickham H (2016). ggplot2: Elegant Graphics for

Data Analysis. Springer-Verlag New York. ISBN 978-3-319-24277-4).

2.6.4 Principal component analysis

After determining the optimal normalisation method, a dimension
reduction analysis in the form of principal component analysis (PCA) was
performed to analyse the differences between the samples by using The
R Stats Package (R Core Team (2012). R: A language and environment
for statistical computing. R Foundation for Statistical Computing, Vienna,

Austria. ISBN 3-900051-07-0, URL http://www.R-project.org/).

2.7 cDNA Synthesis and qPCR

2.7.1 LNA miRCURY Reverse Transcriptase (RT)
Using the extracted RNA, each sample was diluted to 5ng/pl. The reverse
transcription reactions were prepared on ice following Table 5 using RT

kit (Qiagen cat no. 339340).
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Table 5. Reverse transcription reactions

Component Volume for x1 reaction

(ul)

5x miIRCURY SYBR Green RT 2

Reaction Buffer

RNase-free water 5
10x miIRCURY RT Enzyme Mix 1
Template RNA (5ng/ul) 2
Total reaction volume 10

Once the reactions were prepared, they were incubated at 42°C for 60
minutes, followed by 95°C for 5 minutes and held for 4°C. The cDNA can

be stored at 2-4°C for up to 4 days or at -30 to -15°C for up to 5 weeks.

2.7.2 LNA miRCURY Custom gqPCR Panel Protocol

The cDNA was diluted 1:80. For a 384 well-plate and a custom PCR
panel (Qiagen, cat no. 339330) configuration of 4 x 96 (4 samples per
plate). The miRNA probe layout on the custom panels is shown in figure
4. The cDNA dilution + nuclease-free water is 5ul cDNA and 395pl of
nuclease-free water for each sample. The reaction mixes were then are
prepared as stated in table 6 using the miRCURY SYBR Green PCR kit

(Qiagen, cat no. 339346).
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Table 6. Reaction setup for miRCURY LNA Custom PCR Panel

Component Volume per reaction (ul)
2x miRUCRY SYBR Green 5
Master Mix
cDNA template (diluted 1:80) 4
RNAse-free water 1
Total reaction volume 10

The reaction mix was vortexed thoroughly and 10ul of the reaction mix

were dispensed into each well per PCR panel plate. The plate was sealed

and centrifuged at room temperature and left for 5 minutes to allow the

primers to dissolve in the reaction mix. The plates were loaded onto the

BioRad cfx384 gPCR machine and followed the program stated in table

7. The initial data analysis was performed using the software, Geneglobe

Analysis.

Table 7. LNA miRCURY Custom PCR Panel PCR Cycling Conditions

Step Time Temperature

PCR initial heat activation 2 minutes 95°C
2-step cycling

Denaturation 10 seconds 95°C

Combined 60 seconds 56°C
annealing/extension

Number of cycles 40
Melting curve analysis 60-95°C
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2.7.3 cDNA synthesis

A different protocol was used for cDNA synthesis and gPCR when testing
for target genes instead of mMiRNA. The cDNA synthesis kit used was the
Applied Biosystems High-Capacity cDNA Reverse Transcription Kit 200
reaction (catalog no. 4368814). The RNA for this protocol came from
RNA already extracted from tumour samples. The amount of RNA used
was 20ng. A reverse transcription master mix was prepared on ice using
the following components (table 8). The amount of master mix made was
dependent on the number of samples. A final volume of 10ul of 20ng RNA

was added to a fresh PCR tube along with 10ul of the master mix.

Table 8. A table showing the volumes required of the cDNA synthesis kit for one reaction

Component Volume (ul)
10x RT buffer 2.0
25x dNTP mix (100mM) 0.8
10x Rt Random Primers 2.0
Ultra-Pure Water 4.2
MultiScribe Reverse Transcriptase 1.0
Total volume for 1 reaction 10

Once the RNA and master mix solutions were combined, the tubes were
loaded onto the thermocycler and followed the following programme.
Once the programme was completed (table 9) the samples were diluted

1in 10 and stored at -20°C.
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Table 9. A table showing the temperatures and time of the thermocycler programme for cDNA
synthesis.

Step 1 Step 2 Step 3 Step 4
Temperature 25 37 85 4
°C
Time 10 min 120 min 5 min b
2.7.4 gPCR

This gPCR protocol is used to detect the expression of genes using the
LightCycler 480 SYBR Green 1 Master from Roche. This 2x all in one
master mix and contains FastStart Taqg DNA polymerase, reaction buffer,
dNTP mix, SYBR green 1 dye and MgCl2. The primers displayed in table
11 are provided at a stock concentration of 100pM. The primers (Sigma-
Aldrich, KiCqStart primers) are diluted 1 in 10 with ultra-pure water to
result in a working concentration of 10uM. A master mix was made for
each primer pair using the following volumes for one reaction shown in
table 10. Once the master mixes are prepared, 2ul of the relevant cDNA
was pipetted into each well and 18ul of the corresponding master mix
was pipetted on top of the cDNA. The plates were sealed with a lid, and
centrifuged. The plates were then run on the gPCR machine (BioRad

cfx384) with the programmed shown in table 12.

70



Table 10. gPCR master mix components and volumes.

Component Volume (ul)
Forward primer (10uM) 1
Reverse primer (10uM) 1

Ultra-pure water 6
2x Master Mix 10
Total reaction volume 18

Table 11. Primer sequences of miRNA downstream targets.

Gene Forward PRid6me Reverse PHibmMne
ACAA GGGGATAACCTCTGAGAATG | CAATCTCAGCTTGGAAACAG
ACADS | AGTTACACACCATCTACCAG | AGAGATGTTCCTTATCCACC
SUCLG1 | ATTGGAATATGGCACCAAAC | GCCTCCTTCACAGTATTAAAG
SRSF1 GCAGGTGATGTATGTTATGC | TCTCCCTCATGAGATCTAAAC
RAN CAGTACTACGACATTTCTGC | TCTAAGTCGTGCTCATACTG
HNRNPU | AAGTTGTGATGATGATTGGC | TATTTCCCTGGATTTTCTGC
CA9 CTTGGAAGAAATCGCTGAG | TGGAAGTAGCGGCTGAAGT
B-Actin ATTGGCAATGAGCGGTTC GGATGCCACAGGACTCCAT
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Table 12. gPCR Cycling Conditions

Step Time Temperature

PCR initial heat activation 10 minutes 95°C

2-step cycling

Denaturation 15 seconds 95°C

Combined 60 seconds 60°C

annealing/extension

Number of cycles 40

Melting curve analysis 60-95°C

2.7.5 GeneGlobe Analysis software
The data from the LNA miRCURY custom plates were analysed using
the free-web Qiagen software GeneGlobe Analysis which is specifically

designed for analysing miRNA miRCURY gPCR results.

2.8 Downstream Bioinformatics analyses

2.8.1 Differential expression analysis and visualization

Differential expression analysis (DEA) was carried by a two-sample
st ud e-test GoBowed by false discovery rate (FDR) calculations in
order to identify the significant difference of miRNA expression between
hypoxic and normoxic conditions. The threshold for unadjusted p-value
and FDR was set to FDR < 0.05. In case where no significant hits were
found by applying FDR threshold, the unadjusted p-value cut-off was set
to < 0.01 to increase the stringency of the statistical test. The procedure

was performed by using Perseus software tool (REF:
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https://www.nature.com/articles/nmeth.3901). The results of the DEA

were visualized by using ggplot2 R-package.

2.8.2 Hierarchical clustering

The expression values of the significant miRNAs as identified by DEA
were subjected to Hierarchical clustering where Euclidean distance
algorithm was employed to cluster the columns (samples) and rows
(miRNAs). To achieve this, first the Log2 expression values of the
significant miRNAs were scaled by z-scoring method. The z-scored
expression values were then clustered and visualised as heatmaps by
using the MORPHEUS i an open access matrix visualization and
analysis software (https://software.broadinstitute.org/morpheus) from

Broad Institute, USA.

2.8.3 Pathway analysis and Visualization

For pathway analysis first, miRNA-gene network analysis was performed
by using the web tool - MIENTURNET (Licursi V et al. MIENTURNET: an
interactive web tool for microRNA-target enrichment and network-based
analysis. BMC Bioinformatics 20, 545 (2019) do0i:10.1186/s12859-019-
3105-x) to identify the target genes of the differentially regulated miRNAs.
After extracting the target genes of the miRNAs, Molecular Signatures
Database v7.5.1 (MsigDB) (REF: PMID: 26771021) was used to perform
the gene-set enrichment analysis (GSEA). The extracted the hallmark
gene sets from MsigDB was then utilized for GSEA. For visualization

purpose, the miRNA-gene network and GSEA results were combined
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together and visualized using CytoScape tool (REF: PMID: 31477170)

which is widely used for networking analysis.

Further pathway enrichment analysis based on the target genes of the
differentially expression miRNAs were carried out by the enrichment
algorithm as implemented in MIENTURNET. For enrichment analysis,
gene-sets for Disease ontology, KEGG, WikiPathways, and RNAs were

used.
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2.9 Transfection of glioma with small RNAs

Reverse transfection was decided as the transfection method of choice
due to its shorter timeframe and its flexibility to test different
concentrations of the small RNA. In this project three different types of
small RNA were used: siGlo Green Transfection Indicator Control,
mMiRNA mimcs, miRNA hairpin inhibitors, products described in table 11.
siGlo Green is a fluorescent oligonucleotide complex that localises to the
nucleus and acts as a transfection indicator. The translocation of siGlo
Green to the nucleus, was detected using a fluorescent microscope at a
wavelength between 488 and 507, is indicative of efficient uptake of small
RNA into the nucleus of the cells of interest. DharmaFECT 1 transfection
reagent (Horizon Discovery, T-2001-02), is a lipid-based transfection
reagent that is designed for effective transfection of small RNAs with low
cytotoxicity. The optimisation of the volumes of DharmaFECT and
number of cells to use in this transfection protocol was determined by
Huda Alfardus (43). miRNA mimics are used to overexpress miRNAs, as
they are double-stranded RNAs chemically enhanced to preferentially
load RISC (RNA-induced silencing complex). miRNA hairpin inhibitors
knock down levels of miRNAs. These are single-strand RNAs which are
designed to bind and to sequester the complimentary the mature miRNA
strand. Universal non-targeting mimic/inhibitor negative controls are
modified mature sequences based on Cel-miR-67, which has minimal
sequence similarity with miRNAs targets in human. The non-targeting
mimic/inhibitor controls were used to distinguish mimicry/inhibitory effect

from background effect.
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Table 13. miRIDIAN miRNA product information.

mMiRNA | Product type | Product code | miRNA sequence
(Horizon
Discovery)
Cel- mMiRNA mimic | CN-001000-01- UCACAACCUCCUAG
miR-67 | negative 05 AAAGAGUAGA
control
MiRNA IN-001005-01-05 | UCACAACCUCCUAG
inhibitor AAAGAGUAGA
negative
control
Hsa- mMiRNA mimic | C-300511-07- UAUUGCACUUGUCC
miR- 0010 CGGCCUGU
92a-3p | miRNA IH-300510-06- UAUUGCACUUGUCC
inhibitor 0050 CGGCCuUGU
Hsa- mMiRNA mimic | C-300631-07- UCUGGCUCCGUGU
miR- 0050 CUUCACUCCC
149-5p | miRNA IH-300631-08- UCUGGCUCCGUGU
inhibitor 0050 CUUCACUCCC

2.9.1 Transfection protocol

The transfection protocol was performed in a 6-well plate. The 5x siRNA
buffer (Horizon Discovery, B-002000-UB-100) is diluted to 1x siRNA
buffer. This 1x siRNA buffer is used to dilute each miRNA products to

5uM. The miRNA mimics/inhibitors and controls were diluted in serum-
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free media for a final concentration of 25nM (tube 1). In parallel, serum-
free media was added to the transfection reagent, Dharmafect and
incubated for 5 minutes at room temperature (tube 2). Once tube 1 and
tube 2 were made, they were combined at a ratio of 1:1 (tube 3) and
incubated at room temperature for 20 minutes, which allows the
encapsulation of the small RNAs by the transfection reagent. 400ul of
tube 3 were dispensed into each well of a 6-well plate. Pre-warmed
(37°C) culture medium containing 3.125 x 10 cells/ml were added on top
of the transfection solution in each well, as displayed in table 12. The
cells were then incubated at 37°C in 5% CO:2 humidified atmosphere for
24 hours. The transfection media was replaced with fresh cell culture

media after 24 hours and continued to incubate for a further 72 hours.
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Table 14. Transfection mixture steps and volumes.

Contents of tubes 1 Well of a 6-well
plate (ul)
Tube 1 miRNA mimic/ | 10

inhibitor/ negative

control

Serum-free media 190
Tube 2 DharamFECT 2

Serum-free media 198
Tube 3 Tube 1 200

Tube 2 200
Tube 4 Cels in  serum-| 1,600

supplemented culture

media

Total volume of | 2,000

transfection media

2.10 Caspase-glo assay

Once the transfections were set up as described in the previous section
but scaled down using a 96-well black-walled optical bottom plates
(ThermoFisher) which one of the plates exposed to hypoxia in the
hypoxic chamber. The cells were ready for the apoptotic caspase-glo 3/7
assay (Promega). The caspase-glo 3/7 buffer and lyophilised caspase-

glo 3/7 substrate thawed and reach room temperature before mixing
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together in a 1:1 ratio into the substrate amber glass bottle. The plates of
cells are removed from the incubator to reach room temperature. 100ul
of the caspase glo solution was added to each well, including media only
serving as a blank. The plate was incubated for 30 minutes at room
temperature and shook at 500rpm for 30 seconds before the

luminescence being read on the plate reader.

211 Se n e s c e n-gakactosidase cell staining assay (cell
signalling)

2.11.1 Solution preparation

The 10x fixative solution was diluted to 1x with distilled water. The 10x
staining solution was agitated and heated to 37°C to redissolve and then
diluted to 1x with distilled water. 20mg of X-Gal was dissolved into 1ml of
DMSO to prepare a solution of 20mg/ml. The components in the table 13
ma k e u p-galadtosidage staining solution. Once the solution was
made, the pH was measured and adjusted accordingly to be within the

range of 5.971 6.1.

Table 15. Components and volumes for B-galactosidase staining solution.

Component Volume for a single well of a 6-
well plate (ul)
1x Staining solution 930
100x solution A 10
100x solution B 10
20mg/ml X-Gal 50
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2.11.2 Senescence assay protocol

The media was removed from cultured cells in 6-well plates and rinsed

with PBS. 1ml of 1x fixative solution was added to each well and allowed

to fix for 10 minutes at room temperature. The wells were rinsed again

t wice with P B-§alactosidgase staifing soluton iias added

to each well and the plates were sealed with parafiim to prevent
evaporation, as this can cause crystallisation of the stain. The plates were

incubated overnight at 37°C in a dry incubator (without CO2), as carbon

dioxide can alter the pH which can affect the staining results. For long

term storage of t he@alaptbsidasestainingrsa@utomyv e t he

and overlay with 70% glycerol and store at 4°C.

2.12 Western Blot

2.12.1 Protein Extraction

Corning 10mm?3 plates were seeded with 0.5 million cells. These plates
were left in the incubator for 6 hours before moving the hypoxia condition
plates into the hypoxic chamber at 1% oxygen for 24 hours. 5ul of 10%
sodium dodecyl sulfate (SDS) and 10ul of 20mM of dithiothreitol (DTT)
were added to 1ml of urea lysis buffer. The plates were removed from the
incubator/hypoxic chamber and placed on ice. The media was removed
from the plates and the cells washed with PBS. The PBS was removed
from the plates and 200l of lysis buffer was added to each plate and left
for 5 minutes on ice. A cell scraper was used in a circular motion for 5

minutes to ensure maximum extraction of the cells. The cell lysate was
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pipetted into labelled Eppendorf tubes kept on ice. The lysates were
sonicated for 10 cycles of 30 seconds on and 30 seconds off. Once
complete, the lysates were kept on ice for 15 minutes. The lysates were
centrifuged at 4°C, at max speed 13.2 for 10 minutes. The lysates were

stored at -80°C in the freezer.

2.12.2 Bradford Assay

A stock solution of 50mg/ml bovine serum albumin (BSA) was created by
dissolving 0.5g BSA powder in 10ml distilled H20. Serial dilutions were
performed to create standards of the following concentrations (ug/ml);
4000, 2000, 1000, 500, 250, 125, 62.5, 31.25, 15.625, 7.8125, 3.90625
and 0. The lysates were thawed on ice and diluted 1 in 15 with ultra-pure
water. 10ul of standards and sample were added to separate wells. The
BioRad dye was diluted 1 in 5 with distilled H20 and 200ul of dye was
added to each well. The plate is read using a spectrophotometer at
620nm wavelength. The results are used to calculate the amount of

sample required to load the gel.

2.12.3 Preparing the gel

The website www.cytographica.com/lab/acryl2.html was used to

calculate the volumes of each component for the gel. When analysing
HIF proteins, the resolving gel was 8% and the stacking gel was 4% with
a thickness of 1ml, using 40% acrylamide. The components for the
resolving gel are as follows; ddH20, 40% acrylamide, 1.5M Tris pH 8.8,

10% SDS, 10% ammonium persulfate (APS),
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tetramethylethylenediamine (TEMED). The components for the stacking
gel are as follows; ddH20, 40% acrylamide, 0.5M Tris pH 6.8, 10% SDS,
10% APS and TEMED. Once setting up the glass plates and clamp, the
resolving gel is poured in. On top 1ml of isopropanol is pipetted on top of
the gel to remove any bubbles and to even the surface. Once set, the
isopropanol is removed and rinsed twice with distilled water. The stacking
gel is then poured on top, the appropriate comb inserted and left to set.

The gels are stored at 4°C in running buffer if not used immediately.

2.12.4 Conducting the Western Blot

The Laemmli working solution was made up of 900ul of Laemmli solution
and 100ul of 2-mercaptoethanol. The sample solution was made up of 3-
parts sample and 1-part Laemmli working solution. The sample solutions
were boiled at 95°C for 5 minutes. 3ul of Precision Plus Protein Dual
Color Standards (BioRad) ladder (10-250kDa) was loaded on the gel.
The samples were then loaded onto the gel (60ug when looking for HIF
protein). The gel ran at 80 volts through the stacking gel and then at 120
volts through the resolving gel. A dry transfer is carried out using the
TransBlot turbo system (BioRad), turbo transfer buffer, tissue stacks,
nitrocellulose membrane, the gel and another tissue stack. The excess
liquid is removed and the BioRad high molecular weight programme was
selected. The membrane was then moved into a small container or falcon
tube and blocked for an hour at room temperature with the appropriate
blocking buffer (3% milk in tris buffered saline with 0.1% tween20 (TBS-

T) for HIFla and 5% BSA in TBS-T for HIF2a). The membrane was
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incubated at 4C overnight with the appropriate primary antibody in the
appropriate buffer (HIF1a 1 in 500, HIF2a 1 in 500, b-actin 1 in 1000).
The membrane was washed in TBS-T for 5 minutes, 3 times. The
membrane was then incubated for one hour at room temperature with the
appropriate secondary antibody (green anti-mouse, 1 in 10,000 for HIF1a
and red anti-rabbit, 1 in 10,000 for HIF2a). The membrane can be stored
in 1x tris buffered saline (TBS) at 4C. The blots are imaged at 700 and

800nm wavelengths depending on the antibodies used.

2.13 Tissue Sections and Tissue Microarrays (TMAS)

Control sections of duodenum were collected by the histopathology unit

in the Queends Medical Centr e, Notting
tumours were collected from patients by Dr Stuart Smit h, (
Medical Centre, Nottingham UK. Sections from the three regions: core,

rim and invasive edge were obtained from each GBM patient. Adult GBM

TMAs were created from cores of the sections of the three regions of

each patient. The paediatric TMAs wer
Brain Tumour Research Centre, Nottingham UK. Collection of all tissues

from patients was obtained prior to surgery in accordance with the

Human Tissue Authority (HTA) codes of practice for research.
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Table 16. Table defining the number of cores and patients per each TMA.

TMA Name No. of Cores No. of Patients
Adult GBM TMA 2 81 9
Adult GBM TMA 3 81 9
Adult GBM TMA 4 81 9

2.14 Immunohistochemistry

2.14.1 Removal of paraffin and hydration

Formalin, the fixative used for fixing tissues, can prevent the binding to
antibodies by forming crosslinks with antigens. To deparaffinise the
tissue slides, they were kept at 60°C overnight before being placed in
xylene (Fisher Chemicals) for 15 minutes. The slides were rehydrated in
a series of ethanol concentrations, beginning with 10 minutes in absolute
ethanol, followed by 5 minutes in 90% ethanol, 5 minutes in 80% ethanol,
5 minutes in 70% ethanol. The slides were then washed in running tap

water.

2.14.2 Antigen Retrieval

The slides were placed at 98°C preheated ethylenediaminetetraacetic
acid (EDTA) pH 8.0 for 20 minutes in a steamer for CA9 antibody. For
heat-induced epitope retrieval, the slides were immersed in the steamer
in the preheated EDTA at 98°C for 40 minutes. The slides using RAN
antibody were placed using the sixth sense mode on the microwave
which boiled for 10 minutes using sodium citrate at pH 6.0. The slides

were put into a glass container with PBS and was agitated for 2 minutes.
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The tissues were encircled using a hydrophobic pen (Vector
Laboratories) and blocked with 20% normal goat serum (NGS) inside a
humidifier chamber (a plastic lidded container, filled with wet blue roll) for
20 minutes at room temperature. The slides were then washed in PBS
for 5 minutes before peroxidase blocking solution (Dako) was applied
which was then left to incubate for 5 minutes at room temperature inside

the humidifier chamber.

2.14.3 Antibody Probing

The tissues were then washed in PBS for 5 minutes and then incubated
in the primary antibodies. CA9 mouse monoclonal antibody (Anti-human
carbonic anhydrase IX [M75], Absolute Antibody) was diluted 1 in 1000
and left for 2 hours at room temperature inside the humidifier chamber.
RAN mouse monoclonal antibody (MA5-38621, Invitrogen) was diluted 1
in 200 and left for 2 hours at room temperature inside the humidifier
chamber. After the primary antibody incubation, the tissues were then
washed in PBS for 5 minutes followed by 3 drops of secondary antibody
(Dako Reagent A) which is left to incubate for 30 minutes at room
temperature in the humidifier chamber. The slides are then washed in

PBS for 5 minutes.

2.14.4 Antibody Detection and Counterstaining
The antibodies were detected using 3 , -Bi&ninobenzidine (DAB) which
was diluted 1:50 in DAB buffer solution (Dako). The DAB solution was

applied to the slides and left to incubate for 5 minutes before being rinsed
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with distilled water. To counter stain, the slides were agitated in Harris
Haematoxylin (TCS Bioscientific) for 10 seconds, then washed in running
water. The slides were then washed in Lithium Carbonate for 5 seconds
until the nuclei were stained then washed in running water. The slides
were then dehydrated spending 5 minutes in each concentration of

ethanol (70%, 80%, 90% and 100%) and then washed in xylene.

2.14.5 Mounting the slides
The slides were mounted with a coverslip using DPX (Sigma-Aldrich) and

placed on a hotplate to dry before viewing under the microscope.

2.15 Immunofluorescence (IF)

Cells were seeded at a density of 10,000 cells per well of the chamber
slides (Millicell EZ slides, Merck). The cells were left to adhere overnight,
before being exposed to either 1% oxygen in the hypoxic chamber or
21% oxygen in the incubator for 24 hours. For each well, the media was
aspirated off, washed with PBS and then removed. 100ul of 4%
paraformaldehyde (PFA) was added to each well and left for 15 minutes
at room temperature. PBX (PBS with 0.1% triton-X) was made up, and
100l pipetted into each well and left to permeabilise the cells for 30
minutes at room temperature. The wells were washed with PBS. 100l of
NGS was added per well for blocking and was incubated for an hour
inside a humidity box. The blocking solution was removed, and a 1:200
dilution of RAN antibody (MA5-38621, Invitrogen) was diluted in NGS,

100ul applied to each well of the chamber slide and incubated for another
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hour inside the humidity box. The wells were washed with PBT (PBS with
0.1% Tween20) three times for 5 minutes. The secondary antibody, Alexa
Fluor 488 goat anti-mouse IgG (H + L) (2379467, Invitrogen) was diluted
1 in 100 with NGS and 100ul applied to each well and incubated for 1
hour in the humidity box and protected from the light. The wells were
washed again with PBT, three times for 5 minutes. 300nM of DAPI was
made up with PBS and 100ul added to each well and incubated for 5
minutes at room temperature protected from the light. The wells were
washed twice with PBS, and coverslips mounted and sealed with nalil
polish. The slides were stored at 4°C in the dark. The slides were viewed

using a fluorescence microscope (Nikon).
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3 Chapter 3: Microarray analysis of
glioma samples

3.1 Introduction

As discussed previously, different stages and types of tumours, including
those of the same type and stage, vary greatly from patient to patient,
including their expression of genes and expression of miRNA. However,
fundamental differences of miRNA expression between low and high
grades are not known. In addition, the altered miRNA expression
associated pathways in response to hypoxic strain has not been fully

investigated in a range of gliomas.

The nature of low-grade gliomas, including a generally slower growth rate
and typically different molecular features such as IDH mutations,
indicates a difference in biological processes which are potentially
regulated by miRNA. Furthering investigation of miRNA expression within
low-grade gliomas may provide an insight into the role miRNAs play in
low-grade glioma development and their differing responses to

microenvironmental changes such as lower oxygen levels.

Alongside investigating the roles of miRNA in low-grade gliomas, it is also
beneficial to assess the altered miRNA expression in glioblastomas.
Though more is known about miRNAs in glioblastomas, the direct impact
of hypoxia on individual miRNAs is yet to be determined. Hypoxia is
largely cited as a tumour progressive microenvironment for

glioblastomas, which is a concentrated region of hypoxia with lower O2
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availability in the core of the tumour that follows a gradient through to the
invasive rim and peripheral cells. Screening large numbers of miRNA will
identify those with a significant link to hypoxia which may lead to its

exploitation for a novel therapeutic target.

Understanding the miRNA landscape of gliomas will involve and
generate a large amount of information on the expression of hundreds of
mMiRNAs. This information is also the precursor to understanding the
intricate regulatory mechanisms and identifying the genes controlled by
mMiRNAs. As part of their regulatory roles, miRNAs alter the degree of
their gene suppression depending on environmental changes and their

own regulatory mechanisms.

To analyse such a broad number of miRNAs at once, in normoxic and
hypoxic samples, a few techniques can be employed. This can include
sequencing, microarrays and gPCR panels. The technique of choice for
this investigation was using NanoString nCounter miRNA expression
microarray panel (figure 5) which counted the expression of 827
individual human miRNAs. This particular technique was chosen for its
breadth of mMiRNAs, making it an ideal screening method to analyse the
expression of hundreds of miRNAs. Microarray technology uses optical
molecular barcodes to label individual miRNA transcripts. Two different
types of probes are used for each miRNA,; a capture probe and a reporter
probe, both of which have 50 nucleotides to bind to the miRNA. The

capture probe contains a biotin molecule at the end which is used to bind
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to the sample and then immobilise it. The reporter probes are a
fluorescent barcode which is made up of 6 spots and each spot can be
one of four different colours. Each gene/miRNA is assigned a specific
and unique colour combination and it is this barcode that is counted at
the end of the process. These two probes along with the RNA sample
and hybridisation buffer are pipetted together in a tube and placed on a
thermocycler overnight at 65°C. This method is completely enzyme free,
not requiring any reverse transcriptase or amplification. Once the
hybridisation complexes have formed, the RNA will be bound to both the
capture and reporter probe by binding to the 50 nucleotides of each
probe. The two probes fit adjacently and complementary to the RNA with
no gaps between the two probes. The hybridisation reactions are loaded
onto compatible instruments such as nCounter sprint profiler. Once
loaded onto the machine, a purification step occurs. Two rounds of
magnetic bead purification occur which is used to remove the excess
reporter and capture probes. Next the probe is bound to the slide. The
biotin on the end of the capture probe is utilised in this step to immobilise
the purified sample onto the slide surface by a biotin-streptavidin
interaction. For the final stage of the process, an electric current is
passed through the sample which makes the complexes lie-down flat
against the slide surface and allows the molecules to be orientated in the
same direction. A fixative is applied to keep the molecules in place so the
slide can be imaged for single molecule counting and data collection. The
raw counts of the slide account for the actual number of molecules

present in the sample. This data is entered into the nSolver Analysis
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Software which conducts QC checks and normalises the data against a

set of internal controls and reference genes.

Capture probe, reporter Hybridisation complexes Hybridigation complexes

probe and RNA required are formed are purified and excess

for hybridisation reactions / probes are removed
@ M W I PN M‘i.

« TN N

Probe biding to the avidin Electric current passed Fixative added, slide

slide through biotin- through to lie the probes imaged and single

streptavidin interactions flat against the slide molecule counting and

data collection occurs

Figure 5. Microarray process of screening the expression of hundreds of different miRNAs.

Hypothesis 1: Individual miRNA levels are differentially expressed in

hypoxic gliomas compared to normoxic gliomas.

Hypothesis 2: Differentially expressed miRNAs in hypoxia compared to

normoxia differs in high-grade gliomas compared to low-grade gliomas.

3.2 Microarray results

3.2.1 RNA yield and purity

RNA was extracted from 12 different cell lines which are outlined in (table
4). The purity of the total RNA was measured using the A260/A280 and
A260/A230 ratios in which the ratios nearest to 1.8 indicated the absence

of contaminants that absorb at A280 and A230 respectively. The quality
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of the RNA was also assessed using the RNA integrity number (RIN).
The values of RIN range from 1 to 10 with values close to 1 indicating
that the RNA has degraded and a value of 10 indicates that the RNA is
completely intact. All the RNA samples had a minimum RIN of 9.2 which

assumes that the RNA is almost intact after the RNA extraction process.

3.2.2 Microarray analysis

3.2.2.1 Normalisation

After analysing the quality and purity of the RNA samples, all of the
samples were fit (RIN > 5 and absorbance ratio of between 1.6 and 2.0)

to proceed with the microarray analysis.

After initial quality control (QC) analysis followed by normalisation, it was
found that many of the miRNA expression counts were similar to the
background level. The QC analysis were satisfactory; however, it is noted
that if the capture probe is not added last to the hybridisation reactions
before loading onto the thermocycler, it can cause a greatly increased
background due to non-specific binding. Due to the uncertainty of the
normalisation, the samples were graphically represented as not
normalised (figure 6), with background correction (figure 7) and without
background correction (figure 8). The background correction subtracted
the expression of negative controls from the miRNA expression values.
This is then followed by normalisation with the ligation controls. When
performing the background correction before the ligation normalisation

due to the expression of most of the miRNAs being at background level,
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Figure 6. A boxplot of the raw data from the microarray analysis with no normalisation or
204

correction across the 12 samples.
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Figure 7. A boxplot of the microarray data after background correction, which subtracts the
expression of the negative controls from the miRNA expression values. This is followed by

normalisation with the ligation controls.
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The ligation normalisation without background correction reduced the
variability across the samples and created a normal distribution of miRNA
expression in each of the samples. This is indicative that the

Figure 8. A boxplot of the data with only the ligation normalisation applied. Background correction
normalisation has had the desired effect for each sample and can be

has not been performed.
seen in figure 9.
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Figure 9. Histograms showing the distribution of miRNA expression in each of the samples

After the normalisation method was determined, a principal component

analysis (PCA) (figure 10) was performed to analyse the differences

between the samples. The analysis shows the separation of the samples

largely based on their primary categories including low grade, high grade,

paediatric and commercially available cell lines. The low-grade samples
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have all grouped together as have the primary high-grade cell lines (GIN).
The commercially available cell lines and the paediatric samples are
more diverse with the U887 and GCEG62 being more distinct from the other
samples in their respective groups. Each category contains 3 cells lines
and each cell line has a normoxic and hypoxic sample. The PCA plot
shows that the different categories separate the cell lines more than the

hypoxic status.
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Figure 10. A principal component analysis of the 12 different samples that were analysed by the
NanoString microarray. Each two dots represent a hypoxic and normoxic sample for each

category. For GIN and LGG categories, three cell lines were analysed.

3.2.2.3 Statistical analysis

Statistical analysis was carried out in the form of a two-samples t udent 6 s
t-test to identify the significant miRNA expression in hypoxia compared

to normoxia. The categories that were analysed were overall hypoxia vs
normoxia, GIN hypoxia vs normoxia and LGG hypoxia vs normoxia. GIN

and LGG samples were looked at particularly due to the availability of
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primary samples and any research conducted on these primary samples
provides a stronger clinical association. Once false discovery rate (FDR)
was applied, no miRNAs were significant, p-value < 0.05. To allow
analysis to be conducted on the data, the unadjusted p-value cut-off was
p-value < 0.01 to increase the stringency since no FDR was applied. The
p-values and fold changes are displayed in table 17. A selection of
mMiRNAs was deemed significant in hypoxia compared to hormoxia using
the new parameters for each group (overall, GIN and LGG) and are
visualised using volcano plots (figures 11, 12 and 13). The miRNA points
in red are overexpressed in hypoxia compared to normoxia and the
MIiRNA blue points are under-expressed in hypoxia compared to
normoxia. Analysing the significant miRNAs overall the samples (figure
11) show a small number of significant miRNAs which are upregulated

and miR-494-5p which is downregulated across all twelve cell lines.
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Table 17. Fold change of miRNAs which had a p-value < 0.01 in hypoxia compared to

normoxia.

Overall | St uden] GIN Studen LGG Studen
Hypoxia Test log2 Hypoxia Test log2 Hypoxia Test log2
VS Fold VS Fold Vs Fold

Normoxia change Normoxia change Normoxia change
hsa-miR- | 0.928445748 | hsa-miR- | 1.080245018 | hsa-miR- | -
2110 1193 2053 0.862955014
hsa-miR- | 0.739031076 | hsa-miR- | 0.916840633 | hsa-miR- | -
320a 128-1-5p 217 0.659039497
hsa-miR- | 0.880330165 | hsa-miR- | 0.535958449 | hsa-miR- | -
328-3p 138-5p 3615 0.491241693
hsa-miR- | 0.890960885 | hsa-miR- | 1.088476102 | hsa-miR- | -
412-3p 210-5p 494-5p 0.855932156
hsa-miR- | 0.641052842 | hsa-miR- | 0.909828981 | hsa-miR- | -
450b-3p 218-5p 506-6p 0.634440581
hsa-miR- | 0.765570501 | hsa-miR- | 0.806286891 | hsa-miR- | -
491-5p 301b-5p 606 2.238622109
hsa-miR- | - hsa-miR- | 0.8567969
494-5p 0.665201724 | 302a-5p
hsa-miR- | 0.884228831 | hsa-miR- | 1.336175799
508-3p 412-3p

hsa-miR- | 1.284610192

4425
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hsa-miR-

0.746825933

4461
hsa-miR- | 0.601069371
4741
hsa-miR- | 1.757540941
490-5p
hsa-miR- | 1.169620355
549a
hsa-miR- | 0.940525293
575
hsa-miR- | 0.739831209
576-3p
hsa-miR- | 0.794635137
608
hsa-miR- | 0.665755113
616-3p
hsa-miR- | 2.536768243
766-5p
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Figure 11. Volcano plot of all cell lines, annotating the miRNAs which are significant in hypoxia

compared to normoxia. Downregulated miRNAs are blue, and the upregulated miRNAs are red.
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Figure 12. A heatmap showing the statistically significant differentially expressed miRNAs over

all cell lines.

Over all of the cell lines, 8 miRNAs out of the 827 screened were
statistically significant, as shown in figure 11. miR-494-5p is the only

mMiRNA to be downregulated in hypoxia compared to normoxia across the
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12 cell lines. miR-491-5p, miR-2110, miR-328-3p, miR-320a, miR-450b-
3p, miR-508-3p and mir-412-3p are upregulated in hypoxia compared to
normoxia across all 12 cell lines. The significant miRNAs across all
samples were displayed in a heatmap in figure 12. The hierarchical
clustering of the heatmaps shows that the cell lines are separated based
on the hypoxic status rather than differing cell origins. The GCE62
normoxic sample is an outlier as it clusters within the hypoxic samples.
Overall, this result uncovers the miRNAs that exhibit elevated expression
levels in hypoxic strain. Thus, the differentially regulated miRNAs have
the potential to be utilized as biomarkers for exploring the hypoxic

pressure in GBM.
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Figure 13. Volcano plot of the primary GIN cell lines, red dots are significantly upregulated in

hypoxia compared to normoxia.
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Figure 14. A heatmap showing the statistically significant differentially expressed miRNAs in the

primary glioblastoma (GIN) cell lines.
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In the GIN samples, 18 miRNAs were significantly upregulated in hypoxia
compared to normoxia and no miRNAs were significantly downregulated,
seen in figure 13. The upregulated miRNAs include miR-608, miR-4461,
miR-218-5p, mir-301b-3p, MiR-4741, miR-138-5p, miR-616-3p, mMiR-
576-3p, miR-1193, miR-549a, miR-490-5p, miR-320a, miR-575, miR-
210-5p, miR-766-5p, miR-142-3p, miR-218-1-5p. It should be noted that
not all GIN hypoxia upregulated miRNAs are upregulated in the overall
glioma cell lines (figure 11). This is because the overall cell line category
combines commercial, GIN, low-grade and paediatric miRNA hypoxia vs
normoxia expression as a whole average and these miRNAs are only
upregulated in hypoxia compared to normoxia in the GIN cell lines only.
This also accounts for the differences seen between the low-grades and
overall categories. Figure 14 shows the separation of the hypoxic and
normoxic samples of primary glioblastoma cells with the 18 significant
miRNAs. The differentially regulated miRNAs exhibit the power to

distinguish between hypoxic and normoxic conditions.
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Figure 15. Volcano plot of the primary low-grade cell lines, annotating the miRNAs which are

significantly downregulated in hypoxia compared to normoxia.
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primary low grade gliomas cell lines.

The 6 miRNAs were downregulated significantly in hypoxia compared to

normoxia and no miRNAs were significantly upregulated in hypoxia. The
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downregulated miRNAs in hypoxia in low-grade gliomas are miR-606,
miR-127, miR-494-5p, miR-2053, miR-506-5p and miR-3615 as seen in
figure 15. Similarly for the low-grade cell lines, figure 16 shows the
heatmap which indicates the separation of hypoxic and normoxic

samples based on the expression of the 6 miRNAs.

3.2.2.4 Pathway analysis
Pathway analysis was conducted on the three categories; overall, GIN
and low-grade gliomas using the web tool Mienturnet

http://userver.bio.uniromal.it/apps/mienturnet/  for miRNA-gene network

analysis and pathway enrichment Molecular Signatures Database v7.5.1
(MsigDB) was used to extract the hallmark gene sets for Gene Set
Enrichment Analysis (GSEA). These results were combined together
using CytoScape which is widely used for networking analysis. This
analysis identified the target genes controlled by the significantly
regulated miRNAs and revealed the biological processes that are

significantly altered under hypoxic strain.
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3.2.2.4.1 Pathway analysis of all cell lines
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Figure 17. A pathway schematic showing the relevant pathways of the mRNA targets of the

c Target Gene (RNA Pol Il Transcription)

significant mMIRNA across all cell lines in hypoxia compared to normoxia..

For the category spanning all the cell lines, two major pathways were
significantly associated with hypoxic strain; cellular senescence and RNA
Pol Il transcription which is shown in figure 17. Five different zinc-finger
protein encoding genes associated with RNA Pol Il transcription along
with androgen receptor (AR), high-mobility group-AT-hook 2 (HMGA2)
LIM-binding domain 1 (LDB1) and histone SETD1B are upregulated in
response to hypoxic conditions. These genes are shown to interact with
miR-412-3p, miR-450b-3p, miR-491-5p, miR-2110 and miR-508-3p. In
addition, genes were associated with cellular senescence pathway
including tumour protein 53 (TP53), chromobox 4(CBX4) and double-
strand break repair protein MRE11 were also significantly upregulated in
hypoxia. These genes are shown to interact with miR-2110, miR-328-3p,

miR-508-3p and miR-491-5p.
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Figure 18. Dot plot of disease ontology pathways for the significant miRNAs in hypoxia compared

to normoxia in all cell lines.

Further pathway enrichment analysis was conducted on target genes of
the significant miRNAs for all the cell lines. Due to low enrichment values,
p-values were used instead of the adjusted p-values from multiple
correction tests. Using disease ontology, figure 18, the two miRNAs (miR-
328-3p and miR-491-5p) which were significantly associated with
hypoxia (figure 14). miR-328-3p is linked to peripheral nerve sheath
neoplasm, malignant mesothelioma, kidney cancer, female reproductive
organ cancer, gestational diabetes and bipolar disorder. Whereas miR-
491-5p is linked to bipolar disorder, liposarcoma, lipomatous cancer,

intellectual disability and fibrosarcoma.
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KEGG
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Figure 19. Dot plot of KEGG pathways for the significant miRNAs in hypoxia compared to

normoxia in all cell lines.

In the KEGG pathway analysis, the same two miRNAs (miR-328-3p and
miR-491-5p) that were associated with hypoxia were identified (figure
19). miR-328-3p is linked to acute myeloid leukaemia, HIF-1 signalling,
Hippo signalling, Wnt signalling, glycosaminoglycan biosynthesis,
prostate cancer, melanogenesis and Cushingd syndrome. miR-491-5p is
linked to the same pathways as miR-328-3p except HIF-1 signalling and
glycosaminoglycan biosynthesis and is also linked to fatty acid

elongation.
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Figure 20. Dot plot of wikipathways for the significant miRNAs in hypoxia compared to normoxia

in all cell lines.

Another regular pathway analysis involves wikipathways. miR-328-3p
was the only significant miRNA for this analysis (figure 20) and is linked
to pathways in clear cell renal cell carcinoma, ncRNAs involved in
canonical Wnt signalling and colorectal cancer, Wnt signalling and EDA

signalling in hair follicle development.
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Figure 21. Dot plot of reactome outputs for the significant miRNAs in hypoxia compared to

normoxia in all cell lines.

Reactome is a free online database which is readily used to find biological
pathways of genes. miR-328-3p and miR-491-5p were also significant in
reactome analysis (figure 21). miR-328-3p is linked to the metabolism of
carbohydrates, deactivation of the beta-catenin transactivating complex,
HSP90 chaperone cycler for steroid hormone receptors (SHR),
glycosaminoglycan metabolism and MET activates RAS signalling. Using
wikipathways, miR-491-5p is linked to deactivation of the beta-catenin
transactivating complex, glycosaminoglycan metabolism, protein-protein
interactions at synapses, signalling by RAS mutants, neurexins and

neuroligins, regulation of RAS by GAPs and oncogenic MAPK signalling.
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3.2.2.4.2 Pathway analysis of GIN cell lines
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Figure 22. A pathway schematic of the relevant pathways of the mRNA targets of the significant

miRNA across GIN cell lines in hypoxia compared to normoxia.

Pathway analysis in the GIN cell lines showed that miR-138-5p, miR-576-
3p, MmiR-128-1-5p, MiR218-5p, MiR-320a-5p, MiR-608, MiR-609, miR-
301b-3p and miR-490-5p have possible interactions with a number of

genes that were significantly enriched seen in figure 22.

From the miRNAs which were significant in hypoxia compared to
normoxia in GIN cell lines the following miRNAs; miR-128-1-5p, miR-138-
5p, miR-218-5p, miR-301b-3p, miR-302a-5p, MmiR-490-5p, miR-576-3p

and miR-608 were enriched in disease ontology, KEGG, wikipathways

112



and reactome analysis (figures 23, 24, 25 and 26 respectively). The

dotplots have adjusted p-values and GeneRatios for each graph.
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Figure 23. Dot plot of disease ontology pathways for the significant miRNAs in hypoxia compared

to normoxia in GIN cell lines.

Using disease ontology, a large range of diseases was enriched with the
significant miRNAs including bone cancer, osteosarcoma, salivary gland
carcinoma, skin carcinoma (figure 23). As well as a number of cancers,
other diseases which are linked to the significant miRNAs include ataxia
telangiectasia, autosomal recessive diseases and endometriosis of

uterus.
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Figure 24. Dot plot of KEGG pathways for the significant miRNAs in hypoxia compared to

normoxia in GIN cell lines.

The same miRNAs were enriched with KEGG pathway analysis (figure
24). One pathway, microRNAs in cancer, contained all the significant
MiRNAs except miR-302a-5p and miR-490-5p. Another important KEGG
pathway showed that miR-128-1-5p, miR-138-5p, miR-218-5p and miR-

576-5p were enriched in gliomas.

114

p.adjust

0.15
0.10
0.05

GeneRatio
® 025
@® 050
@® 075
@ 1.0



Metastatic brain tumaor 4

G1 to S cell cycle control -

Non-small cell lung cancer -

Retinoblastoma Gene in Cancer -

Pancreatic adenocarcinoma pathway =

Breast cancer pathway 5

miRNAs involved in DNA damage response -

Human Thyroid Stimulating Hormone (TSH) S|gnal|ngpalhway-
A Damage Response -

H19 action Rb—-E2F1 signaling and CDK Beta-catenin activity -
miRNA Regulation of DNA Damage Response
Whnt/beta—catenin Signaling Pathway in Leukemia <

Hepatitis C and Hepatocellular Carcinoma

LncRNA-mediated mechanisms of therapeutic resistance
IL-7 Signaling Pathway =

PPAR Alpha Pathway 5

Tumor suppressor activity of SMARCB1 4

Photodynamic therapy—-induced NF-kB survival signaling 4
Bladder Cancer 4

Photodynamic therapy-induced AP-1 survival signaling. -
AGE/RAGE pathway 4

Matrix Metalloproteinases 4

Lung fibrosis

Trans—sulfuration pathway

Hematopoietic Stem Cell Gene Regulation by GABP alpha/beta Complex
MTHFR deficiency

One Carbon Metabolism

Trans-sulfuration and one carbon metabolism =

mRNA Processing =

WikiPathways

tes e 00000000 00
o o

Regulation of Apoptosis by Parathyroid Hormone-related Protein 4

p.adjust
0.20
0.15
0.10
0.05

GeneRatio

[ ® 025

® 050
@® 075

® @® 100

Figure 25. Dot plot of WikiPathways for the significant miRNAs in hypoxia compared to normoxia

in GIN cell lines.

The WikiPathways analysis also revealed relevant pathways for the

significant hypoxic miRNAs (figure 25). Metastatic brain tumour pathways

were enriched for miR-128-1-5p and miR-218-5p. The analysis showed

that the miRNAs were enriched for other cancers including non-small cell

lung cancer, bladder cancer and Wnt/beta-catenin signalling pathway in

leukaemia.
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Figure 26. Dot plot of Reactome outputs for the significant miRNAs in hypoxia compared to

normoxia in GIN cell lines.

A number of biological pathways were enriched with the significantly
upregulated miRNAs for hypoxia using Reactome (figure 26). Oxidative
stress induced senescence is enriched with miR-128-1-5p, miR-138-5p
and miR-218-5p. The same three miRNAs were also enriched in cellular
senescence and cellular responses to stress. A large range of pathways
from splicing to interleukin signalling were enriched for these miRNAs,

showing the diversity of their functions.

3.2.2.4.3 Pathway analysis of LGG cell lines
There was no pathway analysis for the low-grade cell lines, as none of
the hypoxic significantly expressed miRNAs were significantly enriched

in any pathways.
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3.3 Summary

This first study used the microarray to screen 827 human miRNAs across
12 different glioma samples. The different samples included 3 paediatric
and 3 commercially available cell lines. These samples were not taken
forward for further analyses as it was determined to focus largely on high-
grade gliomas (GIN cell lines) and low-grade gliomas. This was because
these two categories are all primary cell lines derived from patients and
less is known about the miRNA landscape of patient-derived tumours.
Statistical analyses compared the miRNA expression with or without
hypoxic strain in three categories; overall which encompasses all 12 cell
lines (includes paediatrics and commercially), only GIN cell lines (GIN28,
GIN31 and GIN8) and only the LGG cell lines (LGG19, LGG24 and

LGG11).

Firstly, analysing the effect of hypoxia on all of the 12 cell lines, 8 mMiRNAs
were statistically significant. One interesting miRNA, miR-491-5p, was
identified as significant across all cell lines and was found to be 1.7 times
upregulated in hypoxia compared to normoxia. miR-491-5p is noted to be
tumour suppressor and involved in apoptotic pathways and cellular
senescence (164), which was also indicated in the pathway analysis.
Cellular senescence pathway included the gene MRE11, which is a direct
target of miR-491-5p. The repression of MRE11 can potentially decrease
double-strand break repair by homologous recombination and cause
cellular senescence (165). The effect of hypoxia on cellular senescence

is not very clear with some reviews indicating it reduces cellular
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senescence (166) and that the lack of oxygen can also increase
senescence through different molecular pathways (167). The second
pathway linked to miR-491-5p is RNA polymerase Il transcription
composed of many zinc-finger proteins including those shown in figure
13. RNA transcription is extremely important in hypoxia-induced cells, to
enable hypoxia-induced transcription requiring polymerase Il. Another
MIiRNA, miR-328-3p is also significantly upregulated in hypoxia across all
the cells around 1.8 times more than in normoxia. The pathway analysis
of this miRNA shows that CBX4 is a direct target. CBX4 is linked to
preventing cellular senescence (168), as miR-328-3p is increased and
directly suppresses CBX4, this suggests a possible increase of cellular
senescence. This is a similar effect to miR-491-5p repressing MRE11.
Across all cell lines, in hypoxia there seems to be an increase in cellular

senescence, based on miRNA expression and their targets.

The next grouped analysis focussed on the effects of hypoxia purely the
GIN cell lines. 18 miRNAs were found to be significantly upregulated.
miR-218-5p is 1.87 times upregulated in hypoxia and has multiple
targeted genes and enriched in the pathway analysis. One pathway it is
enriched in is oxidative stress induced senescence, and RNA
polymerase Il transcription similarly to the overall analysis. This particular
mMiRNA is also indicated in the Wikipathways of signalling pathways in
glioblastoma. Other pathways that are linked to miR-218-5p are
apoptosis, angiogenesis, regulation of gene expression and metabolic

processes. These are further confirmed when looking at the direct targets
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of miR-218-5p in the pathway analysis. EGFR is linked to hypoxia,
promotes angiogenesis, proliferation and effects cellular signalling.

MMP2 another target of miR-218-5p is linked to invasion of tumour cells.

Previously it has been shown that, higher expression of miR-21-5p in
colon cancer cells induces b-catenin signalling by directly supressing
KRIT1, thus contributing to angiogenesis and vascular permeability in
colon cancer (PMID: 34088891). Further study is required to investigate
whether a similar mechanism orchestrated by miR-21-5p in play to

promote angiogenesis to counteract hypoxic strain in GBM.

Another miRNA that is upregulated 2-fold in hypoxia in GBM cell lines,
though is not enriched in the pathway analysis is miR-210-5p. This miR-
210-5p is a hypoxic marker, so it is encouraging to note that this miRNA
is upregulated in hypoxia. miR-210-5p is also known as a hypoxamiR,
which is notably upregulated in most cases of hypoxia. miR-210-5p
increases cell cycle progression, genomic instability and angiogenesis

(144).

In contrast to the other groups, the miRNAs that were statistically
significant within the low-grade category were all downregulated. miR-
606 was downregulated 4.7 times more in hypoxia compared to normoxia
in low-grade glioma cell lines. This particular miRNA has not been studied
largely in general, except for being related to cellular proliferation of

sponging to miR-606 in pancreatic cancer (169), and there is no literature
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regarding miR-606 in relation to gliomas and hypoxia. However, there are
RNA polymerase Il transcription, gene expression, and multiple
metabolic processes are identified as pathways linked to miR-606 based
on its predicted targets. It may identify this miRNA as important in either
hypoxia and/or low-grade gliomas. It is still important to note, that
although these miRNAs are significant (p < 0.01), none were significant
when post-hoc correction was applied. Another miRNA that was
downregulated in low-grade gliomas and overall, when analysing all 12
cell lines was miR-494-5p. This miRNA is linked to neurogenesis,
nervous system development, DNA-binding transcription factor activity,
developmental cell growth and neuron differentiation. The only potential
pathway that has a more direct link to hypoxia and gliomas is cell
migration. With little literature about this miRNA, it is hard to assume the
impact of hypoxia on its function within low-grade gliomas. It is also noted
that miR-210-3p, a hypoxic marker, is not upregulated in hypoxia in the
low-grade gliomas compared to normoxia. As mentioned previously low-
grade gliomas harbour IDH mutations which may cause HIF-1
stabilisation, therefore additional hypoxic pressure may not cause a
significant difference in hypoxic-induced miRNAs or genes. However, the
hypoxic exposure of low-grade gliomas may not have had a significant
effect on the expression of hypoxic mMIRNA markers, further
distinguishing their differences from glioblastomas. For the low-grade
gliomas, during the pathway analysis of significant miRNAs, no pathways

were enriched.
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This chapter has shown the use of screening miRNASs using a microarray.
As mentioned, a large benefit to using techniques such as the NanoString
nCounter miRNA microarray is the ability to screen such a large a volume
of miRNAs, in this instance 827 miRNAs. This allows for a thorough
investigation of the miRNA landscape across a number of different
samples. During the normalisation process, it was evident that a large
proportion of the mMIRNAs had similar expression values to the
background, which caused them to be excluded from the analysis. The
most appropriate normalisation method was used to ensure the greatest
number of mMiRNAs were involved in further analysis. However, as this
experiment was outsourced, it is unknown what may have caused the
undetectable expression counts. The quality checks of the experiment
were as expected, so the cause remains unknown. It is routinely
mentioned that miRNA expression is often lower than that of genes and
there can be more difficult to measure. As the classification of
significance of the miRNAs was altered to a p-value of 0.01 as adjusted
p-values were not significant, other techniques are required to produce
more statistically significant and robust results. Quantitative polymerase
chain reaction (QPCR) is routinely used for validation of gene expression.
Instead of individual PCRs for a specific gene (or miRNA), custom panels
can be created to PCR a number of miRNAs at the same time. The
number of miIRNAs analysed at one time is a lot smaller than the
microarray i around 92 target miRNAs on a 384-well plate. However, the

method is widely used, it is not outsourced and relatively inexpensive and
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quicker to run. This technique was chosen as the next smaller screening

method, after using the miRNA microarray.

The hypotheses of this chapter are accepted. It has been shown that
mMiRNAs are differentially expressed in hypoxia compared to normoxic
conditions among the different glioma categories (overall, GIN and low-
grade). The expression of the miRNAs differs between the categories, as
the significant mMiRNAs are upregulated in glioblastomas but
downregulated in low-grade gliomas. This chapter has revealed a set of
hypoxic-specific set of miIRNAs in glioma samples that are likely to play
important role in counteracting the stress posed by hypoxic condition. It
also confirms that different individual miRNAs are changed in the
categories, there was no one miRNA that was significantly expressed
across the three groups. The next step of this project is to use qPCR as
a smaller screening method to produce more robust and statistically

significant results of differentially expressed miRNAs.
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4 Chapter 4: LNA miRCURY custom
gPCR analysis of glioma samples

4.1 Introduction

After the difficulties faced from the NanoString microarray analysis, a
second similar experiment was conducted to obtain miRNA expressions
that are significantly changed in hypoxia compared to hormoxia in glioma
samples. A different methodology using qPCR was selected to assess
microRNA expression levels. Custom panel qPCR 384-plates were
created using Qiagen (locked-nucleic acids) LNA miRCURY technology

with 90 manually picked miRNA probes, seen in figure 4.

LNA miRCURY technology was selected as it has been identified to
improve generate accurate and reproducible miRNA analysis.
Quantification of miRNA presents multiple challenges such as the close
sequence identity (170). The Qiagen system was chosen because it is
mMiRNA specific and uses locked-nucleic acids (LNA). LNAs are
analoguest hat have a high affinity for RNA
in place. These locked nucleotides enable thermal stability during the
hybridisation to complementary RNA or DNA strands. The melting
temperature (Tm) of the duplex increases between 2 1 8 °C. This allows
for more accurate discrimination between very similar and small targets.
As the targets are often very small, the GC content of primers can vary
massively. This can cause low robustness and introduce high uncertainty
as the Tm of the miRNA duplex will vary based on the different GC

content. However, as mentioned previously, the LNAs increase thermal
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stability regardless of GC content of the miRNA. Another issue when
amplifying miRNA, is the discrimination between very similar sequences.
As they are small sequences, some miRNAs can differ by only a single
nucleotide. This means that distinguishing between different miRNAs is
important to ensure the miRNA of choice is being amplified. Another
advantage of using LNAs is that they can enhance the discriminatory
capabilities of the primers and increase affinity for its mMIRNA
complementary strand which improves the specificity and sensitivity for
all miRNA targets. As well as the benefits listed above, the data provided
by PCR is expression data, which allows to see the expression level of
each miRNA in the sample. With LNA technology, it is more certain that

the results are specific and accurate for each individual miRNA chosen.

Using PCR to quantify miRNAs has always been difficult as the length of
usual primers are often the same length as the miRNA itself. Often PCR
primers designed for miRNAs result in primer-dimer generation. LNA
technology can be used in the PCR setting to increase both specificity
and sensitivity. LNAs are introduced into short primers which anneal
directly to the miRNA sequence. The LNA miRCURY PCR system can
be described in two steps, which can also be depicted in figure 27:

1) Convert the miRNA into cDNA using a miRNA-specific primer

using reverse transcriptase.
2) Amplify the cDNA by using the miRNA-LNA containing short

primer.
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As the NanoString microarray technology struggled to produce
statistically significant results with usual parameters (p<0.05 with
adjusted p-values). Other methods of screening miRNAs were discussed
before deciding upon the LNA miRCURY gPCR custom plate system
such as RNA sequencing, however, qPCR of miRNAs was more

appropriate for this investigation.

@ First strand cDNA synthesis

Mature miRNA

./W\AAAAAAAAA polyA tail

NANNAAAAAAAAA polya tail
— TTTTTTTTTT —— 5'universal tag

3'degenerate anchor

@ LNA-enhanced miRNA-specific primers for real-time PCR amplification
miRNA-specific forward primer

o LNA e LNA e LNA i

ANANTTTTTTTTTT — 5 universaltag

44— |[NA—— INA—— | NA—
miRNA-specific reverse primer
e 3 T 3k Ik e SYBR green detection
e T e e e

Figure 27. A schematic of mMIRCURY LNA technology. Step 1 shows cDNA single stranded
synthesis. Step 2 shows the PCR amplification using LNA-miRNA-specific primers followed by

SYBR green detection. Image created using BioRender.

Hypothesis 1: Individual miRNA levels are differentially expressed in

hypoxic gliomas compared to normoxic gliomas.

Hypothesis 2: Differentially expressed miRNAs in hypoxia compared to

normoxia differs in high-grade gliomas compared to low-grade gliomas.
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4.2 RNA yield and reverse transcriptase

RNA was extracted from 4 primary cell lines (GIN28, GIN31, LGG19 and
LGG24) and 2 commercially available cell lines (SF188 and U87). The
RNA used was the same RNA used for the NanoString microarray. The
RNA was re-quantified before use and analysed and fell into the
parameters of a RIN number higher than 8 and A260/A280 and

A260/A230 ratios in which the ratios nearest to 1.8.

4.3 gPCR custom plate layout

The format of the gPCR was available in many formats, including custom
panels. The custom panels allow for ready-designed miRNA primer
mixes to already be inserted into the wells before use. This enables a
choice of multiple miRNA targets to be analysed at one time. The plate
used was a 384-well plate, allowing four 96-sets of each layout on the

plate to allow for 4 samples to be run at the same time.

The handpicked choice of the miRNAs was selected from thorough
literature-based searches, and some were determined from the first
preliminary analysis of the NanoString data. However, further in-depth
NanoString analysis was completed after the gPCR panels were
performed, which accounts for some miRNAs that are not featured in the
gPCR panels. miR-218-5p, miR-210-3p and miR-606 are the only three
MiRNAs from the NanoString microarray which were included in the

gPCR custom plate layout. The literature-based searches, focused on
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individual miRNAs and whether they were researched in either gliomas

and/or hypoxia. 90 miRNAs were chosen and are seen in table 18.

Table 18. A table showing a list of the handpicked miRNAs from the miRCURY gPCR panel and

the reasons from the literature searches.

MiRNA Reason from literature
hsa-miR-21-5p | It is known to be overexpressed in glioblastomas. It is
particularly associated with cell proliferation of
glioblastomas (150).
hsa-miR-606 | This miRNA was highlighted in the preliminary
NanoString array, as potentially significant in low-
grade gliomas.
hsa-miR-30e- | mir-30e-5p has been linked to hypoxia in a number of
5p cell types including stem cell-derived cardio-
myocytes (171) and lung adenocarcinomas (172).
One paper links the expression of miR-30e-5p in
gliomas with the use of demethylzeylasteral to inhibit
glioma growth (173).
hsa-miR-34a- | miR-34a-5p is a known tumour suppressor in
5p glioblastomas with low expression levels of miR-34a-
5p related to poor survival prognosis (174).
hsa-miR-362- | Little is known about the role of miR-362-5p in
3p gliomas however, miR-362-5p has been shown to
regulation proliferation and invasion of trophoblastic
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cells in hypoxia (175). There are other studies of miR-

362-3p involvement in hypoxia.

hsa-miR-7-5p

miR-7-5p is downregulated in glioblastoma cell lines
and is a tumour suppressor in glioblastomas which

inhibit cell migration and invasion (176).

hsa-miR-92a-

3p

miR-92a-3p is linked into glioblastomas and has been
shown to be regulated in glioblastomas and linked to
signalling pathways such as Notch-1/Akt (177). miR-
92a is part of the miR-17-92 cluster, of which many
members are linked to hypoxia, though the

knowledge of mir-92a-3p effect in hypoxia is limited.

hsa-miR-132-

3p

The expression of mir-132-3p in glioblastomas has
conflicting results in multiple papers (178). This
miRNA has been shown to be induced in response to
hypoxia in mouse and human brain microvascular

endothelial cells (179).

hsa-miR-331-

3p

mir-331-3p is a tumour suppressor whose expression
in lowered in glioblastomas (180). It is also linked to
long non-coding RNA GAPLINC which sponges miR-

331-3p to promote growth of glioblastoma (181).

hsa-miR-152-

3p

miR-152-3p is a tumour suppressor whose
expression is decreased in glioblastoma cells and its
function is linked to the proliferation, migration and

invasion of tumour cells, with an increase in miR-152-
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3p resulting in the sensitising of glioblastoma cells to

cisplatin. (182).

hsa-miR-335-

5p

Few studies have looked at this particular miRNA in
depth, there are very few papers looking at its
relevance in glioblastomas and one paper
characterising its association with the cystic fibrosis
transmembrane conductance regulator (CFTR) gene
in which validates that miR-335-5p regulates a

number of genes @83Mmcl udin

hsa-miR-106b-

5p

miR-106b-5p has been characterised in glioblastoma
as an oncomiR which elevates tumorigenesis by
targeting tumour suppressor genes such as RBL1,
RBL2 and CASP8 (184). There are further studies
assessing the functions of miR-106b-5p in
glioblastomas linking it to macrophage polarisation

(185) and long non-coding RNA GAS5-AS1 (186).

hsa-miR-125b-

5p

miR-125b-5p is an oncomiR and has been shown to
be upregulated in glioblastomas, its upregulation is a
biomarker of poor prognosis and contributes to
promoting cell proliferation, protection from apoptosis
and increased chemoresistance (187). miR-125b has
also shown to be downregulated in Ilow-grade
gliomas and low-grade paediatric tumours and its

overexpression halts cell growth (188). There are a
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few studies linking miR-125b to hypoxic effect, but

not in gliomas.

hsa-miR-17-5p

miR-17-5p is known to be upregulated in
glioblastoma cell lines and shown to be upregulated
between 3 and 6 fold with the induction of hypoxia
(189). miR-17-5p could potentially be another marker
of hypoxia in glioblast(
and function in hypoxic glioblastoma is yet to be

elucidated.

hsa-miR-495-

3p

miR-495-5p has been studied in glioblastomas and is
linked to tumour progression by acting as a sponge
for circular RNA (190) and pseudogenes (191). miR-
495-5p seems to be relevant to hypoxia but with little
in-depth studies and no direct link between

glioblastomas and hypoxia.

hsa-miR-210-

3p (2 probes)

Mir-210-3p is a known hypoxic marker and has been
shown to be increased in hypoxia in glioblastoma cell
lines (192). This allows for this miRNA to be a positive
control for hypoxic conditions. This miRNA was also

identified in the NanoString microarray.

hsa-miR-96-5p

This miRNA was highlighted in the preliminary
NanoString array, as potentially significant in low-

grade gliomas.

hsa-miR-451a

This miRNA has been shown to be significantly

different between glioblastoma patients and healthy
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controls, high levels of miR-451a correlated with

positive MGMT expression (193).

hsa-miR-222-

3p

miR-222-3p has been investigated in various studies
in glioblastoma, with some studies suggesting
elevated levels of mir-222-3p is indicative of poor
prognosis and linked to increased DNA damage and
tumour growth (194). There are various studies
linking miR-222-3p with hypoxia, but non detailing the

association within glioblastomas.

hsa-miR-128-

3p

miR-128-3p has been studied in glioblastoma and
has tumour suppressor functions in glioblastomas.
miR-128-3p is downregulated in GBM tissues and
cell lines and it was found that increased expression
of mir-128-3p increases the chemosensitivity of
glioblastoma to temozolomide, inhibits expression of
proteins in EMT pathway and inhibits cell viability by

targeting c-Met (154).

hsa-miR-26b-

5p

There are limited studies of miR-26b-5p in
glioblastoma and hypoxia, but none have
investigated miR-26b-5p directly to characterise its

function in either condition or jointly.

hsa-miR-425-

5p

miR-425-5p has been shown to be increased in
glioblastoma compared to normal brain and has been

shown to be involved in the regulation of cell
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proliferation and apoptosis in glioma stem-like cells

(195).

hsa-miR-216a-

5p

miR-216a-3p has limited reports of its expression and
function in glioblastoma but it has been loosely linked
to hypoxia with its expression being linked to a

mar ker of hy(6xi a, HIF1U

hsa-miR-29b-

3p

miR-29b-3p is a tumour suppressor MiRNA whose
expression is downregulated in glioblastoma and that
its restoration exerts anti-cancer effects (197). There
are a number of papers linking miR-29b-3p to
hypoxia in cardiomyocytes but none linking miR-29b-

3p to hypoxia in glioblastomas.

hsa-miR-146a-

5p

miR-146a-5p has  been identified  within
glioblastomas and linked with neural stem cell
proliferation, differentiation and migration by

regulating Notch1 (198).

hsa-miR-149-

5p

miR-149-5p is upregulated in glioblastomas, which
effects the target gene caspase 2, however it has
also been reported that it can be downregulated in
glioblastomas, effecting AKT1 which also enhances

chemosensitivity to TMZ (199).

hsa-miR-199a-

3p

miR-199a-3p has been studied in glioblastomas,
including that it is under-expressed in glioma samples
and that overexpression of miR-199a-3p suppresses

cell proliferation by regulation of the Akt/mTOR
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pathway (200). There has recently been study
looking at hypoxia-induced glioma-derived exosomal
miR-199a-3p and its role promoting ischemic injury
by inhibiting the mTOR pathway (201). However,
there are few studies assessing the role of miR-199a-

3p in hypoxia with GBM tumours.

hsa-miR-487b-

3p

miR-487b-3p has been identified as a miRNA that co-
regulates TP53 and Akt for glioma development and
contributes to the mediation of glial cell line-derived
neurotrophic  factor induced proliferation and

migration of glioma cells (202).

hsa-miR-130a-

3p

miR-130a-3p is downregulated in GBM compared to
human astrocyte cells and cells transfected with a
miR-130a-3p mimic exhibited lower growth rate than
the control, it also inhibits migration and TMZ
resistance by targeting Spl (203). These miRNA is
also involved with long non-coding RNAs and a
feedback loop involving mMTOR to inhibit
tumorigenesis (204). miR-130a-3p has been shown
to be involved in inhibiting glycolysis with long non
coding RNAs under hypoxi
miR-130a-3p in hepatocellular carcinoma cells (205),

though no link has yet been reported in GBM.

hsa-miR-155-

5p

miR-155-5p is a known oncomiR in glioblastoma and

has been shown that when targeted with peptides
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that reduction of miR-155-5p induces capase-3
activation and apoptosis in TMZ-resistant glioma cell
lines (206). miR-155-5p has also been identified in
paediatric GBM and is significantly correlated with the
expression of PD-L1 (207). miR-155-5p has been
linked to the transcription factor ELK3 and the
hypoxic response in endothelial cells (208). No

similar studies have been conducted in GBM.

hsa-miR-185-

5p

miR-185-5p has been shown to be involved in the
PI3K/AKT pathway due to involvement with FoxD2-
AS1 to promote glioma expression (209). There are
many studies reporting its interaction with different
long non-coding RNAs which affect glioma growth.
Studies shows its interaction with long non-coding
RNAs to attenuate hypoxia induced pyroptosis in
cardiomyocytes (210). Though none have been

reported in hypoxia in GBM.

hsa-miR-296-

5p

miR-296-5p has been reported to enhances glioma
invasiveness by downregulating caspase-8 and

nerve growth receptor (211).

hsa-miR-100-

5p

miR-100-5p is found to be decreased in glioblastoma
cell lines, however, once restored a reduction in cell
viability and proliferation is seen, this has been linked
to the targeting of SMARCAS and ErbB3 in tumour

initiating cells (212). This miIRNA has also been
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studied in hypoxia in endothelial cells, in which
overexpression of miR-100-5p inhibits dysfunction of
human placental microvascular endothelial cells
(HPMECSs) under hypoxia by downregulating HIPK2

to activate the PI3K/Akt pathway (213).

hsa-miR-16-5p

miR-16-5p is downregulated in glioma cell lines and
its overexpression decreases cell viability,
proliferation, induces caspase 3/7 activity and
apoptosis (214). miR-16-5p has been linked to
hypoxia in cardiomyocytes but no studies assessing

miR-16-5p function in hypoxia in cancers.

hsa-miR-31-5p

(2 probes)

Co-expression of miR-31-5p and miR-145-5p were
shown to inhibit glioblastoma invasion in
mesenchymal stem cells (215). Il n hypo-x
SP1 interaction disrupts a regulatory loop involving
miR-31-5p to promote non-small cell lung cancer
progression (216). This has not yet been investigated

in glioblastomas.

hsa-miR-142-

5p

BRD4 promotes glioma stemness by enhancing miR-
142-5 p medi at i on -caténin signaling
pathway (217). In hypoxia, in cardiomyocytes, it has
been reported that the suppression of miR-142-5p
reduces hypoxia-induced apoptosis by targeting

SIRT7 (218).
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hsa-miR-27a-

3p

miR-27a-3p has been reported in many studies,
reporting its various roles in glioblastoma. One of
these shows that miR-27a-3p is significantly lower
expressed in GBM samples compared to normal
brain tissue and has a negatively correlation of
expression with EGFR (219). Studies has been
conducted to look at the roles of miR-27a-3p in
hypoxia-induced cells or cardiomyocytes but none
looking specifically at the effect of hypoxia on miR-

27a-3p in cancer or GBM.

hsa-miR-148b-

3p

miR-148b-3p expression level was significantly
higher in GBM cell lines than in control with
overexpression of miR-148b-3p inhibiting MMP-2
and MMP-9 and downregulating Wntl protein,
showing that miR-148b-3p has the ability to inhibit

invasion and migration in GBM cell lines (220).

hsa-miR-107

miR-107 is downregulated in glioma cell lines (U87)
and overexpression of miR-107 suppressed glioma
proliferation, invasion and reduced MMP-12
expression (221). In colon cancers it has been shown
the p53 regulates miR-107 which in turn can
decrease hypoxia signalling by suppressing the
expr essi on(228)f HowkleF, this pathway
involving miR-107 has not been studied in

glioblastoma.
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hsa-miR-199a-

5p

A few studies have looked at miR-199a-5p in
glioblastoma, including that the expression of miR-
199a-5p is reduced in glioma cell lines and its
overexpression inhibits glioma proliferation, invasion
and migration and miR-107 has a direct negative
correlation of expression with magnesium transport 1
(MAGT1) with its increased expression leading to
significantly increased glioma proliferation, invasion
and migration (223). In multiple myeloma miR-199a-
5p has been identified in a hypoxia/AKT/miR-199a-
5p loop in which miR-199a-5p is downregulated in
hypoxic multiple myeloma cells (224). Though miR-
199a-5p has been directly linked to hypoxia, there are
no studies specifically identifying miR-199a-5p in

hypoxia in glioblastoma cells.

hsa-miR-26a-

5p

There are few studies targeting miR-26a-5p in
glioblastoma, however, one paper has shown that
when glioma cell lines are treated with rapamycin,
glioma growth is inhibited and autophagy promoted
via a miR-26a-5p/DAPK1 axis (225), showing that
mir-26a-5p has involvement within glioblastomas.
Mir-26a-5p has been shown to protect
cardiomyocytes from hypoxia/reoxygenation injury by
targeting WNT5A and i nhi b-atenim

signalling pathway (226). miR-26a-5p protective
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function against hypoxia has not been reported in

cancer or glioblastoma.

hsa-miR-382-

5p

miR-382-5p expression is lower in glioma tissues
compared to non-tumour brain tissues but found that
miR-382-5p levels were high in U87 and U251 cell
lines, though upregulation of miR-382-5p significantly
decreased glioma cell proliferation (227). In gastric
cancer, miR-382-5p has been shown to be induced
by HIF-1 U a s -aagiogeniomiRNA which targets
a tumour suppressor phosphatase and tensin
homolog (228). However, miR-382-5p link with
hypoxia in glioblastoma as not yet been

characterised.

hsa-miR-181a-

5p

Multiple studies have been conducted investigating
the various roles and functions of miR-181a-5p in
glioblastoma. miR-181a-5p has been studied as a
tumour suppressor in gliomas and is shown to inhibit
proliferation and invasion of drug-resistant glioma
cells by targeting the F-box protein 11 (229). miR-
181a-5p also modulates osteopontin expression in
glioblastoma cells (230). miR-181a-5p was also
found to have a further 2-3 fold downregulation
following hypoxia induction in glioma cells and Bcl-2
Is a target of miR-181a-5p which allows for apoptotic

escape (189).
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hsa-miR-205-

5p

miR-205-5p is decreased in glioblastoma cells which
results in an increased expression of the long non
coding RNA SNHG5 and consequently promotes
glioma  proliferation  (231). Conversely to
glioblastoma, miR-205-5p is significantly induced
under hypoxia in cervical and lung cancer cells which
promotes epithelial-mesenchymal transition by

targeting ASPP2 (232).

hsa-miR-9-5p

miR-9-5p is found to be decreased in glioblastoma
cells, and it has been found to mediate ABCC1 to
increase the sensitivity of glioma cells to
temozolomide (233). miR-9-5p has been found to
mediate BNIP3 which is affected by circJARID2 to
regulate hypoxia-induced injury in rat-derived cardiac

cells (234).

hsa-miR-374b-

5p

miR-374b-5p is downregulated in glioma cells and is
a tumour suppressor and overexpression of miR-
374b-5p reduced proliferation, migration, invasion
and vasculogenic mimicry and that MMP14 is a direct
target of miR-374b-5p (235). However, there is
limited information and studies on miR-374b-5p in

hypoxia in cancer.

hsa-miR-376c¢-

5p

Little is known about this particular miRNA overall, so
it was included in this screen to determine if it was

affected by hypoxia in GBM. It Is known to be
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downregulated in breast cancer compared to normal

breast tissue (236).

hsa-miR-19a-

3p

miR-19a-3p has been shown to be upregulated in
glioma tissues and cell lines with PTEN being a direct
target of miR-19a-3p which in gliomas, causes PTEN
downregulation in gliomas and consequently
promotes cell proliferation, migration and invasion of
glioma cells (237). miR-19a-3p is shown to mitigate
hypoxia-induced apoptosis in cardiomyocytes by
downregulating CCL20 and inactivating MAPK (238).
However, these roles of miR-19a-3p in hypoxia have

not been reported within cancer or glioblastoma.

hsa-miR-148a-

3p

miR-148a-3p is overexpressed in GBM tissues
compared with normal brain tissues and has been
shown to target the factor inhibiting hypoxia (FIH1) to
promote HIF1U and Notch

miR-148a-3p and miR-31 can regulate glioma growth
to activate angiogenesis even in normoxic conditions

(239).

hsa-miR-93-5p

miR-93-5p has been shown to lesser expression in
U87 glioma cell lines compared with normal human
brain glial cell line, and MMP2 has been shown to be
a direct target of miR-93-5p and increasing miR-93-
5p expression, decreases MMP2 expression

resulting in inhibition of proliferation in glioma cells
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(240). An in vivo study in mice shows that under
hypoxia miR-93-5p is downregulated compared to
the control and that the miRNA is sponged by
circHIPK3 to activate the Racl/PI3K/AKT pathway
(241). There are no direct studies linking hypoxia to
miR-93-5p expression and investigating its roles in

cancer or glioblastoma.

hsa-miR-191-

5p

miR-191-5p has been identified as an oncomiR in
glioblastoma, which high expression levels compared
to controls and its overexpression promoted
increased growth of glioblastoma cells and
considered a poor prognostic marker for GBM (242).
Though no links to miR-191-5p to hypoxia in GBM
have been reported, miR-191-5p has been shown to
be hypoxia and estrogen responsive in breast cancer
and promotes breast cancer cell proliferation and

migration (243).

hsa-miR-151a-

5p

miR-151a-5p has increased expression in lung
cancer compared to peri-carcinomatous tissue (244)
and miR-151a-5p has been shown to be associated
with hypoxia in mesothelioma (245). No direct links to

GBM with miR-151a-5p have been reported.

hsa-miR-106a-

5p

Increased levels of miR-106a-5p are found in
glioblastoma and is significantly associated with a

lower probability of 2-year overall survival (194). miR-
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106-5p has been shown to target STAT3 and
consequently downregul a
pathway in breast cancer and lower miR-106a-5p
levels are associated with poor survival in breast
cancer patients (246). However, the expression of
miR-106a-5p in hypoxia was not quantified in this
study compared to normoxia and has not been

investigated in glioblastomas.

hsa-miR-24-3p

miR-24-3p is increased in glioma cells and has been
shown to promote cell proliferation in glioma cells
which has been found to occur by regulating MXI1
synergistically with miR-27a-3p (247). However in
breast cancer miR-24-3p has been shown in induce
chemoresistance and is shown to directly target
FIH1, as miR-24-3p expression increases in hypoxic
conditions, FIH1 decreases which consequently

causes the upreddd).ati on

hsa-miR-27b-

3p

miR-27b-3p is a tumour suppressive miRNA which is
downregulated in  glioblastoma cells and
overexpression of miR-27b-3p inhibits glioma
proliferation migration and induces apoptosis, the
inhibition of glioma tumours via overexpression of
miR-27b-3p was also reported using xenografted
glioma tumours in vivo (249). Though miR-27b-3p

has not been assessed in glioblastoma in relation to
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hypoxia, miR-27b-3p levels in hypoxia in colorectal
cancers have and showed that miR-27b-3p levels
were higher in moderate hypoxia (2% O2) than
marked hypoxia (0.5% Oz2) and hypoxia levels of mir-
27b-3p were all higher than normoxic expression

(250).

hsa-miR-10a-

5p

Mir-10a-5p has been shown to be sponged by long
non-coding RNA PTENP1 which prevents its
targeting to PTEN and lower miR-10a-5p expression
predicted better overall survival from gliomas and
lower miR-10a-5p expression results in increased
apoptosis with increased cleaved caspase-3 and Bax
(251). No direct association between hypoxia and

miR-10a-5p has yet been identified in cancer.

hsa-miR-186-

5p

Mir-186-5p is a tumour suppressive miRNA which
has been shown to be downregulated in glioma cell
lines compared to normal brain cell lines, miR-186-5p
expression represses invasiveness of glioma cell
lines and migration and downregulates components
of the NF-kB signalling pathway which is involved in
proliferation and cell survival such as Erk1/2 and mir-
186-5p was also shown to directly target FGF2 and
RelA (252). In oesophageal squamous cell
carci noma, H1 F 1 Ua divectstargetmiu

miR-186-5p, however the long non-coding RNA
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SNHG6 sponges miR-186-5p, lowering its
expression whi ch conseq
expression (253). However, the effect of hypoxia
itself was not identified and this relationship has not

yet been confirmed within glioma cells.

hsa-miR-181b-

5p

miR-181b-5p is reported as a tumour suppressor
miRNA and that overexpression of miR-181b-5p
sensitises glioblastoma cells to TMZ, this is as Bcl-2
is a target gene of miR-181b-5p whose expression
decreases with the miRNA increase and also
inhibited by TMZ to increase glioblastoma apoptosis
(138). Interestingly miR-186-5p is upregulated in gall
bladder cancer tumour tissue and a mir-181b-5p
antagomir was used to show that it exacerbated the
decrease of cell viability under hypoxia and glucose
consumption was significantly upregulated in hypoxia
and these changes were reverted by the miR-181b-

5p antagomir of miR-181b-5p (254).

hsa-miR-23b-

5p

miR-23b-5p is downregulated in glioma tissues and
cell lines compared with normal human astrocyte
cells and a miR-23b-5p mimic was used to show that
miR-23b-5p overexpression inhibits proliferation,
promotes apoptosis and increase chemosensitivity to
TMZ (255). However, miR-23b-5p has not yet been

studied under hypoxia in cancer or glioblastomas.
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has-miR-29a-

3p

miR-29a-3p is downregulated in glioma tissues
compared to normal brain tissues and that its direct
target Gabl is upregulated, in miR-29a-3p
downregulation, which promotes glioma cell
proliferation (256). In paediatric tumours, mir-29a-3p
levels are lower than non-neoplastic brain tissues
and that Notch2 is a putative target of miR-29a-3p
and low levels of miR-29a-3p and miR-107 and miR-
181c-5p allow for the activation of Notch2 signalling
(257). However, the influence of hypoxia on miR-29a-

3p in cancers has not fully investigated.

hsa-miR-628-

5p

miR-628-5p is suggested to be a tumour suppressive
mMiRNA whose expression levels are downregulated
in comparison to normal brain tissues and miR-628-
5p overexpression results in reduced glioma
proliferation and induced cell cycle arrest in G1, mir-
628-5p also binds to DDX59 which is linked to p-AKT
(258). Little is known about this miRNA in hypoxia in

cancers.

hsa-miR-23a-

5p

miR-23a-5p is thought to be an oncomiR in
glioblastoma and its overexpression promotes cell
migration and invasion and indirectly targets the
repressor of MMP14 to promote glioma cell migration
(259). Few studies have focussed on the direct effect

of hypoxia on mir-23a-5p in cancers or glioblastoma.
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hsa-miR-20a-

5p

Increased mir-20a-5p levels are significantly
associated with an increased hazard of death, lower
probability of 2-year disease-free survival and miR-
20a-5p upregulation is associated with advanced
astrocytomas, glioma-genesis and  promote
invasiveness by targeting the tissue inhibitor of
metalloproteinases-2 (TIMP2) (194). miR-20a-5p is
found to be downregulated in hypoxia (0.2% O32)
compared to normoxia in GBM cell lines by more than
2-fold (260). However, no further studies has
investigated the effects of hypoxia on miR-20a-5p in

hypoxia.

hsa-miR-488-

3p

This miIRNA was highlighted in the preliminary
NanoString array, as potentially significant in low-
grade gliomas. Though mir-488-3p has been shown
to be at a lower expression in glioma cell lines and
tissues than normal brain tissues and astrocytes and
the knockdown of miR-488-3p along with miR-190a-
5p knockdown promotes malignant behaviours of

gliomas due to their interactions with PVT1 (261).

hsa-miR-99b-

5p

mMiR-99b-5p expression levels are reported to be
lower in GBM compared with non-neoplastic brain
tissues and decreased expression of miR-99b-5p is
associated with aggressive tumour progression and

overexpression of mir-99b-5p resulted in inhibition of
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glioma cell migration and invasion (262). No studies
have yet reported the effect of hypoxia on miR-99b-

5p in cancer or glioblastomas.

hsa-miR-137

miR-137 is under-expressed in GBM and is tumour
suppressive  miRNA, the enforcement of its
expression has been shown to have many anti-
tumour effects such as inhibition of glioma
proliferation and stem cell differentiation, the
induction of apoptosis, the inhibition of invasion and
angiogenesis and the suppression of glioma stem cell
development and stemness maintenance (263). One
study has shown that miR-137 is downregulated in
hypoxic conditions and consequently hypoxia-
induced DNA methylation results in the
downregulation of miR-137 in GBM cells (264).
Though this study shows a link between miR-137 and
hypoxia in glioma cells, further functional and
mechanistic assays are required to show the effects

of hypoxia on mir-137 more than the expression.

hsa-miR-30d-

5p

miR-30d-5p levels are downregulated after surgical
resection compared to pre-operation levels also miR-
30d-5p levels are increased in GBM patients
compared to control levels, also increased levels of
miR-30d-5p is associated with increased risk of death

(265).
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hsa-miR-141-

3p

miR-141-3p is significantly downregulated in glioma
tissues and cell lines compared with normal brain
tissues, the expression also decreased in GBM
compared to low-grade glioma and decreased in low-
grade glioma compared to normal brain tissues, a
target of miR-141-3p ATF5, is repressed by miR-141-
3p which inhibits glioma growth (266). miR-141-3p
has been found to be downregulated in breast cancer
cell lines in hypoxia and that miR-141-4p
overexpression attenuates hypoxia-induced cell
migration and inhibits the hypoxia-activated
HMGB1/ HI F1U signalling ¢

(267).

hsa-miR-324-

5p

miR-324-5p is downregulated in glioblastoma tissues
compared to normal brain tissues as potentially
significant in low-grade gliomas, circSERPINE2 has
been shown to sponge miR-324-5p in glioblastomas
to accelerate its degradation, BCL2 is a target of miR-
324-5p and by decreases its expression allows for
the upregulation of the anti-apoptotic gene BCL2
(268). An indirect link between hypoxia and miR-324-
50in glioblastomas has b
transcription factor, activates the hedgehog signalling

pathway, which is regulated by SMO, a target of miR-
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324-5p (269). However, further investigations are

required to confirm this assumption.

hsa-miR-4454

miR-4454 is downregulated in chemo-resistant cell
lines compared to normal colorectal cancer cell lines
and directly targets GNL3L which is associated with
drug-resistance (270). miR-4454 is downregulated in
hypoxia compared to normoxia in melanoma

exosomes (271).

hsa-miR-365a-

3p

miR-365a-3p has been shown have low expression
in gastric cancer compared with normal tissues and
that low expression of miR-365a-3p is a marker of
poor prognosis (272). miR-365a-3p is linked to
cerebral infarction and hypoxia-ischemic brain

damage (273).

hsa-miR-379-

5p

miR-379-5p is downregulated in glioma tissues and
cell lines compared with normal human astrocytes,
upregulation of mir-379-5p results in the inhibition of
viability, migration and invasion of glioma cells and
EMT by regulating microsomal glutathione
transferase 1 (MGST1) (274). Though its response to

hypoxia in GBM and cancer is unknown.

hsa-miR-181c-

5p

This miRNA was highlighted in the preliminary
NanoString array. miR-181c-5p has been linked to
GBM as was differentially expressed in regards to

MGMT expression (275). miR-181c-5p has also been
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loosely linked to hypoxia within glioblastoma with its
regulation being increased under hypoxic conditions

(189).

hsa-miR-221-

3p

miR-221-3p is upregulated in glioblastomas, and
upregulation of miR-221-3p in GBMs without MGMT
promoter methylation has a significant negative
prognostic association (187). A further 3-6 fold
upregulation of miR-221-3p was seen under hypoxic
conditions in GBM cell lines (189). However, further
characterisation of the effect of hypoxia on miR-221-

3p needs to be elucidated.

hsa-miR-335-

5p

CCNB2 is a direct target of miR-335-5p, though the
levels of miR-335-5p have not been identified in
gliomas, the levels of CCBN2 are upregulated in
gliomas as they are in lung adenocarcinoma and
where miR-335-5p is downregulated (276). miR-335-
5p is linked to hypoxiaby HIF-1 U and CFT

bronchial epithelial cells (183).

hsa-miR-99a-

5p

The deregulation of miR-99a-5p in controls compared
to breast cancer tissues and plasma levels have
suggested the use of miR-99a-5p as a potential non-
invasive biomarker for breast cancer (277). Hypoxia
has been shown to downregulate the expression of
miR-99a-5p in H9c2 cells and that inhibition of long

non-coding RNA THRIL has a protective effect
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against hypoxia-induced injuries by upregulation
miR-99a-5p expression in H9c2 cells (278). This

effect has not yet been studied or reported in GBM.

hsa-miR-29c-

3p

miR-29c-3p has been shown to be involved in a
regulatory loop in glioblastomas consisting of CD276,
miR-29c-3p and Myc to combat natural killer cell
cytotoxicity (279). In medulloblastoma, miR-29c-3p
expression is suppressed by long non-coding RNA
CRNDE which decreases chemosensitivity (280). In
human bronchial epithelial cells, miR-29c-3p has
been shown to target HIF3A (281) suggesting a

hypoxic response.

hsa-miR-140-

5p

miR-140-5p is decreased in glioblastomas compared
to normal brain tissues and increased miR-140-5p
suppresses cell proliferation and cell cycle and
VEGFA and MMP2 are targets of miR-140-5p which
are conversely correlated with miR-140-5p levels in
glioblastomas (282). No reports link miR-140-5p to
hypoxia in glioblastoma but there are reports of miR-
140-5p being involved in protection from hypoxic

injury (283).

hsa-miR-184

miR-184 is downregulated in GBM tissues and cells
compared with normal brain, increased expression of
mir-184 inhibits invasiveness and migration of U87

cells and directly targets STC2, whose
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overexpression is correlated with poor prognosis and
is conversely associated with mir-184 (284).
Conversely, a different study shows that mir-184 is
upregulated in GBM glioma cells and that factor
inhibiting HIF-1 (FIH-1) is a direct target of miR-184

which positively regulates HIF-1 ({285).

hsa-miR-145-

5p

miR-145-5p levels are lower in glioblastoma tissues
compared with low-grade gliomas and with normal
brain tissues and that low miR-145-5p is significantly
associated with poor prognosis (286). miR-145-5p
has been shown to be HIF-1 dependent and is
significantly upregulated in hypoxia in glioblastoma
(260). The differences between miR-145-5p
expression in hypoxia and normoxia in glioblastomas
need to be investigated and to show the functional

and mechanical differences exerted by hypoxia.

hsa-miR-15b-

5p

miR-15b-5p has been shown to be downregulated in
glioma cell lines and tissues compared with normal
brain, increased expression of miR-15b-5p prevents
cell proliferation by inducing apoptosis and supresses
cell migration and invasion and SALL4 is a direct
target of miR-15b-5p which is a zinc-finger
transcription factor (287). No information is yet
available of the effect of hypoxia on miR-15b-5p in

GBM or cancer.
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hsa-let-7-5p

Let-7-5p is downregulated in gliomas which is also
related to the resistance of glioblastomas to radiation
(288). LIN2BA a known regulator of let-7-5p has been
shown to be induced by hypoxia in colon cancer and
therefore consequently effects the expression of let-

7-5p (289)

hsa-miR-218-

5p

miR-218-5p is downregulated in glioma cell lines and
tissues compared with normal brain and increased
expression of miR-218-5p results in inhibition of
glioma cell proliferation and induced cell cycle arrest
and apoptosis and LHFPL3 is a direct target of miR-
218-5p to regulate EMT (290). Little is known of miR-
281-5p in response to hypoxia in cancer. This miRNA

was also identified in the NanoString microarray.

hsa-miR-98-5p

miR-98-5p is downregulated in glioblastoma tissues
compared with peritumour tissues and IncRNA
NEAT1 promotes glioblastoma progression by
regulating miR-98-5p/BZW1, an oncogene (291). A
feedback loop consisting of DSCR8/miR-98-
5p/STAT3/HIF-1U are i mportant

ovarian cancer (292) as STATS3 is a direct target of
mIR-98-5p, this MIRNA is likely to be effected by
hypoxia but no reports have shown this yet in

glioblastomas.
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hsa-miR-421

miR-421 is downregulated in glioblastoma compared
to normal controls and is sponged by circular RNA
circSCAF11 and positively regulates transcription
factor SP1 which is shown to target VEGFA (293).
Hypoxia has been shown to increase the levels of
miR-421 in gastric cancer to promote metastasis and
inhibit apoptosis by targeting e-cadherin and
caspase-3 (294). The link between hypoxia and miR-

421 has not yet been studied in glioblastomas.

hsa-miR-154-

5p

miR-154-5p is downregulated in glioblastoma tissues
and cell lines compared to normal controls and the
overexpression of miR-154-5p inhibits the malignant
behaviour of glioblastoma cells (295). miR-154-5p
has been found to be involved in the IncCRNA
MAPKAPKS5-AS1/PLAGL2/HIF-1 U |l oop

promotes hepatocellular carcinoma progression and
is important in hypoxic conditions (296). However, no
studies have yet investigated this regulatory loop in

glioblastomas.

hsa-miR-25-5p

miR-25-5p is characterised as an oncomiR is gliomas
and shown to be overexpressed which increased
glioma cell proliferation by targeting CDK inhibitor
and increasing S/M phases in the cell cycle (297). In
H9c2 cells, miR-25-5p is overexpressed and

downregulates HMBG1 which inhibits apoptosis after
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hypoxia/reoxygenation (297). The effect of hypoxia
on miR-25-5p has not been vyet reported in

glioblastomas.

UniSp3 A positive PCR control for the miRNA custom gPCR

plate provided by Qiagen.

UniSp6 A reverse transcriptase control for the miRNA custom

gPCR plate provided by Qiagen.

Cel-miR-39-6p | A non-human miRNA control that should not be

present in human tissues/cells.

4.4 GeneGlobe Analysis

To analyse the output of miRNA expression was conducted using
GeneGlobe analysis software by Qiagen which is compatible with the
Qiagen LNA miRCURY gPCR technology. The cycle threshold (Ct) data
was imported into the software and parameters were selected such as

40 Ct cut-off and unpaired t-test and 2-tail p-value.

4.4.1 Normalisation methods

GeneGlobe analysis software had three different normalisation methods
available: geNorm, NormFinder and Global Ct mean of expressed
MiRNAs. Each of the methods were applied to the data, to determine the
most appropriate normalisation method for further analysis to continue.
The set-up of the custom panels only allowed for U87 samples to be run

in duplicate rather than triplicate which skewed the data. From this point
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forward U87 was removed from the GeneGlobe analysis. The following

sections will describe each of the normalisation methods.

4.41.1 geNorm

The geNorm normalisation method produces a normalisation factor
based on either predefined reference miRNA or up to 10 miRNAs from
the panel which have the best geNorm-calculated stability measures if
their values are less than 1.5. The stability measures are the average
pairwise variation between a reference miRNA and all other reference
MiRNAs using stepwise exclusion of the worst scoring miRNAs. This
method uses the principle that the expression ratio between any two
reference miRNAs, in all samples, should be identical (298). Table 19
shows the miRNAs selected as the reference miRNAs based upon their

stability factor.

Table 19. miRNAs selected as reference miRNAs in geNorm normalisation, based on their

stability factor being less than 1.5.

MiRNA Stability Factor
hsa-miR-149-5p 0.0891
hsa-miR-27a-3p 0.0950
hsa-miR-181a-5p 0.0949
hsa-miR-19a-3p 0.0945
hsa-miR-24-3p 0.0913
hsa-miR-27b-3p 0.0943
hsa-miR-99b-5p 0.0951
hsa-miR-365a-3p 0.0919
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hsa-miR-99a-5p

0.0930

hsa-miR-145-5p

0.0852

The Ct values of all the selected miRNAs were averaged for each

triplicate of each sample to give an arithmetic mean and the arithmetic

means were averaged to give an average arithmetic for each sample as

shown in table 20.

Table 20. Average arithmetic Ct mean of the selected reference miRNAs for the geNorm

method.

Sample Arithmetic Mean Average Arithmetic

Mean

GIN28 Normoxic 32.36 32.28
32.26
32.22

GIN28 Hypoxic 34.04 33.83
33.52
33.94

SF188 Normoxic 32.44 32.32
32.20
32.32

SF188 Hypoxic 32.12 32.02
31.84
32.11

LGG19 Normoxic 27.65 28.12
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28.03

28.69

LGG19 Hypoxic 27.85 28.45

28.79

28.70

LGG24 Normoxic 30.62 30.61

30.77

30.45

LGG24 Hypoxic 29.61 29.60

29.68

29.53

GIN31 Normoxic 3241 33.35

32.60

35.04

GIN31 Hypoxic 33.85 33.92

33.85

34.05

This method considers the whole miRNA panel and avoids bias/affects
by grouping. geNorm helps to robustly detect subtle changes within
MiRNA expression by normalising against specifically chosen reference

MiRNAs as opposed to the whole miRNA expression landscape.

To visualise the effect of the different normalisation methods, a principal

component analysis (PCA) plot and a heatmap were created. Figures 29
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and 30 show the PCA plot and heatmap respectively for the geNorm

normalised data.
Principal Component Analysis
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Figure 28. A PCA plot for the geNorm normalisation method. The blue dots are GBMSs, green dots

are low-grade gliomas and orange dots are paediatric samples.

The PCA plot in figure 28 shows the clustering of the samples. Using the
geNorm method, the samples have clustered according to their category
(low-grade, paediatric and GBM) which emphasises that the categories
are distinctly different from each other even though they are all classed
as gliomas. Within the categories, some samples have separated into
distinct hypoxic and normoxic groups which is the case for LGG19 and

GIN28. Figure 29 shows the heatmap using the geNorm method.

159



Clustergram

KAz Dimanson | doin Type | Color Coded

Figure 29. Heatmap produced for the samples using the geNorm normalisation method.

4.4.1.2 NormFinder
The second normalisation method, NormFinder, finds optimal reference
mMiRNAs out of a group of candidate miRNAs using an algorithm. This

method can also take into account the treatment groups of miRNAs, in
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this case, hypoxic status or glioma type, which could result in
compensating expression. Using NormFinder the following miRNAs
displayed in table 21 are the reference miRNA set for this normalisation

method.

Table 21. Table of reference miRNA selected using the NormFinder normalisation method.

mMiRNA Standard Deviation
hsa-miR-181a-5p 0.19
hsa-miR-19a-3p 0.09
hsa-miR-27b-3p 0.3
hsa-miR-29a-3p 0.1
hsa-miR-99b-5p 0.19
hsa-miR-30d-5p 0.14
hsa-miR-4454 0.04
hsa-miR-365a-3p 0.18
hsa-miR-29c-3p 0.07
hsa-miR-145-5p 0.21

The ct values of all the selected reference miRNAs were averaged for
each triplicate of each sample to give an arithmetic mean and the
arithmetic means were averaged to give an average arithmetic for each

sample as shown in table 22.
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Table 22. Table of the average arithmetic Ct mean of the selected reference miRNAs for the

NormFinder method.

Sample Arithmetic Mean Average Arithmetic

Mean

GIN28 Normoxic 31.68 31.55
31.41
31.56

GIN28 Hypoxic 33.70 33.35
33.08
33.27

SF188 Normoxic 32.64 32.62
32.55
32.66

SF188 Hypoxic 31.92 32.02
31.90
32.24

LGG19 Normoxic 27.72 28.23
28.07
28.89

LGG19 Hypoxic 28.65 28.95
29.09
29.11

LGG24 Normoxic 30.73 30.80
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30.90

30.79

LGG24 Hypoxic

29.67

29.74

29.70

29.70

GIN31 Normoxic

32.45

32.48

34.94

33.29

GIN31 Hypoxic

33.82

33.89

34.09

33.93

Similarly to the geNorm data, a PCA plot and heatmap were generated

to assess the differences in the normalisation methods, figures 30 and

31 respectively. A similar grouping to the geNorm method was found

when comparing PCA plots.
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Figure 30. A PCA plot for the NormFinder normalisation method. The blue dots are GBMs, green

dots are low-grade gliomas and orange dots are paediatric samples.
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Figure 31. Heatmap displaying the expression of the miRNAs using the NormFinder normalisation
method.

4.4.1.3 Global Ct mean of expressed miRNAs
Global Ct mean of expressed miRNAs is the most different normalisation

method compared to geNorm and NormFinder. Instead of selecting a

165



group of miRNAs to be a reference group, this method calculates a global
Ct mean for all the miRNA targets of each sample and uses that as a
normalisation factor. A lower limit of detection was set at 40 and this
determined whether an individual miRNA is expressed. Table 23 shows

the global Ct mean for each triplicate of each group.

Table 23. Table of the global Ct mean of expressed miRNAs for each triplicate of each sample.

Sample Global Ct mean of expressed

miRNAs

GIN28 Normoxic 33.76

32.27

33.62

GIN28 Hypoxic 35.04

34.72

35.28

SF188 Normoxic 32.57

34.08

31.81

SF188 Hypoxic 33.64

32.34

31.67

LGG19 Normoxic 28.50

30.75

30.10
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LGG19 Hypoxic 30.85

31.56

31.53

LGG24 Normoxic 33.17

32.21

33.02

LGG24 Hypoxic 31.98

32.06

31.89

GIN31 Normoxic 34.14

29.05

35.62

GIN31 Hypoxic 34.98

33.13

35.07

As with the other normalisation methods, a PCA plot and heatmap were
generated using the global Ct mean of expressed miRNAs normalisation
method. This method had the most differences, compared to the other
normalisations which are particularly noticeable in the PCA plot, figure
32. The paediatric and GBM samples cluster together, whereas using the
other normalisation methods, these samples are distinctly separate.
However, the paediatric samples are glioblastomas and overall the
GBMs/paediatrics are still clearly separated from the low-grade gliomas.

The heatmap in figure 33 shows that a lot of mMIRNAS are over-expressed
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in the low-grade gliomas compared to the other samples, which is also

more prominent with this normalisation method compared to the others.

Principal Component Analysis

GIN28, GIN31 and
SF188

Principal Component 2

2 4 6 8

Principal Component 1

Figure 32. A PCA plot showing the samples using the gobal ct mean of expressed miRNAs

normalisation method.

168



Clustergram

X-Axis Dimension | Join Type | Color Codad

s erriE - L -
s @i - LSy
rrail-ax
AT

wcde of mxprewsion

min g L

Figure 33. Heatmap from gPCR data following normalisation using the global Ct mean of
expressed miRNAs method.

4.4.1.4 Normalisation conclusion
After applying the different normalisation methods to the data and

analysing the outputs from each one, the geNorm method was the
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normalisation method chosen to progress with. This method does not
take into account the treatment of the samples which may result in
compensating expression as such NormFinder. Also, using the global Ct
mean of expressed miRNAs rather than using a small group of reference
mMiRNA may hide the subtle differences that are associated with miRNA
expression which could still have an important physiological/molecular

impact. For these reasons geNorm is the normalisation method of choice.

4.5 miRNA screening results

Once a normalisation method was determined, statistical student t-tests
were performed to identify significant miRNAs between hypoxic and
normoxic between the three categories, the overall, GBM and low-
grades. The significant miRNAs and the respective fold changes are

displayed in table 24.
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Table 24. The tables hows the significant miRNAs and fold changes for each category; overall,

GBM (GIN) and low-grade (LGG), from the LNA miRCURY gPCR analysis.

Overall Fold GIN Fold LGG Fold
Hypoxia | change | Hypoxia | change | Hypoxia | change
VS B VS

Normoxia Normoxia Normoxia

hsa-miR- | 6.84 hsa-miR- | 3.38 hsa-miR- | 40.43

34a-5p 149-5p 34a-5p

hsa-miR- | 2.34 hsa-miR- | 2.86 has-miR- | 8.61

152-3p 137 152-3p

hsa-miR- | 3.75 hsa-miR- | 0.03 hsa-miR- | 263.01

210-3p 92a-3p 125b-5p

hsa-miR- | 0.26 hsa-miR- | 0.29 hsa-miR- | 2.31

92a-3p 331-3p 92a-3p

hsa-miR- | 0.22 hsa-miR- | 0.02 hsa-miR- | 3.84

92a-3p 92a-3p 296-5p

hsa-miR- | 0.14 hsa-miR- | 0.02

222-3p 222-3p

hsa-miR- | 0.32 hsa-miR- | 0.15

107 425-5p

hsa-miR- | 0.4 hsa-miR- | 0.23

93-5p 296-5p

hsa-miR- | 0.39 hsa-miR- | 0.11

191-5p 100-5p
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hsa-let-7b- | 0.23 hsa-miR- 0.14

5p 107

hsa-miR- 0.39

181a-5p

hsa-miR- 0.19

191-5p

4.5.1 Overall cell line analysis

Similarly, to the NanoString analysis, a PCA plot (figure 34) using the
GeneGlobe analysis was conducted to show that the types of gliomas is
the main factor to separate the gliomas. The low-grade gliomas, both
hypoxic and normoxic are all clustered together in the left bottom corner,
the two paediatric samples are clustered together. Most of the GBM
primary cell lines are together, except GIN31 hypoxic sample. However,
the GIN normoxic samples are more distinct from the hypoxic GIN
samples, compared to the other glioma categories, potentially showing
that hypoxic affects GBM more so than the other categories. This PCA

plot is similar to the clustering of the NanoString microarray.
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Figure 34. Principle component analysis of the glioma samples.

Using the FunRich a standalone software tool, for functional enrichment
and interaction network analysis of genes, proteins and miRNAs, all the
significant miRNAs were shown that their site of expression was
significantly shown to be in malignant gliomas as depicted in figure 35,

as well as the brain.
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Figure 35. Site of expression of significant hypoxic-miRNAs.

The significant miRNAs are displayed in a bubble plot, figure 36, to show
the significance of each miRNA in hypoxia compared to normoxia within
the three categories, with an indication of the degree of fold change for

each miRNA in the category.
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Figure 36. A bubble plot of the hypoxic significant miRNAs within the three categories.
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Figure 37. A miRNA network showing the significant miRNAs in hypoxia compared to normoxia

in all cell lines.

The significant miRNAs are shown in figure 37 in the blue circles with the
direct target genes shown in the yellow circles. It shows the interaction
between the different significant miRNAs and their targets. Using the list
of the significant miIRNAs and using their targets a variety of pathway

analysis was performed including disease ontology, Kyoto
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Encyclopaedia of Genes and Genomes (KEGG), WikiPathways and
Reactome. A selection of these miIRNAs was identified in the pathway

analysis which were the following: let-7b-5p, miR-107, miR-152-3p, miR-
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Figure 38. Dot plot of the disease ontology of the significant miRNAs for all cell lines in hypoxia

191-5p, miR-210-3p, miR-34a-5p, miR-92a-3p, miR-93-5p.
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compared to normoxia.

In disease ontology, figure 38, most diseases that were significantly
related to the miRNAs were a variety of cancers, including malignant
gliomas, neuroblastomas and colon cancer. This finding supports the
expression of these miRNAs in malignant gliomas, which was the cell

type these miRNAs were tested in.
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Figure 39. Dot plot of the KEGG analysis of the significant miRNAs for all cell lines in hypoxia

compared to normoxia.

The KEGG analysis, figure 39, also supports the findings in the disease
ontology analysis. One disease identified via KEGG, was gliomas. Other
important pathways which were identified were miRNAs in cancer and
cellular senescence, which was highlighted from the NanoString
microarray data. HIF-1 signalling pathway was also identified in these
hypoxia-regulated miRNAs, indicating that all of the miRNAs, excluding
miR-191-5p, are involved within HIF-1 signalling. This is another piece of
evidence, that these miRNAs have a role to play in response to hypoxia.
Other pathways that were identified were a number of signalling

pathways including FoxO, p53 and PI3K-Akt.
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Figure 40. Dot plot of the WikiPathways analysis of the significant miRNAs for all cell lines in

hypoxia compared to normoxia.

In figure 40, data from WikiPathways analysis also confirms the
significance of these miRNAs in signalling pathways in glioblastoma.
Another hypoxic related pathway was also identified; photodynamic
therapy-induced HIF-1 survival signalling was significant amongst these
mMiRNAs. Senescence and autophagy in cancer was also highlighted as
a significant pathway, which has similarly showed up in other analyses.
Alongside these pathways, a large range of signalling pathways were
also identified as significant amongst these miRNAs over all the cell lines

in hypoxia.
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Figure 41. Dot plot of the Reactome analysis of the significant miRNAs for all cell lines in

hypoxia compared to normoxia.

Figure 41 shows the dot plot of the reactome analysis for all cell lines,
hypoxic-significant miRNAs. Regulation of gene expression by hypoxia-
inducible factor is a pathway that is significant amongst the miRNAs.
Similarly, to other analyses, cellular senescence and oncogene-induced
senescence was also identified as significant. miRNA biogenesis was
identified as a pathway along with cell cycle related pathways. Multiple
signalling pathways were identified as well as multiple transcriptional

regulation of different downstream targets.

Overall, the analyses of all the cell lines have identified that gliomas,
hypoxia and miRNA regulation are associated with these miRNAs via

their targets. Also, cellular senescence and signalling pathways were
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