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ABSTRACT

Glioma is the most common type of brain tumour (BT) and results in significant years of life lost.

The risk profile of glioma is largely unknown, and there has been little innovation in treatments

and therapies available for glioma. These points were expanded upon in Chapter 1.

This thesis conceptualised a pipeline which combined population-level and multi-omic data

with causal inference analyses and traditional and pharmaco-epidemiological techniques. Meth-

ods and relevant datasets were described in Chapters 2 & 3.

Analyses in Chapter 4 utilised a combined Mendelian randomisation (MR) and colocalisa-

tion framework to provide causal evidence for germline genetic variants associated with gene

expression levels that affect glioma risk.

Chapter 5 leveraged the same framework with germline genetic variants associated with

protein abundance levels. Results were combined with results from the previous Chapter and,

with supporting evidence from the literature, inform on putative chemopreventive targets for

glioma.

The pharmaco-epidemiological analyses in Chapter 6 provided evidence that exposure to

glitazones, a family of anti-type 2 diabetic medications, reduced risk of primary and secondary

BT, highlighting these drugs as potential agents for re-purposing.

Chapter 7 concluded that, altogether, analyses presented in this thesis may be combined to

form a drug target identification, prioritisation and re-repurposing pipeline to improve patient

outcomes in the clinic.
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INTRODUCTION

This doctoral thesis used novel approaches to generate insights into the role of gene

expression pathways in mediating germline genetic variation on risk of glioma. In addition,

analyses levereaged both genetically informed and observational methods to identify

novel therapeutic targets for glioma and brain tumour chemoprevention.

1.1 Incidence

Gliomas are a subset of central nervous system (CNS) tumours and are the most common type

thereof, with two thirds of brain, CNS and intracranial tumours in England between 2006 and

2010 diagnosed as gliomas [50]. The overall age-adjusted incidence rate for all brain, CNS and

intracranial tumours is roughly 6.4 per 100,000 [327]. Gliomas are the largest group of these

with overall age-adjusted incidence rates ranging from 4.67 to 5.73 per 100,000 [247]. It has

been observed that gliomas tend to occur more frequently in: the elderly, where median age

of diagnosis is 64 [247]; males [50, 209, 247]; and people of white ethnicity [50, 209, 247–249].

However, ethnicity may be subject to confounding as previous studies have shown a relationship

between higher socioeconomic status and increased incidence of glioma, which also correlates

with white ethnicity [267, 381].

Between 2014 and 2016 in the UK, brain tumours (BT) formed a total of 3% of all total cancer

cases [50]; however, there are still many years of life lost and the impact upon quality of life can

be significant if the tumour does not prove fatal. According to Cancer Research UK, there has

been a 36% increase in BT incidence since the early 1990s [50], which could increase further due

to an ageing population.
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1.2 Aetiology

Gliomas originate from glial cells and are differentiated based on phenotypic cell characteris-

tics, though these are not always the cell types of origin. The three cell types are ependymal

cells (ependymomas), astrocytes (astrocytomas and glioblastoma) and oligodendrocytes (oligo-

dendrogliomas). Mixed gliomas exist and may contain multiple different types of glial cells

(Figure 1.1). Further differentiation by tumour grade is based on cell morphology and histological

and molecular markers (described later). Generally, gliomas are heterogeneously distributed

across the brain though tend to be more commonly found in the cerebral lobes and rarely seen in

deeper structures, such as the cerebrum or cerebellum [195].

Figure 1.1: A simplified graph showing how cells may differentiate (arrowheads) within the
CNS. Neural stem cells (NSC) produce more NSCs whilst also producing progressively more
restricted progenitor cells which eventually differentiate into mature cells types such as neurons,
oligodendrocytes and astrocytes. Accumulation of genetic mutations throughout these stages may
induce gliomagenesis be it from an NSC, a progenitor cell or a mature cell type.

1.3 WHO Classification

BT are a heterogeneous group of tumours that are generally sub-classified based on the ma-

lignancy and histological type of tumour. The World Health Organisation (WHO) grades these

tumours from I (benign) to IV (highly malignant), with each grade having histological similarities.

Grade I tumours, which tend to be astrocytomas, are not as proliferative as higher grades.

These tumours are commonly seen in children, where more than 80% of astrocytomas are low

grade [296], though adult tumours of this type are sometimes seen. Maximal safe resection of the
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tumour tends to be the normal treatment regimen, which will generally suffice for treatment due

to the low diffusive nature of the tumour [328].

Grade II tumours are more proliferative and tend to reoccur more than grade I tumours due to

increased diffusivity. Treatment generally consists of resection of the lesion, though radiotherapy

is sometimes considered, the benefits of which are disputed [221, 310, 339]. These tumours can

also progress into higher grade tumours, such as diffuse astrocytoma transforming to the higher

malignancy grade III anaplastic astrocytoma and glioblastoma [209].

A diagnosis of a grade III tumour depends on clear malignancy. These tumours are diffusive

in nature and treatment can be difficult, which includes surgical resection, radiotherapy and/or

chemotherapy.

Finally, grade IV tumours are those which progress and infiltrate rapidly throughout brain

tissue and the CNS. Glioblastoma (GBM), a grade IV glioma, accounts for more than 60% of all

brain, CNS and spinal tumours in adults [294] making it the most common primary brain tumour

in adults and has a survival rate of roughly one year to 15 months after diagnosis [335, 343].

Treatment for these tumours involves surgery, radiotherapy and chemotherapy; however, due to

the nature of rapid growth, even the post-operative lesion can grow quickly and result in a fatal

outcome.

The current WHO guidelines for CNS tumour classification were updated in 2016 to include a

range of molecular markers that differentiate brain tumour diagnoses [209]. A revised edition of

the guidelines was expected to be released in 2020 with further molecular markers incorporated

into the diagnosis procedure, however, the release has been inevitably delayed. A selection of

important and relevant clinical molecular biomarkers that are currently used in a clinical setting

were described in the following Section 1.6 - Histological Tumour Markers based on the 2016

WHO guidelines, and will likely still be included in the future revision.

1.4 Metastatic and Secondary Tumours

Metastatic tumours spread from outside of the brain, CNS and intracranial regions and generally

have poorer prognosis than those BT that develop in situ [100]. Incidence of metastatic tumours is

not well measured, potentially due to a mixture of issues such as asymptomatic disease or under-

reporting in the presence of other metastases, and thus estimates are likely to be conservative;

however, incidence is increasing over time due to better outcomes for patients with other systemic

cancers [100]. Tumours metastasise most commonly from lung (particularly non-small-cell lung

cancer), breast, colorectal, kidney and melanoma by haematogenous dissemination [237].

The term "secondary" may be applied to metastatic tumours or tumours that generally develop

from lower-grade primary tumours. A common example is secondary GBM which tends to develop

from low-grade or anaplastic gliomas (low-grade diffuse astrocytoma, WHO grade II; or anaplastic

astrocytoma, WHO grade III) and has a different histological, epidemiological and clinical outlook
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than primary GBM [245].

1.5 Risk Factors

1.5.1 Accepted Risk Factors

There are only two known risk factors for glioma, of which only exposure to ionising radiation is

modifiable [318]. Glioma risk has also shown to have a genetic component, as certain Mendelian

cancer syndromes appear to predispose those individuals to glioma and other cancers [209].

However, it is important to note that even when exposed to risk factors for glioma, known or

unknown, the absolute risk of developing glioma remains low. There is a clear gap in the literature

whereby more modifiable risk factors for glioma could be identified in the absence of RCTs by

methods that may still provide causal evidence, such as Mendelian randomisation (MR, described

in Section 2.3.3 - Mendelian Randomisation).

1.5.1.1 Exposure to Ionising Radiation

Previous exposure to ionising radiation is the only established environmental risk factor for

glioma [318]. A study of 10,834 individuals in an Israeli cohort for tinea capitis (fungal infection of

the skin of the scalp, eyebrows and eyelashes) found an increased risk in both benign meningiomas

and malignant BT correlated to larger doses of childhood radiation [299]. Furthermore, another

study using a cohort of 14,361 individuals from the Childhood Cancer Survivor Study investigated

exposure to radiation therapy and incidence of primary CNS tumours. They found a higher risk

of glioma in children irradiated at an early age that was independent of original cancer diagnosis

and treatment with chemotherapy [231]. A study by Inskip, et al. showed the presence of a

dose-response effect where higher radiation doses were associated with higher tumour risk;

however, they also showed that age of first cancer also influenced BT development, with younger

individuals at higher risk (Figure 1.2) [158]. A retrospective study showed that the use of CT

scans in children may triple the risk of brain cancer [262], whilst a systematic review showed

that the association between exposure to ionising radiation and glioma was not as strong as that

with meningioma but still a risk factor [39].

1.5.1.2 Genetic Susceptibility

Genetic disorders, such as Li-Fraumeni syndrome which can result in TP53 germline muta-

tions, Turcot syndrome which can cause germline mutations in APC and hMLH1/hPSM2, and

neurofibromatosis 1 and 2 have all been shown to increase risk of developing glioma [209, 244].

These disorders are commonly inherited within families, which indicates a genetic susceptibility.

This has been shown in a review of genome-wide association studies (GWAS) of glioma [179].

However, these genetic disorders and their risk variants are not sufficient, or even necessary, for

4



1.5. RISK FACTORS

Figure 1.2: Risk of developing glioma after radiation therapy by age of first cancer. A younger age
of first cancer correlates strongly with increased risk of developing glioma. While the odds ratio
(OR) appears to be very large for those under age five, the relative risk for glioma development
remains small. For example, of 12,268 five-year survivors, only 1,003 (8.2%) received a first
diagnosis of astrocytoma. Units given in gray (Gy) for radiation. From Inskip, et al. [158].

gliomagenesis. Instead, it is additional somatic mutations that allow for tumour development to

take place [286].

It is not clear how much influence genetic susceptibility has on "familial" glioma, where glioma

is present in two or more close family members. Gliomas that occur in families account for roughly

5% of all glioma cases [250], but family-based studies have shown a high correlation between

direct relatives and glioma risk as compared to the general population. The Gliogene Consortium,

which genotyped 75 US glioma families, found a moderate-high penetrance susceptibility locus

at 17q12-21.32 though more work needs to be done to identify the exact causal gene [166, 325].

Another study using the Gliogene Consortium data also found that families with mutations in

POT1 all had a member diagnosed with oligodendroglioma [14].

1.5.2 Postulated Risk Factors

This Section described several postulated risk factors for glioma that still lack conclusive evidence

or are otherwise not yet widely accepted. A selection of papers from 2000 onwards are presented

in Table 1.1 to demonstrate the state of the evidence for these risk factors over the last 20 years.

Further discussion about each risk factor is given in subsections that follow.
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Table 1.1: An overview of postulated risk factors and selected, non-exhaustive papers which

provided evidence for or against an association. Papers were selected if they were published

after 2000 and to give a broad overview of the state of the literature. For example, there are

many studies that have investigated the potential association between atopy and glioma risk;

however, papers are selected here to demonstrate how this association has changed over time due

to increasing sample sizes and more sophisticated study designs. Ratios are given as presented

in the paper: odds ratio (OR), hazard ratio (HR), relative risk (RR) and incidence rate (IR).

Study Subtype Sample
size

Risk factor Ratio (95% CI)
[Measure]

Notes

Atopy, allergies and immunological disorders

Schwartzbaum,

et al. (2003)

[317]

Glioma

(also menin-

gioma)

68 gliomas,

51,999 con-

trols

Diagnosis of

immune-related

condition

0.46 (0.14, 1.48)

[HR]

Study suffers from low number

of cases.

Linos, et al.

(2007) [203]

Glioma

(also

meningioma)

3,450

gliomas

Allergic disease 0.61 (0.55, 0.67)

[RR]

Meta-analysis of 12 studies

from 1990 to 2006. Authors

rule out methodological bias

from sensitivity analyses but

studies use self-reporting

which may introduce bias.

Asthma 0.68 (0.58, 0.80)

[RR]

Eczema 0.69 (0.58, 0.82)

[RR]

Lachance, et

al. (2011)

[191]

High-grade

glioma

(HGG,

WHO grade

III/IV)

855 HGG,

1,160

controls

History of aller-

gies

0.62 (0.51, 0.76)

[OR]

Meta-analysis of HGG cases

only that looked at history of

allergies in association with

certain glioma risk alleles to

ascertain potential

gliomagenesis mechanisms.
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History of

allergies and

does/does not

carry 9p21.3

(CDKN2B) risk

allele

0.40 (0.28, 0.58)

[OR] (w/o risk al-

lele)

0.76 (0.59, 0.97)

[OR] (w/ risk al-

lele)

History of

allergies and

does/does not

carry 20q13.3

(RTEL1) risk

allele

0.68 (0.54, 0.86)

[OR] (w/o risk al-

lele)

0.44 (0.29, 0.68)

[OR] (w/ risk al-

lele)

Zhao, et al.

(2014) [399]

Glioma 9,986 cases,

118,950 con-

trols

Allergic condition 0.78 (0.73, 0.83)

[OR]

Another meta-analysis of 18

studies from 1990 to 2013. Au-

thors also ruled out publication

bias as a potential explanation.

Disney-

Hogg, et al.

(2018) [83]

Glioma

12,488

cases,

18,189

controls

Asthma and hay

fever

0.96 (0.90, 1.03)

[OR]

MR study. Authors concluded

that this study did not provide

strong evidence for an

association due to follow-up

sensitivity analyses that did

not show the same result.

Atopic dermatitis 0.96 (0.93, 1.00)

[OR]

Immunoglobin E

(IgE) level

0.88 (0.69, 1.13)

[OR]

Self-reported

allergy

1.03 (0.95, 1.11) [

OR]

Howell, et al.

(2020) [152]

Glioma,

GBM &

non-GBM

5,739 cases,

5,501

controls

Allergic disease 1.29 (1.01, 1.67)

[OR]

Another MR study. Unlike

other studies, allergies disease

was associated with increased

risk of GBM.
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IgE level 0.92 (0.57, 1.50)

Occupational health and hazards

Schlehofer,

et al. (2004)

[311]

HGG &

low-grade

glioma

(LGG)

1,178 cases,

1,987

controls

Female agricul-

tural workers

0.60 (0.36, 0.99)

[OR]

16 occupational categories

were tested between men and

women. Comparator groups

had < 5 years employment

history in that occupation.

Other results were null or

consistent with chance.

Results potentially imply a

dose-response effect for

chemicals used in agricultural

and food processing

professions.

Female working in

food production or

processing

1.95 (1.04, 3.68)

[OR]

Ruder, et al.

(2012) [297]
Glioma

798 cases,

1,175

controls

Ever farm job (≥ 1

year) vs never

1.36 (0.89, 2.08)

[OR]

Interviews used to collect the

data may also have been

performed via proxy; the

authors provided ORs for

some of the exposures

excluding proxy interviews.

The authors also provided

results for more than just the

two jobs listed here; however,

these two results were

highlighted by the authors

despite small sample sizes.

Pesticide use in

non-farm job vs

never

0.77 (0.56, 1.06)

[OR]

Trade job (vs pro-

fessional)

0.97 (0.74, 1.27)

[OR]

Service job (vs pro-

fessional)

0.94 (0.72, 1.23)

[OR]
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16 cases, 10

controls

Engineers, archi-

tects (longest total

employment dura-

tion)

2.50 (1.12, 5.60)

[OR]

27 cases, 21

controls

Food processing

workers (longest

total employment

duration)

1.78 (0.99, 3.18)

[OR]

Lacourt, et

al. (2013)

[192]

Glioma

1,800 cases,

5,160

controls

Formaldehyde 0.8 (0.6, 1.1) [OR] All chemicals were ever

exposed vs never exposed, but

also investigated potential

dose-response effects. The

authors concluded none of the

agents they investigated were

associated with glioma risk

due to either results being

attenuated or due to lack of a

dose-response effect.

Oil mist 0.8 (0.6, 1.1) [OR]

Diesel exhaust

emissions

1.0 (0.8, 1.2) [OR]

Petrol exhaust

emissions

1.0 (0.8, 1.2) [OR]

Benzo(a)pyrene 0.8 (0.6, 1.0) [OR]

Sulphur dioxide 2.0 (1.0, 3.8) [OR]

Asbestos 0.9 (0.8, 1.1) [OR]

Wood dust 1.1 (0.8, 1.5) [OR]

Ruder, et al.

(2013) [298]

Glioma 798 cases,

1,175 con-

trols

Exposure to

any chlorinated

solvent

0.86 (0.68, 1.08)

[OR]

-

Parent, et al.

(2017) [258]

Glioma,

HGG and

GBM

1,800 cases,

5,160

controls

Cadmium 1.1 (0.7, 1.6) [OR] ORs given for cumulative

exposure of the metal. The

authors concluded there is no

evidence for any effect of the

metals (with differing

exposure durations) on risk.

Chromium 0.9 (0.7, 1.1) [OR]

Iron 0.9 (0.7, 1.1) [OR]

Lead 0.8 (0.7, 1.0) [OR]

Nickel 0.9 (0.8, 1.1) [OR]
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Welding fumes 0.9 (0.7, 1.1) [OR]

Diet and lifestyle

Chen, et al.

(2002) [58]
Glioma

20 cases, 71

controls

Beans 0.4 (0.2, 0.8) [OR] Study that used

food-frequency questionnaires

to determine associations

between diet and glioma risk.

Intake across the participants

was split into quartiles; ORs

were given for highest quartile

vs lowest quartile. The study

also included other nutrients

such as nitrates, nitrites,

vitamin C and saturated fats.

Presented here are the main

results of the paper.

47 cases,

113 controls

Dark yellow veg-

etables

0.6 (0.3, 1.0) [OR]

44 cases,

110 to 119

controls

Pro-vitamin A

carotenoids

0.5 (0.3, 0.8) [OR]

63 cases,

110 to 119

controls

Retinol 1.6 (1.0, 2.8) [OR]

47 cases,

110 to 119

controls

Dietary fibre 0.6 (0.3, 0.9) [OR]

Michaud, et

al. (2009)

[222]

Glioma 335 cases

Processed meat

consumption

0.92 (0.48, 1.77)

[RR]

Results given for highest

quintile vs lowest. Authors

also looked at red meat

consumption, nitrosamines

and other antioxidant

measures but there was no

evidence.

Nitrate 1.02 (0.66, 1.58)

[RR]

Nitrite 1.26 (0.89, 1.79)

[RR]

Vitamin C 0.88 (0.62, 1.26)

[RR]
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Braganza, et

al. (2014)

[40]

Glioma and

GBM

65 cases,

477,095

controls

Cigarette smoking

(current vs never)

0.83 (0.63, 1.09)

[HR]

This large, prospective study

concluded that smoking and al-

cohol consumption did not in-

crease risk of glioma.

104 cases,

477,095

controls

> 30 cigarettes per

day (vs never)

0.95 (0.75, 1.20)

[HR]

The authors found evidence

for protective associations but

point out this is contradictory

to existing knowledge and

concluded may be due to

chance or residual

confounding (e.g., SES).

159 cases,

477,095

controls

No alcohol (vs < 1

drink per week)

0.93 (0.75, 1.15)

[HR]

545 cases,

477,095

controls

Per drink per day

(vs < 1 drink per

week)

0.96 (0.92, 0.99)

[HR]

Takahashi,

et al. (2018)

[341]

Glioma,

GBM and

non-GBM

12,488

cases,

18,169

controls

Vitamin D levels 1.21 (0.90, 1.62)

[OR]

An MR study wherein the au-

thors concluded their study

did not provide evidence for a

causal relationship between vi-

tamin D and glioma risk.

Saunders, et

al. (2020)

[309]

Glioma,

GBM and

non-GBM

12,488 cases,

18,169

controls

Vitamin D levels 0.99 (0.86, 1.15)

[OR]

Another MR study that

studied lifestyle and dietary

factors, as well as

inflammatory and

cardiometabolic factors.

Despite some of the results

showing evidence of an

association, these did not hold

up in follow-up sensitivity

analyses due to bias or

confounding.

Circulating

carotenoids

1.09 (0.94, 1.26)

[OR]

Mono-

unsaturated

fatty acids

0.88 (0.76, 1.03)

[OR]
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Serum calcium 0.84 (0.71, 0.98)

[OR]

Serum vitamin B6 1.31 (1.06, 1.62)

[OR]

Omega-3 fatty

acids

0.83 (0.71, 0.98)

[OR]

Non-ionising radiation

Hardell, et

al. (2003)

[132]

BT (inc.

metastases)

247 cases,

218 controls

Analogue phone

usage (ever vs

never)

1.03 (1.04, 1.60)

[OR]

One of the earlier studies

Hardell, et al. conducted into

phone usage and brain tumour

risk. Authors concluded

analogue cellular phone usage

had evidence of an increased

risk of brain tumours.

423 cases,

433 controls

Digital phone us-

age (ever vs never)

1.04 (0.90, 1.30)

[OR]

402 cases,

396 controls

Cordless phone us-

age (ever vs never)

1.10 (0.90, 1.30)

[OR]

The INTER-

PHONE

study group

(2010) [163]

Glioma

(also

meningioma)

2,708 cases,

2,972

controls

Regular use in the

past ≥ 1 year (yes

vs no)

0.81 (0.70, 0.94)

[OR]

No increase in glioma or

meningioma risk was

associated with mobile phone

use. The authors noted that

there were suggestions of

increased risk at the highest

exposure levels but bias and

confounding limited causal

inference.

As above, but with

tumour in the tem-

poral lobe

0.86 (0.66, 1.13)

[OR]

As above, but with

tumour in the

parietal or frontal

lob

0.77 (0.62, 0.95)

[OR]
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As above, but with

tumour in other lo-

cations

0.79 (0.51, 1.23)

[OR]

Frei, et al.

(2011) [103]

CNS

tumours

including

glioma and

meningioma

10,729

cases

≥ 10 years of

mobile phone

usage, males only

(glioma)

1.03 (0.83, 1.27)

[IR]

A large cohort study of mobile

phone subscribers in Denmark

found that there was no

overall increased risk of CNS

tumour incidence and mobile

phone usage.

≥ 10 years of

mobile phone

usage, females

only (glioma)

1.04 (0.56, 1.95)

[IR]
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1.5.2.1 Atopy, Allergies and Immunological Disorders

Previous research has shown an inverse association between atopy (allergies) and glioma in

a wide range of studies, including cohort [317], case-control [42, 380] and systematic reviews

[57, 203, 399]. However, some studies have shown a weaker or null results [28, 117], whilst

an MR study showed no association between genetically predicted atopy with glioma risk [83].

A more recent meta-analysis conducted by Amirian, et al. sought to provide a consensus on

the subject of atopy and glioma by using the Glioma International Case-Control study (GICC)

consisting of 4,533 cases and 4,171 controls. They found a history of respiratory allergies resulted

in approximately 30% reduction in glioma risk when compared to not having a respiratory allergy,

whilst asthma and eczema also had a similar protective effect [5]. As of yet, no mechanisms or

pathways have been found that explain this protective effect due to allergies, though some have

been proposed. For example, one explanation of how atopy can lead to reduced risk of glioma

is through interplay of particularly cytokines (e.g., IL-4) that may lead an immune response

to gliomas [203]. This explanation has yet to be shown as causal, however, as the association

between glioma and atopy becomes clearer, then research can shift towards that area and a more

definitive answer can be found.

1.5.2.2 Occupational Health and Hazards

Occupational hazards have been postulated to increase risk of developing glioma, particularly for

those occupations that deal with ionising and non-ionising radiation, chemicals and agriculture

[243, 247, 311]. However, the evidence for these hazards affecting glioma risk is contradictory

and no relationship has been concretely drawn between any particular occupation and glioma

risk [153, 244, 247, 318].

1.5.2.3 Diet and Lifestyle

Diet has received a lot of attention as a potential protective factor for glioma, specifically the

ketogenic diet – a low-carbohydrate and high-fat diet that increases ketone bodies in the blood.

Originally developed in the 1920s due to its anti-seizure properties, it fell out of use over a decade

later due to the development of new anti-convulsants [13]. Ketogenic diets have recently seen

renewed interest due to their therapeutic effects for treating refractory epilepsy (drug-resistant

epilepsy), particularly in paediatric epileptic patients where adherence to a ketogenic diet has

been shown to decrease seizure frequency [102, 143]. It has been postulated that the ketogenic

diet can be used to treat other neurological disorders through the mechanism whereby ketone

bodies replace glucose in the brain as an energy source, resulting in enhanced mitochondrial

function and substrate delivery [19]. In particular, ketogenic diets may treat brain cancers due to

the relative metabolic inflexibility that malignant BT display as compared to normal neurons

and glia, which readily adapt to a new substrate (ketones instead of glucose) for energy [323].

14



1.5. RISK FACTORS

A study by Zhou, et al. demonstrated this effect in mouse models, where mice on a ketogenic

diet exhibited anti-tumour and anti-angiogenesis effects as compared to mice on a standard,

unrestricted carbohydrate diet [403]. Another study in mice models found that a ketogenic diet

also enhanced the anti-tumour effects of radiation, suggested the use of the diet as an adjuvant

to standard care of malignant gliomas [1]. However, there exist only a small number of studies

examining the efficacy of the ketogenic diet in human BT. A case report for a patient with GBM

showed that standard therapy with concomitant ketogenic diet resulted in no re-growth of BT

tissue for two months, until the diet was suspended, when tumour recurrence was observed 10

weeks later [406]. A case report of two patients, together with details of a further 19 patients

from a trial (NCT01535911), and another 11 from other case reports, showed that the ketogenic

diet showed no major side effects and was safe to use in treatment of glioma; however, there

was no conclusive evidence that use of the ketogenic diet improved treatment and concluded

that further research was necessary [316]. There are currently ongoing RCTs attempting to

measure progression-free survival of glioma patients using the ketogenic diet (NCT01754350,

NCT03075514, NCT01535911). Some of these trials have finished but have yet to publish their

results.

Other aspects of lifestyle, including overall diet and obesity, vitamin intake, alcohol consump-

tion and tobacco usage, have also been implicated in glioma development. Obesity is considered to

be a risk factor for meningiomas but there is little evidence of this being true for gliomas as well

[84, 322, 379]. Likewise, for other dietary choices, such as intake of nitrates, nitrites, vitamins

C and D and cholesterol, there is little-to-no evidence supporting an effect on risk of glioma

[58, 87, 222, 243, 341]. Similarly, research into lifestyle factors, in particular alcohol consumption

and tobacco usage, have not provided convincing evidence for an increase (or decrease) in risk of

glioma [26, 40]. There have been myriad observational studies that focus on self-reported lifestyle

choices, though these studies have remained controversial due to many potential explanations of

failure to find consistent results, including: small sample sizes for cases; false-positive results

relating from sample size; imprecise measurement of exposures due to the self-reported nature of

studies, compounded by proxy reporting when glioma patients become unavailable; and disease

heterogeneity [244, 318].

1.5.2.4 Exposure to Non-ionising Radiation

In 2013, WHO/International Agency for Research on Cancer (IARC) categorised non-ionising

radiation ("radiofrequency electromagnetic fields" in their classification guide) from the likes of

mobile phones as a group 2B carcinogen (i.e. possibly carcinogenic to humans) for brain cancer

[160]. Due to the increasing prevalence and usage of mobile phones, there has been concern over

the potential public health risk this could cause.

IARC created their own study group, called INTERPHONE, to investigate the potential link

between mobile phone usage and BT risk. They conducted an interview-based case-control study
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of 2,708 glioma and 2,409 meningioma cases from 13 countries, but found no increase in risk of

either tumour [163]. They reported a slightly elevated risk for those with the highest exposure

levels (1,640 hours or more total recalled call time associated with OR = 1.40 (95% CI: 1.03, 1.89)

for glioma, however, given the presence of "improbable data" in this group, it was highly likely

this study suffered from some sort of error or bias [163]. Overall, they concluded non-ionising

radiation did not increase risk, though the study was limited by biases and errors that did not

allow for causal inference.

Another large study from the Danish cohort study linked data from the CANULI study (socioe-

conomic status), Danish Cancer Registry (cancer identification) and mobile phone subscription

records. In this cohort study, 358,403 subscription holders allowed for a total of 3.8 million person

years follow-up on binary exposure to non-ionising radiation. They observed no increased risk

for BT associated with mobile phone usage and suggested there was little evidence of a causal

relationship between the two [103].

A study using a prospective cohort in the UK, the Million Women Study, also investigated

the link between mobile phone usage and CNS tumours. Using nearly 800,000 women over a

follow-up of seven years, Benson, et al. concluded there was no association between mobile phone

usage and glioma incidence (ever vs never users of mobile phones, RR = 1.01; 95% CI: 0.90, 1.14;

P = 0.82) [27].

The driving force for IARC to include radio-frequency electromagnetic fields as a group

2B carcinogen came mostly from Hardell, et al. in a series of studies, though there have been

smaller studies published which showed a positive association as well [11, 308]. The Hardell

studies were a series of case-control studies using linked data from Swedish regional health and

population registries that analysed self-reported (or via proxy) use of both cellular and, in later

studies, cordless telephones. Hardell’s earlier studies showed no association between telephone

use and BT risk [133]. However, a follow-up to the 2002 study [131] showed that digital wireless

telephone use was associated with increased risk of BT when considering ipsilateral use (i.e.,

the BT appeared on the same side of the brain as most common usage of the telephone) but not

when considering contralateral tumours [132]. Another follow-up analysis sought to ascertain

whether geographical location (urban vs rural) should be considered as a covariate which, despite

mixed results, Hardell, et al. advised should be taken into consideration in future assessments

[130]. The rationale for this study and the inclusion of geographical location is based on the idea

that a feature of mobile phones called adaptive power control, which is regulated by the distance

between base stations, may increase the specific absorption rate of radio frequency due to mobile

phones in urban areas, where base stations are closer together. Though the authors conclude that

their study provides support that exposure may differ between areas, this may only be relevant

to Sweden (where the study was conducted) and may only be relevant for exposure to the Global

Systems for Mobile Communications (GSM, also commonly referred to as "2G") standard, which,

although still in common use, is outdated due to newer standards. A pooled analysis of the two
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1997-2003 case control studies showed a positive risk association across many types of tumour

and duration latency; particularly, the result for under 20s was highlighted: OR = 5.0 (95% CI:

1.5, 16) for mobile phone use only [128]. More recently, Hardell, et al. performed another pooled

analysis of their studies from 1997-2003 and 2007-2009, and found again a positive association

between glioma incidence and mobile phone usage across all of their subgroup analyses [129].

Careful interpretation of these analyses is required due to potential sources of bias and

error, such as: recall bias, which is likely to affect the results of these studies, especially when

considering the outcome of glioma or BT will negatively impact patient’s ability to respond; proxy

reporting, which can also lead to error in the collection of the data, similar to recall bias; reporting

bias, where respondents may selectively withhold information from the study; and finally survival

bias, as seen in the earlier studies by Hardell, et al. which decided to exclude deceased patients.

It is still unclear whether there is an underlying association between non-ionising radiation

and brain cancer risk – independent replication of the results from the Hardell, et al. studies

has yet to be published. Furthermore, causal inference can be difficult due to the ubiquitous

nature of mobile phone usage and lack of instruments with which their usage can be proxied in

an instrumental variable framework.

1.5.2.5 Genetic Polymorphisms

There has been an explosion of genome-wide association studies (GWAS) within recent years,

with the GWAS Catalog containing information from 4,220 publications (as of October 2019) [46].

Since their introduction, GWAS have had many successes in uncovering loci associated with

complex disease. In the case of glioma, there have not been as many GWAS conducted when

compared to other, more common diseases; however, GWAS still have managed to uncover a

number of susceptibility loci associated with glioma risk (Table 1.2) [168, 180, 220, 279, 304, 325,

333, 364, 389].

Whilst GWAS have become more common, a number of issues have been raised about the

methodology. One such concern is that GWAS explain only a small portion of the heritability

of a complex trait [215]. A classic example is given by Visscher who summarises how human

height has been studied within the context of GWAS; a highly heritable trait, estimated to be

80% genetically determined, GWAS of thousands of people have identified around 50 variants

which account for only 5% of the phenotypic variation in human height [358]. It has been 12 years

since this article was published and, despite technological advances meaning more granular and

cheaper genotyping, the heritability of height explained by genetic variants has increased to

about 20% [387]. However, in twins studies, for example, the heritability of height has been found

to be lower than the aforementioned 80%, and instead it has been posited that environmental

and epigenetic effects also play a part in the heritibility of height, and not just genetics [167].

Another issue raised about GWAS is that the variants found may have little biological or clinical

utility, rendering the results largely unactionable [359].
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Despite the limitations of GWAS, results arising from such studies have become incredibly

valuable due to their widespread utility beyond the basic reporting with the phenotype tested.

For example, results from GWAS are an important tool in the field of causal inference using MR

(described in greater detail in Section 2.3.3 - Mendelian Randomisation).
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Table 1.2: Results from GWAS for glioma susceptibility loci. OR are in respects to the risk allele,

in bold. Table adapted from Kinnersley, et al.[179].

Reference Gene Locus SNP Allele MAF OR (95% CI) P

Shete, et al.

2009 [325]

TERT 5p15.33 rs2736100 T/G 0.49 1.27 (1.19, 1.37) 1.50×10−17

CCDC26 8q24.21 rs4295627 G/T 0.17 1.36 (1.28, 1.43) 2.34×10−18

CCDC26 8q24.21 rs891835 G/T 0.22 1.24 (1.17, 1.30) 7.54×10−11

CDKN2A/B 9p21.3 rs4977756 A/G 0.38 1.24 (1.19, 1.30) 7.24×10−15

PHLDB1 11q23.3 rs498872 C/T 0.31 1.18 (1.13, 1.24) 1.07×10−8

RTEL1 20q13.33 rs6010620 G/A 0.24 1.28 (1.21, 1.35) 2.52×10−12

Wrensch, et

al. 2009

[389]

CDKN2A/B 9p21.3 rs1412829 C/T 0.38 1.42 (1.27, 1.58) 1.85×10−10

RTEL1 20q13.33 rs6010620 G/A 0.24 1.52 (1.32, 1.75) 3.40×10−9

RTEL1 20q13.33 rs4809324 C/T 0.11 1.60 (1.37, 1.87) 1.70×10−9

Sanson, et

al. 2011

[304]

EGFR 7p11.2 rs11979158 A/G 0.16 1.23 (1.15, 1.35) 7.72×10−8

EGFR 7p11.2 rs2252586 T/C 0.29 1.18 (1.11, 1.25) 2.09×10−8

Stacey, et

al. 2011

[333]

TP53 17p13.1 rs78378222 T/G 0.01 2.35 (1.61, 3.44) 1.0×10−5

Jenkins,

et al.

2012

[168]

CCDC26 8q24.21 rs55705857 A/G 0.06 6.3 (4.6, 8.8) 2.2×10−28

Walsh, et

al. 2014

[364]

Near

TERC

3q26.2 rs1920116 G/A 0.29 1.30 (1.19, 1.42) 8.3×10−9

Kinnersley,

et al. 2015

[180]

VTI1A 10q25.2 rs11196067 A/T 0.40 1.19 (1.12, 1.27) 4.32×10−8

ZBTB16 11q23.2 rs648044 C/T 0.42 1.25 (1.17, 1.34) 6.26×10−11

Intergenic 12q21.2 rs12230172 G/A 0.47 1.23 (1.16, 1.32) 7.53×10−11

POLR3B 12q23.3 rs3851634 T/C 0.29 1.23 (1.15, 1.32) 3.02×10−9

ETFA 15q24.2 rs1801591 G/A 0.09 1.36 (1.23, 1.51) 5.71×10−9

Melin, et al.

2017 [220]

JAK1 1p31.3 rs12752552 T/C 0.13 1.22 (1.15, 1.31) 2.04×10−9

MDM4 1q32.1 rs4252707 G/A 0.19 1.19 (1.12, 1.26) 3.34×10−9

AKT3 1q44 rs12076373 G/C 0.19 1.23 (1.16, 1.32) 2.63×10−10
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Near

IDH1

2q33.3 rs7572263 A/G 0.24 1.20 (1.13, 1.26) 2.18×10−10

LRIG1 3p14.1 rs11706832 A/C 0.45 1.15 (1.09, 1.20) 7.66×10−9

OBFC1 10q24.33 rs11598018 C/A 0.33 1.14 (1.09, 1.20) 3.39×10−8

Intergenic 11q14.1 rs11233250 C/T 0.12 1.24 (1.16, 1.33) 9.95×10−10

MAML2 11q21 rs7107785 T/C 0.50 1.16 (1.11, 1.33) 3.87×10−10

AKAP6 14q12 rs10131032 G/A 0.09 1.33 (1.22, 1.44) 5.07×10−11

Near

MPG

16p13.3 rs2562152 A/T 0.14 1.21 (1.13, 1.29) 1.93×10−8

LMF1 16p13.3 rs3751667 C/T 0.23 1.18 (1.12, 1.25) 2.61×10−9

HEATR3 16q12.1 rs10852606 T/C 0.30 1.18 (1.13, 1.24) 1.29×10−11

SLC16A8 22q13.1 rs2235573 G/A 0.47 1.15 (1.10, 1.20) 1.76×10−10

Near

TERC

3q26.2 rs3772190 G/A 0.15 1.11 (1.06, 1.15) 2.25×10−6

TERT 5p15.33 rs10069790 C/T 0.01 1.61 (1.53, 1.69) 8.33×10−74

EGFR 7p11.2 rs75061358 T/G 0.03 1.63 (1.50, 1.76) 4.94×10−34

EGFR 7p11.2 rs723527 A/G 0.43 1.25 (1.20, 1.31) 4.79×10−23

CCDC26 8q24.21 rs55705857 A/G 0.05 3.39 (3.09, 3.71) 7.28×10−149

CDKN2A/B 9p21.3 rs634537 T/G 0.41 1.37 (1.31, 1.43) 7.23×10−45

VTI1A 10q25.2 rs11599775 G/A 0.36 1.16 (1.10, 1.22) 3.44×10−9

ZBTB16 11q23.2 rs648044 A/G 0.42 1.19 (1.13, 1.25) 4.66×10−12

PHLDB1 11q23.3 rs12803321 G/C 0.14 1.42 (1.35, 1.49) 6.33×10−43

Intergenic 12q21.2 rs1275600 T/A 0.42 1.16 (1.10, 1.21) 3.72×10−9

RFX4 12q23.33 rs12227783 A/T 0.10 1.16 (1.08, 1.24) 1.60×10−5

ETFA 15q24.2 rs77633900 G/C 0.08 1.35 (1.25, 1.46) 1.60×10−13

TP53 17p13.1 rs78378222 T/G 0.01 2.53 (2.19, 2.91) 8.64×10−38

RTEL1 20q13.3 rs2297440 T/C 0.22 1.48 (1.40, 1.56) 3.66×10−46

1.6 Histological Tumour Markers

Histological biomarkers are used in the delineation of what could otherwise appear as similar

tumours and come in two types: prognostic and predictive. Prognostic biomarkers can inform

the outcome of the disease regardless of treatment whilst predictive biomarkers can help clin-

icians decide on a course of therapy specific for each individual’s tumour [16]. The 2016 WHO

classification guide specifically includes histological markers for use of diagnosis and prognosis

for use in practice [209] with isocitrate dehydrogenase (IDH) mutations, 1p/19q co-deletion and

O6-alkylguanine DNA alkyltransferase (MGMT) promoter methylation routinely assessed in a

clinical setting due to their diagnostic and prognostic properties (Figure 1.3), though others are
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Figure 1.3: How histological markers guide diagnosis of diffuse tumours. Colour of diagnosis
represents the patient outlook: green is favourable, orange is intermediate, and red is poor.
Adapted from Louis, et al. from WHO Classification of Tumours of the Central Nervous System
[209].

also used (as described in the following Sections).

1.6.1 IDH Mutation

Mutations in IDH1 and IDH2, referred to simply as IDH mutation, occur early in the develop-

ment of diffuse gliomas [368]. This histological biomarker is commonly seen in stage II and III

astrocytomas (roughly 70%) and in about 10% of GBMs, mostly in secondary GBMs [123]. It

has been postulated that IDH mutations are not simply a consequence of the development of

tumours but are actually a driver in oncogenesis in potentially two ways: one such way is that

IDH mutations are causally associated with syndromes such as Ollier’s disease (also referred

to as enchrondromatosis, a disorder whereby benign growths of cartilage, called enchondro-

mas, develop between bones due to IDH mutations) and Maffucci syndrome (similar to Ollier’s

disease but characterised by additional growths of tangles of abnormal blood vessels called

haemangiomas), which carry an increased risk for glioma [256, 281]; another such way arises

from increased tumour cell proliferation and decreased ability to differentiate as observed in

experiments [184, 211]. Typically, IDH mutations occur in much younger patients than those

with IDH wild-type tumours (i.e. those tumours without IDH mutations) [136]. Most grade II

and III gliomas, as well as secondary GBM (GBM that has started as a lower grade astrocytoma,

for example, and form roughly 10% of all adult GBM cases) have IDH mutations and generally

have a much better prognosis than those that do not [371]. Thus, presence of IDH mutations is
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prognostically considered favourable.

1.6.2 1p/19q Co-deletion

1p/19q co-deletion, defined by the complete deletion of the short arm of chromosome 1 and the

long arm of chromosome 19, occurs early in the pathogenesis of oligodendrogliomas, is mostly

associated with those only [49, 209], and seen in about 80% of cases [288]. The biological role

behind 1p/19q codeletion is currently unknown, but two candidate genes with observed mutations

have been highlighted as avenues of research: FUBP1, located on 1p, which is mutated in a

small subset of oligodendrogliomas; and CIC, located on 19q, which is mutated in most tumours

[29, 169, 301]. As a predictive biomarker, three randomised trials have shown presence of 1p/19q

co-deletion indicates that a patient will respond well to both radiotherapy and chemotherapy

bettering their outcome and chances of survival [159, 350, 375].

1.6.3 MGMT Promoter Methylation

MGMT is a DNA repair enzyme, expressed ubiquitously throughout human tissue, that increases

resistance to alkylating agents [263]. MGMT methylation is seen in about 40% of GBMs and 80%

of IDH-mutated, low grade gliomas [209]. Methylation of the promoter which controls MGMT

activity silences the gene and ceases production of MGMT in cells, decreasing resistance to

alkylating agents. MGMT levels vary greatly between tumours, even of the same type, with

some 30% of gliomas lacking any sort of MGMT production [329, 330]; those tumours that

lacked MGMT production were shown to have increased chemosensitivity and could predict

response to alkylating agents [93, 94, 138]. Although MGMT methylation status cannot be used

as a diagnostic biomarker, it can be used to predict response to alkylating agent chemotherapy

and, as Weller, et al. proposed, should be used to influence clinical decision-making [372]. Such

is the power of MGMT promoter methylation as a predictive biomarker, Wick, et al. advised

in their paper that MGMT status should determine whether a patient is given temozolomide

(TMZ) therapy – going as far to advise withholding TMZ therapy from elderly GBM patients

whose tumours do not have MGMT promoter methylation [376]. However, as of yet, WHO do not

include MGMT status in their guidelines, despite being the most widely performed and clinically

acted-upon biomarker test.

1.6.4 TP53 Mutation

Tumour protein 53 (TP53) on 17p encodes for a protein of the same name, although the protein

is sometimes referred to as p53. This protein is a tumour suppressor which keeps in check cell

proliferation and in cases where cell damage is present, can determine whether the damaged

cells undergoes DNA repair or apoptosis. It is through this mechanism of stopping aberrant

cell division that p53 helps to prevent tumourigenesis. Within glioma, TP53 mutations has long
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been associated with an increased risk of glioma and is present in approximately 30-40% of

astrocytomas, both anaplastic and not, and GBMs [326, 367].

1.6.5 TERT Promoter Mutation

Telomerase reverse transcriptase (TERT) is a protein coding gene that forms part of the telom-

erase complex which lengthens telomeres on DNA strands. Through this mechanism, TERT may

endow cells with immortality and self-renewal properties akin to stem cells, however differenti-

ated cells do not express TERT themselves. Over- or re-expression of TERT can therefore cause

the formation of telomerase in differentiated cells. This feature of TERT has been implicated

in human tumourigenesis, though the genetic bias of this is not well understood. Two studies

showed that germline and somatic mutations of the TERT promoter were observed in melanomas

and other cancer cell lines [151, 156], whilst another looked at a range of cancers including CNS

tumours. This study found that mutations in the TERT promoter were found in 43% of all cases,

of which GBM had the highest frequency at 62% [357]. Analysis of TERT promoter mutations and

GBM has shown an association between diagnosis at an older age [190], and poor prognosis either

alone (e.g. IDH wild-type tumours) or with EGFR amplification [7, 174, 190]. These findings have

provided evidence for the now-routinely tested for TERT promoter mutations in GBM tumours

for patient prognosis.

1.6.6 EGFR Amplification

Epidermal growth factor receptor (EGFR) encodes for a transmembrane protein of the same name

that acts as a receptor for the epidermal growth factor (EGF) type of extracellular protein ligands.

Over-expression of EGFR has been observed and linked to many different cancers, including GBM

(40-98% of cases [209]) where a specific mutation of EGFR, called EGFRvIII (27-33% of cases

[209]), is often seen. By itself, EGFR amplification status is not a prognostic factor for outcome

in GBM patients, except for cases with other defining characteristics, for example with TERT

status; however, it has been shown that EGFRvIII expression may form a negative prognostic

factor after one year of survival [139]. Moreover, overexpression of EGFR has also been linked to

resistance of treatment, in particular radiotherapy [21, 77, 313].

1.6.7 Expression of VEGF

Vascular endothelial growth factor (VEGF) is a protein that stimulates proliferation and migration

of vascular endothelial cells and plays a key role in angiogenesis. Expression of VEGF has been

associated with a poor clinical outcome in patients with GBM [229]; however, more importantly

is that VEGF represents an appealing target for therapeutics in GBM tumours as the key-

angiogenic driving factor [89]. It is for this reason, whether or not to provide anti-angiogenic

treatment to patients, that VEGF testing has become important within the clinic.
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1.7 Treatment Regimen

Treatment for gliomas generally fall into three categories: surgery, radiotherapy and chemother-

apy. Low-grade gliomas (LGG, WHO grade I/II), as the least invasive and angiogenic, tend

(though not always) to be treated with surgery with follow up adjuvant therapy where applicable,

whereas high-grade gliomas (HGG, WHO grade III/IV) are the most aggressive and thus require

multi-modal approaches. Advice exists to guide clinicians on how to treat their patients though

can be contentious due to conflicting evidence.

1.7.1 Surgical Treatment

The distinction between LGG and HGG is important as it generally categorises the diffusivity of

the glioma allowing the surgeon to make an informed decision on the resection of the tumour;

however, there exist no guidelines on the extent of resection, which can vary both on an intra- and

intertumoural basis. There is evidence available that indicates the patient’s age, histology and

IDH status are as predictive of the patient’s outcome as extent of resection [208, 236, 239, 386].

However, this does not mean maximal resection should not be strived for. A 2008 review of all

major clinical publications since 1990 on the role of extent of resection in glioma outcome found

evidence that extensive resection resulted in longer life expectancy for both LGG and HGG [303].

A study by Jakola, et al. examined whether early resection was favourable versus biopsy and

"watchful waiting", finding that the early intervention was better (estimated 5-year survival of

74%, 95% CI: 64%, 84%) when compared to the watchful group (estimated 5-year survival of

60%, 95% CI: 48%, 72%) in LGG [165]. Evidence is mounting that the goal of surgery should

be maximal resection of the tumour, allowing increased survival for the patient; however, this

must be balanced with the preservation of the functionality of the pathways within the brain.

Therefore, surgeons must ensure maximal, safe resection whilst considering the quality of life for

the patient.

New methods are being developed that can aid surgeons perform more aggressive surgery

without harming the patient. For example, a meta-analysis of the impact of intraoperative

stimulation mapping (ISM), a technique used to monitor brain function through direct electrical

stimulation (often under anaesthesia), found 3.4% (95% CI: 2.3%, 4.8%) of cases had severe

neurological deficits after resections aided by ISM compared to 8.2% (95% CI: 5.7%, 11.4%)

for those without ISM aided resections [73]. New technologies such as neuro-navigation and

intraoperative magnetic resonance imaging (iMRI) are providing surgeons new tools to increase

safety of surgery, and recently, fluorescence guided surgeries have shown promise in aiding peri-

operative diagnosis of a glioma as LGG or HGG. One such study aimed to use 5-aminolevulinic

acid (5-ALA), designed to fluoresce in HGG and not LGG, in this manner and found that out of 88

patients, 81 had visible fluorescence (1 LGG, 78 HGG (99% concordance with HGG classification,

99% CI: 91%, 99.9%) and 2 NOS), while 7 patients had no fluorescence (6 LGG and 1 HGG) [369].
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Whilst the use of 5-ALA in this way does not inherently increase the safety of surgery for the

patient, it does allow the surgeon to identify and thus resect more of the high-grade disease,

potentially resulting in better surgical outcomes.

1.7.2 Radiotherapy

Similar to surgery, the guidelines for radiotherapy depends on the grade and diagnosis of the

tumour.

The benefits of radiotherapy use for the treatment of LGG is still contentious. A phase 2/3

study (NCT00003375) sought to determine how radiotherapy with and without combination

chemotherapy (in this case, procarbazine lomustine and vincristine) affected patients with LGG

(WHO grade II). The study enrolled 251 patients and found that patients who received the

combination therapy had longer median overall survival compared with those who received

only radiotherapy (13.3 vs 7.8 years, HR = 0.59, 95% CI: 0.42, 0.83; P = 0.003). However,

there was a cohort of patients who did not benefit from the combination therapy, with the

authors unable to determine why this was. Furthermore, toxicity and side effects were higher

in patients who received the combination therapy compared to the monotherapy. Regardless of

this, Buckner, et al. conclude their results showed a clear benefit for the majority of patients and

recommended combined therapy for LGG patients [45]. Another randomised, open-label, phase 3

study (European Platform of Cancer Research (EORTC)-22033-26033) randomly assigned 477

patients with an LGG diagnosis (astrocytoma, oligoastrocytoma or oligodendroglioma) to receive

either radiotherapy or TMZ chemotherapy. They found after a median follow-up of 48 months,

median progression-free survival in the TMZ group was 39 months (95% CI: 35, 44 months) and

46 months (95% CI: 40 to 56 months) in the radiotherapy group, and concluded there was no

observable difference in progression-free survival between the two groups [22]. The same study

also conducted an exploratory analysis in patients whose tumours were molecularly defined and

found patients with IDH mutations and 1p/19q co-deletion tumours had a longer progression-free

survival when treated radiotherapy (HR = 1.86; 95% CI: 1.21, 2.87; P = 0.0043) than with TMZ;

this same effect was not seen in patients with IDH mutations but without 1p/19q co-deletion

or in IDH wildtype [22]. A similar effect was seen in an earlier EORTC trial (EORTC 22845)

comparing long-term efficacy of radiotherapy versus controls (delayed treatment) for LGG and

found radiation after surgery increased period without progression but had no effect on overall

survival [348]. However, another study found an increase in 5-year overall and progression-free

survival: 57% for patients given post-operative radiotherapy compared to 47% for those who did

not receive radiotherapy [395]. A recent systematic review on the management of LGG found that

early radiation was associated only with better progression-free survival after 5 years compared

to patients who had delayed or no radiation [44]. The literature surrounding the survival benefits

of radiotherapy are contradicting for LGG and no clear consensus has yet to be drawn. Yet there

are studies that have examined the effects of radiotherapy on quality of life and have found an
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adverse effect on mid- to long-term cognitive function [43, 86, 182, 339], however this could be

due to too-high radiation dosages or the effects could be managed by, for example, anti-epileptic

drugs [20, 182].

Despite this mix of evidence, the aforementioned Buckner, et al. study has become practice

defining for determining treatment for LGG; however, in the case of HGG, radiotherapy is

frequently included in the treatment regimen [45]. A systematic review by Laperriere, et al.

advised a variable dose of external beam radiotherapy as the standard treatment for malignant

gliomas, depending on the patient’s age [194]. Another study found that each delayed week until

the start of radiotherapy increased risk of death by 8.9% (95% CI: 2.0%, 16.1%), which contradicts

the "watch and wait" approach sometimes taken with LGG [164].

1.7.3 Chemotherapy

Temozolomide is the mainstay of chemotherapy for the treatment of GBM. The National Institute

of Health and Care Excellence (NICE) granted authorisation for the use of TMZ as a second-line

therapy for metastatic glioma patients in 2001 and then allowed it as a front-line drug for

newly diagnosed cases in 2007. Dosage amounts depend on sub-diagnosis, which differs between

non-GBM and GBM cases, and whether there is presence of MGMT promoter methylation. TMZ

as an oral alkylating agent induces DNA methylation and tumour cytotoxicity and depletes

the DNA-repair enzyme MGMT [138, 335]. Furthermore, TMZ is readily bioavailable, does not

require hepatic metabolism for activation and easily passes the blood-brain barrier (BBB) [96].

Overall, the efficacy and safety of TMZ in either combined or adjuvant therapy is well documented

in the literature [38, 135, 335, 375, 396].

For LGG, chemotherapy normally consists of a combination of chemotherapeutic drugs:

procarbazine, lomustine (abbreviated as CCNU) and vincristine, and together are commonly

referred to as PCV. The efficacy of PCV over carmustine (described below) was shown as early

as 1990 in a study by Levin, et al., where post-radiotherapy PCV was found to increase time to

progression and survival, substantially so for patients with anaplastic glioma compared with

carmustine alone [200]. Similar improvements to patient outcomes were seen in a practice-

defining trial (NCT00003375) and in a post-hoc analysis by Bell, et al., which included patients

with grade II glioma sub-classified based on IDH and 1p/19q co-deletion status. In particular,

patients with IDH-mutant and 1p/19q non-codeleted/co-deleted tumours had longer progression-

free survival (HR = 0.32; P = 0.03; HR = 0.13; P = 0.001) and overall survival (HR = 0.38; P =

0.01; HR = 0.21; P = 0.03), respectively [24].

Carmustine, known also by its trade name, BCNU (β-chloro-nitrosourea), is an alkylating

agent that is used mostly as an interstitial therapy for malignant glioma. This involves soaking

biodegradable "wafers" in BCNU (known by the brand name, Gliadel wafers) and applying them

to the tumour site post-operatively as a local treatment. BCNU treatment is normally reserved

for malignant and metastatic brain tumours, such as GBM, but benefits have also been observed
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in medulloblastoma, astrocytoma and tumours of the brain stem [373, 374]. Within randomised

phase III clinical trials, BCNU wafers were found to have increased median survival versus

placebo (13.8 months versus 11.6 months; HR = 0.73; 95% CI: 0.56, 0.95; P = 0.018) [374], but

these studies also showed several severe complications and adverse events, including seizures,

cerebral oedema, hydrocephalus and cerebral spinal fluid leaks [373, 374]. After the introduction

of systematic TMZ as the mainstay of chemotherapy for glioma, studies sought to show how

concomitant BCNU wafer and TMZ therapy is well tolerated and presents with no increase in

morbidity or adverse advents compared to simple BCNU exposure [217, 253].

Recently, bevacizumab (brand name, Avastin), an anti-angiogenic therapy targeting VEGF,

is becoming a popular choice of treatment for clinicians to treat highly vascularised, recurrent

gliomas (mostly GBM). Whilst it is thought that bevacizumab does not cross the BBB [53], it has

been observed that this is not necessary due to its effect to neutralise VEGF in the capillaries

of the brain regardless [370]. A major phase II trial examining the effects of bevacizumab and

irinotecan (a cytotoxic agent) in recurrent malignant glioma of 32 patients found that median

progression-free survival was 23 weeks for all patients (95% CI: 15, 30 weeks; 20 weeks for grade

IV patients and 30 for grade III), with 6-month progression-free survival probability of 38% and

6-month overall survival probability of 72% [362]. Another seminal study found bevacizumab was

both safe and efficacious for patients as a combination therapy with chemotherapy (TMZ) [240]. A

number of studies corroborate these findings, recommending bevacizumab as a therapy option for

recurrent GBM and showing the potential as a first-line treatment as well [124, 186, 269, 363].

This evidence led the United States Food and Drug Agency (FDA) to grant accelerated approval

for bevacizumab to be used in the treatment of recurrent GBM in 2009; however, the European

Medicines Agency (EMA) decided to reject approval for bevacizumab as a second line treatment

for GBM, though it is still administered off-label in Europe. A correspondence piece written by

Wick, et al. published in the Journal of Clinical Oncology in 2010 provides a good summary of

the European opinion of bevacizumab [377]. In summary, the EMA concluded that there was not

enough evidence from studies to show that bevacizumab was efficacious in treatment of brain

tumours, with questions still to be answered regarding optimal dosage, best timing of treatment

and whether suboptimal study designs were used (for example, uncontrolled trials were used

as evidence to support authorisation of the drug by the FDA) [377]. Further, a Cochrane review

in 2014 (updated 2018) investigating anti-angiogenic therapy for HGG found no improvement

on overall survival with its addition (pooled HR= 0.95; 95% CI: 0.88, 1.02; P = 0.16; 11 studies,

3,743 participants) and, with a number of follow-up analyses, concluded anti-angiogenic therapy

should not be used in the treatment of newly diagnosed GBM [4]. The same study also concluded

that combination therapy with chemotherapy, as opposed to chemotherapy alone, may result in a

small improvement in overall survival in those with recurrent GBM [4]. However, this study did

not consider adverse events which may negatively impact a patient’s quality of life. A phase III

trial (NCT00943826) found a slight improvement in progression-free survival for newly diagnosed
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GBMs with bevacizumab as a combination therapy but with an increased rate of adverse events

[59].

Another potential agent of interest in treating glioma is erlotinib (brand name Tarceva),

which is a tyrosine kinase inhibitor that is primarily used to treat non-small-cell lung cancer

and pancreatic cancer by inhibiting EGFR. Erlotinib is a relatively new, potential addition to

the treatment regimen of glioma and as such, research is still on-going to ascertain its efficacy

and safety, both as a sole and combination therapy. There is evidence to support the hypothesis

that erlotinib passes the BBB which identifies it as a drug of interest for BT treatment [270].

An initial phase I trial found that GBM with high levels of EGFR expression and low levels of

phosphorylated PKB/Akt responded better (defined as 50% decrease in tumour area measured by

cross-sectional diameter, and with no increase in steroid doses) to erlotinib treatment (no response

in 22 tumours with high levels of phosphorylated PKB/Akt levels compared to response in eight

of 18 with low levels) [125]. A phase II trial (NCT00671970) sought to investigate the effect of

combined bevacizumab and erlotinib therapy in patients with recurrent malignant glioma and

found a progress-free survival of 6 months and median overall survival of 28% and 42 weeks for

GBM patients and 44% and 71 weeks for anaplastic glioma patients; the authors conclude their

results are similar to, or worse than, previous studies that investigate sole-bevacizumab therapy

[307]. Another phase II trial (EORTC-26034-16031) by van den Bent, et al. investigated erlotinib

versus TMZ or BCNU treatment in recurrent GBM and found, although well tolerated, 6-month

progression-free survival was 11.4% (95% CI: 4.6%, 21.5%) in the erlotinib arm and 24% in the

control arm [349]. Overall, there is currently very little evidence for the use of erlotinib in the

treatment regimen for glioma.

However, there have been some successes in utilising targeted therapies for glioma treatment.

One such example is combination therapy with kinase inhibitors, dabrafenib (brand name,

Tafinlar) and trametinib (brand name, Mekinst), which are used to treat melanoma and non-

small cell lung cancer by inhibiting BRAF and MEK respectively. Recent case studies have

shown regression in BRAF V600E-mutant (a specific type of BRAF mutation) epithelioid gliomas

and pleomorphic xanthoastrocytoma when given this treatment regime, both in adult and in

paediatric cases [171, 223, 290]. There are trials underway to determine the efficacy of this

therapy in glioma patients with BRAF mutations (NCT02684058, NCT04201457). More recently,

there has also been limited evidence that a TRK inhibitor, larotrectinib (brand name, Vitrakvi),

may be used to treat tumours which harbour TRK mutations, a key oncogenic driver. Research

published in 2018 presented a case study detailing near-total resolution of lesions for a paediatric

patient with TRK-mutated HGG [405]. Evidence is limited for treatment, but there is a pilot

trial currently undergoing recruitment for use of larotrectinib in children with newly diagnosed

HGG with NTRK fusion (NCT04655404) which hopes to provide more evidence for this drug as

an efficacious treatment option.
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1.7.4 Immunotherapy

Immunotherapy, defined as either activating or supressing the immune system to fight disease,

is a new potential route of treatment being explored in multiple diseases and cancers. However,

despite being recognised as an alternative treatment option for brain cancer, limited knowledge

of the immune system has held back potential therapeutic benefits and applications. Although

there have been advances in immunotherapy for other cancers, there are unique difficulties for

CNS tumours involving immunity, specifically that these tumours grow in what is known as

sanctuary sites [268]. However, studies are starting to show the brain is not completely immune

privileged, for example, in the case of combatting John Cunningham virus (human polyomavirus

2, a common, frequently benign, virus that has been found to infect the brain) [252]. Future

observation and experiments to identify possible candidate antigens are required before testing

or trials can begin.

1.7.5 Treatment for Metastatic Tumours

Whole-brain radiotherapy (WBRT) is the main treatment option for metastatic tumours although

its use has been waning due to the deleterious effects this can have on a patient’s quality

of life and other modalities of treatment that are equally as efficacious [300]. WBRT is also

used as a preventative measure against metastases for patients with primary cancers that

commonly migrate to the brain, in particular non-small-cell lung cancer [33]. Modern approaches

to metastatic tumours now also involve stereotactic radiosurgery – a more localised and precisely-

targeted radiotherapy – as well as medications to better manage symptoms (e.g. anti-convulsants)

and chemotherapeutic and surgical therapies. However metastatic tumours are highly malignant

and have a poor prognosis, highlighting the need for further research to improve the therapeutic

options available. A promising avenue is personalising treatment to each patient’s specific tumour,

for example by prescribing BRAF inhibitors to patients whose tumours have BRAF mutations

[213].

1.7.6 Summary

Overall, there remains many avenues of exploration that may improve patient outcomes and

quality of life, whether this be through new operative techniques, technologies to aid surgical

procedures, or development or re-purposing of drugs for treatment. As our knowledge of glioma

and brain tumours improves, so too will our ability to better determine potential treatment

modalities for clinical use.
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1.8 New Approaches to Understanding Glioma Aetiology and
Treatment

Diagnosis and stratification for many diseases has steadily improved over the last few decades

due to novel methods and approaches that have expanded our knowledge of the aetiology of

such diseases. Similar advancements have also improved treatment options for many diseases.

For example, cancers with historically poor prognoses have seen steadily increasing survival

rates, e.g. lung cancer [398], breast cancer [246] and prostate cancer [204]. Patient outcomes may

be improved due to personalised medicine, whereby better per-patient diagnoses may be used

to stratify risk and treatments, or simply due to better and more wide-ranging therapeutical

options. These advancements are being applied to glioma, albeit slowly, as evidenced by the 2018

report from the UK’s Department of Health and Social Care task and finish working group on BT

research which has led to increased funding in the area [79].

1.8.1 Genetic heterogeneity between Tumours

Whilst genetic mutations are used to diagnose different tumour types, research has recently

sought to understand the heterogeneity of inter-tumoural genetic mutations by use of spatio-

temporal mapping. One such study examined the genetic profile of recurrent GBM in 38 patients,

and found that the more distal the tumour from the primary site, the larger the divergence

in driver mutations was from that initial tumour [175]. Another recent study found that the

genetic and histological profile of metastatic GBM differed between primary site and in lung

metastases, highlighting the need for and importance of genetic testing for diagnosis and effective

treatment [111]. Similar heterogeneity was observed in diffuse intrinsic pontine glioma, an

aggressive paediatric brain tumour, where whole exome sequencing showed evolutionary and

spatial heterogeneity in non-primary sites [238].

1.8.2 Harnessing Germline Genetic Variation

Section 1.5 - Risk Factors described how there is a genetic component to glioma risk and that

previous GWAS have found genetic variations at various loci that associate with glioma risk [220].

Many glioma GWAS have focussed on uncovering variants associated with risk, concentrating on

increasingly larger sample sizes which can be beneficial for a rare disease like glioma. In the wider

field of cancer epidemiology, GWAS and their results have been expanded to also detail variants

which may also be associated with prognosis (as with breast cancer in 2002 [115]), treatment

response (in this 2009 study examining drug responsiveness for paediatric acute lymphoblastic

leukaemia [392]) and susceptibility across ethnicities [216]. Recently, results from GWAS have

been increasingly used to leverage a statistical method called Mendelian randomisation (MR).
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1.8.3 Epigenetics and Methylation in Glioma

Epigenetics and DNA methylation are becoming increasingly important in understanding many

diseases, including cancer. It has been shown that many epigenetic mechanisms are aberrant in

cancer, for example, DNA methylation, histone modifications and non-coding RNAs [324]. In the

context of CNS tumours, DNA methylation has been successfully used to differentiate between

subtypes and shown to be clinically and pathologically relevant [51]. Epigenetics in cancer

research is an evolving field. Recently, datasets are being published from large-scale consortia,

such as the Genetics of DNA Methylation Consortium (GoDMC), which capture the genetic effects

on DNA methylation [224]. These data could further elucidate the role of epigenetics in disease

aetiology and may be used in the aforementioned MR methodology.

1.8.4 Mendelian Randomisation to Strengthen Causal Inference

MR is a statistical method that utilises germline genetic variants to estimate causal relationships

between exposures and outcomes [196] in a way that is analogous to the design of an RCT

(Figure 1.4). Generally, MR has been applied to estimate the relationship between a modifiable

risk factor and disease that can then inform public health advice, but usage has expanded to

include applications such as the identification and validation of drug targets [312]. Investigators

are increasingly using MR due to its ability to estimate causality and overcome unmeasured

confounding that is common in other observational study designs [67]. This Section described

a high-level overview of MR and its applications to glioma research, with the details of the

methodology explained in Section 2.3.3 - Mendelian Randomisation.
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Figure 1.4: Analogy of RCT and MR study designs. Randomly inherited germline genetic variants
mimic the randomisation process of an RCT. From Pingault, et al. [266].

1.8.5 Strengthening Causal Inference for Putative Glioma Risk Factors
using Mendelian Randomisation

I was the co-first author of a recent publication (Howell, Robinson, et al.) that aimed to identify

novel risk factors for glioma, GBM and non-GBM risk [152]. My contributions to this paper were

as follows. I cleaned and meta-analysed the outcome (glioma) data and performed all statistical

(MR with sensitivity analyses and polygenic risk score) analyses and interpretation thereof. All

analyses were independently repeated by both first authors. I co-drafted the manuscript, producing

table 1, figure 2, additional tables 4 through 7 and additional figures 6 and 7 for publication,

as well as writing parts of the methods and results sections related to statistical methodology. I

also co-drafted the discussion and conclusions sections. Howell conducted the literature search

for which this paper was based on, produced the first draft of the paper with any other figures or

tables not otherwise stated.

There have been some MR studies that have sought to identify putative risk factors for

glioma [83, 84, 341], including one paper for which I was co-first author [152]. In this paper,

Howell and I used MR to investigate an assortment of risk factors and glioma risk, where risk

factors were found by way of a systematic search of the literature and included if the risk factor

could be instrumented by genetic variants in an MR analysis (i.e., that there were publicly

available genetic variants associated with the risk factor). There was evidence that four traits

increased risk of glioma, GBM or non-GBM. These were: longer leukocyte telomere length (odds

ratio for non-GBM subtype (ORnon-GBM) = 4.05, ORall glioma = 4.09), liability to allergic disease
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(ORGBM = 1.29), increased alcohol consumption (ORGBM = 8.37, ORall glioma = 4.42) and liability to

childhood extreme obesity (defined as > 3 standard deviations away from the mean and excluded

participants with known monogenic causes of obesity, ORall glioma = 1.11, ORGBM = 1.12). Two

traits also decreased the risk of non-GBM gliomas: increased levels of low-density lipoprotein

cholesterol (LDLc, ORnon-GBM = 0.79) and triglyceride levels (TG, ORnon-GBM = 0.77). Results are

summarised in Table 1.3. This study provided key causal evidence implicating these modifiable

traits and glioma risk leading the way for future research to investigate underlying mechanisms

driving these associations; however, given the less stringent P value threshold, these results

should be interpreted with caution. Triangulation with other results form studies with orthogonal

sources of bias would be required for these results to be informative for prevention of glioma.

Table 1.3: Summary of the MR results presented in Howell, Robinson, et al. [152] to identify risk
factors associated with glioma subtypes. OR for disease risk are per unit increase in the exposure.
A Bonferroni-corrected P value threshold was defined at P < 1.00×10−3 and a suggestive threshold
at 1.00×10−3 < P < 0.05. Results for other subtypes which did not meet the P value threshold are
presented in Appendix A.

Risk Factor Subtype OR (95% CI) P

Alcohol consumption
All glioma 4.42 (1.07, 18.30) 0.041
GBM 8.37 (1.69, 41.54) 0.0094

Allergic disease GBM 1.29 (1.01, 1.67) 0.048

LDLc Non-GBM 0.79 (0.63, 0.99) 0.04

Obesity (childhood extreme)
All glioma 1.11 (1.02, 1.21) 0.016
GBM 1.12 (1.02, 1.22) 0.021

Telomere length All glioma 4.09 (1.13, 14.86) 0.032

Triglycerides Non-GBM 0.77 (0.59, 1.00) 0.049

This work was a key contribution to the literature regarding the identification of novel risk

factors for glioma. However, it became apparent during this study that many other MR studies

focussed on identifying modifiable risk factors for glioma, and only one paper (at the time of

publication) utilised molecular traits in such a context [10]. Therefore, this formed part of the

motivation for the work conducted and presented in this thesis.

1.8.6 Leveraging Mendelian Randomisation to Identify and Prioritise Drug
Targets and other Interventions

Published GWAS of molecular traits can be integrated into an MR study design to garner novel

insights into how such traits are causally implicated in disease [361, 404]. For example, GWAS

have identified germline genetic variants associated with gene expression and protein abundance
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levels [92, 99, 121, 336, 338, 393], including brain tissue-specific data [121, 289], which could

provide novel insights into glioma risk.

As proteins are overwhelming the target of almost all pharmaceutical drugs today [193],

an MR study that establishes a putative causal link between variation in protein abundance

levels and glioma risk could then inform on a drug target for intervention to reduce risk. A drug

target identified in this way could then be prioritised in further studies, e.g. in vivo or pharmaco-

epidemiological studies, before a trial to determine efficacy and safety. MR could therefore form

the first step in a drug discovery and prioritisation pipeline.

It is important to note that throughout the work presented in this thesis, the MR analyses

utilised glioma data relating to risk. Therefore, putative drug targets identified from such

analyses may be clinically relevant for primary prevention; it does not necessarily follow that the

effect of such a drug would be seen in secondary or tertiary prevention. These conclusions would

only be permissible if data from a progression GWAS were used, though utilising MR in this way

is still in its infancy and comes with its own set of limitations [259].

1.8.7 Further Approaches to gain Insights into Novel Therapeutics in
Glioma Treatment

There are other methods to gain insights for novel therapeutics in glioma treatment that also

use large, population-level health datasets. Pharmaco-epidemiological techniques can be used in

this way with large datasets to garner such insights, as described in Section 2.3.4 - Pharmaco-

Epidemiology. An example of such a study comes from 2016, where Seliger, et al. sought to

determine the relationship between diabetes, use of anti-diabetic drugs and glioma risk using

a large longitudinal dataset consisting of digitised primary care medical records [320]. This

dataset is called the Clinical Practice Datalink (CPRD, described in Section 3.3 - Clinical Practice

Research Datalink) and may be used to provide observational evidence for how a drug affects

both glioma risk and survival.

1.9 Aims of Thesis

The aims of this thesis were to:

1. Leverage germline genetic variation associated with glioma to elucidate mediating molecu-

lar pathways, via gene expression, on gliomagenesis.

2. In a similar way, leverage germline genetic variation associated glioma to elucidate mediat-

ing molecular pathways, via protein abundance levels, on gliomagenesis.

3. Utilise multi-omic data from the previous two aims, i.e. for gene expression and protein

abundance levels, to identify novel targets for intervention.
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4. Determine whether anti-hyperlipidaemia and anti-diabetes drugs can be repurposed to

reduce incidence or improve prognosis of brain tumours.

35





C
H

A
P

T
E

R

2
METHODOLOGICAL BACKGROUND

2.1 Introduction

The research objectives for this thesis are primarily to use germline genetic variation to

strengthen causal evidence about molecular pathways linked to glioma risk. As such,

epidemiological methods are well-suited to achieve these objectives. In particular, an

important application of epidemiology is to inform public health strategies and interventions

that can reduce the incidence and burden of disease which, for glioma, has been increasing as

populations have become older (described in Section 1.1 - Incidence).

This Chapter provides a brief introduction to epidemiological research methodology and how

this is relevant to the research presented in this thesis.

2.2 Causal Inference in Epidemiology

Causality and prediction are two interlinked and important concepts of epidemiology that both

inform on public health. Prediction describes a relationship or phenomenon whereby an event, X,

can predict an outcome, Y. Causality describes a relationship where if X causes Y then changing

X will lead to a change in Y. When free of confounding or bias, causality is a subset of prediction

as the occurrence of X will inherently predict Y; however, in practice, the presence of known or

unknown confounding factors can make these relationships difficult to ascertain. Many valid

associations in epidemiology are not necessarily causal – causality is oftentimes difficult to prove

– but such predictive observations are still informative for guiding interventions. Therefore, many

techniques in epidemiology seek to strengthen causal inference rather than prove causality

(Figure 2.1), each of which is limited by various biases and complications that make causal

inference difficult. It is common to supplement evidence from different studies with orthogonal
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sources of bias to increase confidence in the association or result (sometimes reffered to as

triangulation [197]).

Figure 2.1: Pyramid of study designs for causal inference. As the level of the pyramid increases,
so too does the quality of evidence provided. Even at the highest level, a meta-analysis of RCTs
provides evidence of, and does not singularly prove, causality meaning it is still important to
pool evidence from many different sources with orthogonal sources of bias. Figure adapted from
Lucas, et al. [212].

The research presented in this thesis is analytical and observational in nature, and made

use of an instrumental variables approach called Mendelian randomisation (MR). MR has been

adapted from the econometrics literature to help inform the process of making causal inference

using observational data [196]. Section 1.8 - New Approaches to Understanding Glioma Aetiology

and Treatment described how MR can be applied to glioma to provide insight into how variation

in molecular traits affect glioma risk.

2.2.1 Observational Epidemiology

Observational epidemiology consists of studies wherein the investigators do not intervene on

the exposure of interest, unlike in an experimental study. These studies may be descriptive,

by describing a disease or condition of interest and generating hypotheses, or analytical, by

testing hypotheses by investigating determinants, risk factors or causes of diseases in a more

complex and rigorous framework. These study designs have different strengths and limitations,
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Table 2.1: Summary of advantages and disadvantages of the case-control and cohort study designs.
Adapted from Song, et al. [332].

Advantages Disadvantages

Case-control study design

May be used to study rare diseases. If retrospective in design, the study can
suffer from recall bias.

Generally, less expensive and time-
consuming to conduct.

Cannot be used for incidence or diagnostic
data.

Multiple exposures can be examined simul-
taneously.

Selection of controls can be difficult.

Provides initial evidence of associations for
further research.

Selection bias can be introduced if not con-
sidered.

Cohort study design

Temporal sequence is observed, allowing
for assessment of causality.

A large cohort may be required for follow-
up over a long period of time.

Multiple outcomes may be examined for a
single exposure.

Selection bias can be introduced if not con-
sidered.

May be used to study rare exposures. Prospective cohort studies:
Incidence, relative risk and risk difference
can all be calculated from a cohort study.

Can be expensive and time-consuming.

Loss to follow-up may induce bias.
Retrospective cohort studies:
Susceptible to recall bias.
Data may be of poor quality due to less

control over variables.

as summarised in Table 2.1 for the study designs used in the research presented in this thesis

(case-control and cohort).

2.2.2 Statistical Methods used in Observational Epidemiology

The research presented in Chapter 6 used regression models to analyse data from the nested

case-control and cohort studies to determine the effects of exposure to two drugs on brain tumour

(BT) risk and survival. It is important to note that all BT were included in this analysis, and

not just gliomas, to increase sample sizes (described in Section 6.2.1 - Participants). Regression

analyses are statistical techniques that allow for the examination of the relationship between two,

or more, variables of interest. Naively, regression analyses are a set of statistical methodologies

that fit a line of best fit between the variables of interest that may then be interpreted to draw

conclusions about the relationship of the variables being examined. One such type of regression

analysis is linear regression, which is used to investigate continuous dependent variables and
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fits a straight line to the data:

(2.1) yi =α+βxi +εi

where (xi, yi), i = 1, ..,n describes n datapoints for the independent and dependent variables,

respectively, and ε denotes the error term. Equation (2.1) is of the same form of the equation

for a straight line (y=α+βx) and thus the relationship of the coefficients α and β with respect

to the dataset characterises the linear regression model. Alternatively, logistic regression fits a

logistic function to a dichotomous (binary) dependent variable. Given that the dependent variable

is binary, let

(2.2) p = P(Y = 1)

such that p contains the probability that the dependent variable is true or another arbitrary

dichotomous state. For i = 1, ...,n datapoints, the logistic regression model may be characterised

using Equation (2.2):

(2.3) logb
p

1− p
=β0 +βixi

for some logarithm base, b. This will give the log-odds and may be exponentiated to find the

odds of the dependent variable. These equations are plotted and compared in Figure 2.2.
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Figure 2.2: A comparison of the shapes of linear and logistic regressions. Linear regressions (a) fit straight lines to the data and predicted
values of the dependent variable may exceed that of the range of the data. A linear regression can also accept a categorical or binary
dependent (outcome) variable. A logistic regression fits a logistic function (b) and accepts only dichotomous dependent variable and, as
such, predicted values will be bounded to this range. For these graphs, data was randomly generated, and lines plotted to demonstrate the
fitting shapes of the models.
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2.2.3 Experimental Epidemiology

Randomised controlled trials (RCTs), if conducted appropriately, are considered the gold-standard

for providing causal evidence for the effects of new drugs, treatments, or interventions due to

the reduction of many biases inherent to other epidemiological study designs. However, they are

generally prohibitively expensive, and many are not feasible to conduct due to ethical concerns

(for example, by withholding efficacious treatment from the control arm). Furthermore, whilst

an RCT will deliver a less biased estimate of the effect of the particular intervention on the

outcome of interest in the patient group examined, this does not necessarily translate directly

to the benefit of all patient groups. Whilst one should always conduct an RCT if it is possible,

many times it is not, so evidence must be supplemented from other study designs such as those

described above.

2.3 Integrative and Molecular Epidemiology

Integrative and molecular epidemiology is a large field that encompasses many different method-

ologies. Therefore, this Section focussed on genetic and pharmaco-epidemiology as these were

pertinent to the research presented in this thesis.

2.3.1 Genetic Epidemiology

Genetic epidemiology is the study of the effects of genetic determinants on health and disease.

One of the two accepted risk factors for BT is genetic susceptibility, highlighting the potential

use of genetic epidemiology in understanding the aetiology and progression of the disease.

Genome-wide association studies (GWAS) are a common genetic epidemiological, hypothesis-

free tool used to find genetic variants (usually single nucleotide polymorphisms, SNPs) associated

with a phenotype of interest. They generally have little measurement error and thus produce

robust and reliable results. An important concept for GWAS is linkage disequilibrium (LD),

defined as the non-random association of alleles. Two alleles which are commonly inherited

together, and are therefore correlated, are said to be in strong or high LD. GWAS leverage tag

SNPs, i.e. a SNP which has strong LD with a haplotype or group of SNPs, to identify genetic

variation in phenotypes without necessarily genotyping every SNP within a given region.

Despite repeated success in highlighting important loci for many diseases and traits, fre-

quently variants identified by GWAS are found to not be causal of variation in the phenotype

but may correlate or tag with the actual key gene. This can arise if the tag-SNP used by the

microarray is not the causal variant but is still associated with the trait due to being in high

LD with that variant [107]. Furthermore, many GWAS tag-SNPs are located in intergenic or

intronic regions, meaning it is more likely that a variant will affect gene regulation through

other mechanisms besides protein expression, e.g. transcriptional or epigenetic regulation [91].
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There are methods to analyse GWAS results to identify potentially causal variants, such as

fine-mapping, colocalisation and other functional studies [109].

The importance of GWAS cannot be understated. Section 1.5.2.5 - Genetic Polymorphisms

described how GWAS have identified new variants associated with glioma risk in Section 1.5 -

Risk Factors. Results from the latest glioma GWAS, are presented below as a Manhattan plot

(Figure 2.3).
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Figure 2.3: Manhattan plot of the GWAS results highlighting loci that have been implicated in (a)
glioma, (b) glioblastoma (GBM) and (c) non-GBM glioma risk. This plot visualises the locations of
previously (in blue) and newly (in red) identified loci which are associated with glioma risk. From
Melin, et al. [220].
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2.3.2 Statistical Colocalisation

GWAS frequently highlight associated loci that are not necessarily causal for the trait of interest.

Statistical colocalisation (sometimes called genetic colocalisation) may be used as a follow-up

functional analysis to provide evidence that, given two independent association signals at the

same locus in two GWAS, a single, shared causal variant is that which is consistent with both

signals. Typically, colocalisation has been used in the context of comparing GWAS of a trait and a

GWAS derived from RNA sequencing detailing messenger RNA (mRNA) levels, referred to as

expression quantitative trait loci (eQTL) studies, though in practice, colocalisation may be used

for any two phenotypes.

Colocalisation may be explained graphically using two GWAS, one that investigates mRNA

levels (an eQTL GWAS) and another which investigates some biomarker (Figure 2.4). This

simplified example shows the configurations of how an association signal can arise in both of these

datasets. Whilst one can conduct a naive comparison using graphical tools (such as LocusZoom

[274]) these lack any statistical rigour. Methods such as the Bayes test for colocalisation (coloc)

[113] or eQTL and GWAS causal variant identification in associated regions (eCAVIAR) [150] use

the summary statistics from each study to provide a statistical probability that a given variant is

shared between both datasets.

There are many different tools, libraries and packages that can implement colocalisation

analyses, for example: coloc [113], an R package that integrates a Bayesian statistical test for

colocalisation; eCAVIAR [150] and FINEMAP [25] which are akin to fine-mapping methods; the

heterogeneity in dependent instruments (HEIDI) method [404] which uses a heterogeneity test

to distinguish between pleiotropy and linkage; and the joint likelihood mapping (JLIM) method

[60] which uses individual-level data for one of the phenotypes of interest to provide evidence of

colocalisation at the locus level. Each methodology has its own strengths and limitations and no

one method is preferred in the literature over others; however, coloc, HEIDI and eCAVIAR tend

to be the most popular because they only require summary-level statistics (a major limitation of

the JLIM method). Due to requiring only summary-level data, the research in this thesis used

the "coloc" R package written by Giambartolomei, et al. [113].

However, the coloc method has an inherent limitation called the single causal SNP assumption,

whereby the method assumes that there will be only one single causal SNP in the entire region of

interest that may be shared by both phenotypes. This is an obvious limitation given how complex

the structure of linkage disequilibrium can be at any given region of the genome. Both coloc and

HEIDI, as well as others, are subject to this limitation. Certain methods attempt to overcome

this limitation, for example, eCAVIAR allows the user to specify how many shared causal SNPs

they suspect are in the region (which opens the analysis to human error) with the authors of the

method advising no more than six or seven so that the program remains computationally viable

[150].

Therefore, it is advisable – and fast becoming standard practice – to combine colocalisation
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Figure 2.4: Graphical explanation of colocalisation. Each subplot shows the genomic region
for four hypotheses (H). H1/H2 shows an association signal in one dataset but not the other
indicating these datasets do not colocalise. H3 shows a signal in both datasets that is not shared,
implying two separate causal variants that may (or may not) have been identified. Finally, H4
shows when both datasets colocalise due to a single, shared causal variant in both regions.
Adapted from Giambartolomei, et al. [113].

analyses with a step-wise conditional analysis (e.g., by use of the conditional and joint analysis

(COJO) tool [391]) to identify conditionally independent signals within each phenotypic region

of interest before applying a colocalisation analysis. This provides an effective work-around for

the single causal SNP assumption by ensuring the colocalisation analyses are conducted on only

conditionally independent association signals and not the marginal association statistics which

can increase the type II error rate (or "false-negative", and in this context would mean weak

evidence of colocalisation). This concept is displayed in Figure 2.5. In their paper detailing their

colocalisation pipeline, Zheng, et al. treated datasets independently from one another such that

conditional analyses are performed to systematically condition upon independent signals within

the region of interest for both datasets separately [400]. Therefore, the same pipeline was used
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for analyses presented in this thesis.

I am leading on a project which will present this pipeline of conditional and colocalisation

analyses, called Pair-Wise Conditional and Colocalisation analysis (PWCoCo) as a stand-alone

tool. This project is still ongoing but will seek to resolve questions about the methodology, for

example, whether datasets should be treated dependently or independently (i.e., both datasets

are systematically conditioned upon all association signals within the region in both datasets,

regardless if that signal exists in that dataset or not). However, considerations need to be made

for the increased computational burden this will put on the tool by increasing the amount of

conditional analyses that will be run. These extra analyses may even be superfluous; consider

two datasets, the first has a signal driven by SNP 1 and the second a signal driven by SNP

2. If SNP 1 and SNP 2 are the same, the tool will inherently condition upon that SNP, or

signal, in both datasets. If SNP 1 and SNP 2 are different, then no conditional analysis on

SNP 1 in dataset 2 should be necessary, given that that SNP, or signal, was not found to be

either conditionally independent from other signals in that dataset, or was not strong enough to

constitute a signal in the first place. Regardless, these hypotheses will be tested in that project;

however, for the analyses in this project, the prevailing method of treating datasets independently

for the conditional analyses was used.

2.3.3 Mendelian Randomisation

MR is another observational method that is relevant to this thesis and uses germline genetic

variants as instrumental variables (IVs) [196]. It is important to note that these genetic variants

are germline, i.e. the mutation occurs in the gamete and is inherited from either parent, as

opposed to somatic, whereby the mutation occurs in somatic cells meaning that tissues derived

from that cell are affected, and are not inherited. IVs are variables that are associated with the

exposure of interest and are used to estimate or infer causal relationships between the exposure

and an outcome of interest. A variable requires three core assumptions to hold true to be used as

an IV; therefore, these assumptions broadly underpin the MR methodology:

• The relevance assumption. This states that the genetic variants must associate with the

exposure of interest.

• The independence assumption. This states there are no measured or unmeasured con-

founders between the genetic variants and outcome.

• The exclusion restriction. This states that the effect of the genetic variants on the outcome

is only through the exposure of interest (also known as horizontal pleiotropy).

These assumptions can be portrayed graphically using a directed acyclic graph (DAG), a

widely used epidemiological tool (Figure 2.6).
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Figure 2.5: Schematic of how a step-wise conditional analysis before conducting a colocalisation
analysis can reduce the rate of type II error in genomic regions with more than one association
signal. The paper from which this figure was adapted (Zheng, et al. [400]) examined the effects
of protein quantitative trait loci (pQTL) on a host of phenotypes. If there were two independent
association signals in the exposure and outcome datasets, a naive colocalisation analysis using
the marginal association statistics ((a) and (d)) would show little evidence of colocalisation due to
the lead SNPs 2 and 3 not colocalising. However, performing a step-wise conditional analysis to
identify independent association signals, and conducting colocalisation on SNP 1 – the lead SNP
of an independent association signal in both phenotypes – then this would show strong evidence
of colocalisation. Adapted from Zheng, et al. [400].

Instruments used in MR typically come from GWAS and may be used in either a single sample

framework, whereby the causal exposure-outcome effect is estimated using individual-level data

in one sample, or a two-sample framework, whereby two datasets of summary-level data are

used to estimate the variant-exposure and variant-outcome associations which are combined to

give an estimate of the exposure-outcome effect. Two-sample MR has become common practice

over single sample MR due to the large amount of GWAS available, the fact that it is not always

possible for the exposure and outcome to be measured in the same sample, and statistical power

concerns. All of the MR analyses conducted in this thesis used two independent GWAS datasets

in a two-sample framework.

Results from MR analyses are given as beta coefficients, which represent the causal estimate

in the units of the outcome or log odds of the outcome per unit increase in the exposure. Commonly,

these are presented as odds ratios (OR) to aid comprehension. In the case of a binary exposure
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Figure 2.6: DAG of underlying assumptions of MR. Arrowheads show the direction of effect.
Bias may be introduced when one, or more, of these assumptions are broken: when there is an
association between the genetic variant or IV, G, and any measured or unmeasured confounder,
U; furthermore, if G is not independent of the outcome, Y, then this association can also break
the assumptions.

when estimates are base 2, this represents the OR per doubling of the genetic liability to the

exposure. On the other hand, if the exposure is continuous then the OR represents the unit

change in the outcome per unit increase in the exposure.

It is imperative for an investigator conducting an MR study to address invalidations or

violations of the IV assumptions that underpin the methodology. This is normally achieved

through the use of sensitivity analyses. Figure 2.7 depicts a simplified version of three common

types of invalidations that are also relevant to the research presented in this thesis. Generally,

sensitivity analyses used to assess these violations include methods such as colocalisation, MR-

Egger [34], weighted median [35] and MR pleiotropy residual sum and order (MR-PRESSO) [355]

that may assess the presence of horizontal pleiotropy or Steiger filtering to probe direction of

effect (reverse causation) [141]. Not all of these methods are relevant to the research presented

in this thesis; analyses used in this thesis are explained in depth in the corresponding results

Chapters.

The main MR method used in this thesis is called the Wald ratio (WR). Obtaining the WR is

relatively simple and is defined as the SNP-outcome effect divided by the SNP-exposure effect:

(2.4) βWR = βY

βX

where X represents the exposure and Y represents the outcome. The WR is generally used

for single SNP instruments, which is common in ’omics analyses (proteomics, transcriptomics,
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Figure 2.7: Selected common layouts for a simple MR analysis examining the effect of an exposure
instrumented by a SNP on some outcome. (a) Depicts a standard, albeit simple, MR study that
will provide an unbiased, undistorted estimate of the effect of the exposure on the outcome. (b)
Reverse causation can occur MR studies when the outcome affects the exposure of interest. (c)
Horizontal pleiotropy can arise if a SNP is used to instrument for an exposure of interest and
is also associated with the outcome through another, independent pathway, either directly or
indirectly. If this SNP is used to estimate the relationship between the exposure and the outcome
then this estimate will be distorted by the presence of horizontal pleiotropy. (d) If SNP 1 is used to
estimate the effect of Exposure 1 on Outcome 2, the estimate will show a pleiotropic association
because SNP 1 is in linkage disequilibrium with SNP 2 [140].

etc.). Care must be taken to ensure the SNPs chosen to instrument the exposure adhere to the IV

assumptions (laid out above in Section 2.3.3 - Mendelian Randomisation), otherwise this may

bias the causal estimate. As instruments from these types of analyses will be generally composed

of a single SNP, follow up sensitivity analyses are limited due to the requirement of many SNPs.

In the case of an instrument with more than one SNP, there is a continuously growing number

of methods that have been developed in the context of two-sample methods using summary-

level data. Of these methods, the research in this thesis used the fixed effects inverse-variance

weighted (IVW) method described by Bowden, et al.[35]. This method takes into consideration

each of the SNP’s effect on the exposure and outcome:

(2.5) X |G i = γ0 +γiG i +εxi
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(2.6) Y |G i =Γ0 +ΓiG i +εyi

Where G is the instrument consisting of i SNPs. γ and Γ are the SNP effect for the exposure

and outcome, respectively. Similar to the WR, the causal effect of the exposure and outcome is

estimated:

(2.7) β̂i = Γ̂i

γ̂i

From Equation (2.7), using a fixed-effects meta-analysis technique, the overall estimate for

the IVW method can be calculated:

(2.8) β̂IVW =
∑

i γ̂
2
iσȲ 2

i
β̂i∑

i γ̂
2
iσȲ 2

i

where σȲ 2
i

is the standard error of the gene-outcome association estimate for variant i.

Naively, this can be considered as a meta-analysis of the WR for each SNP. Furthermore, two

assumptions are made by the weightings in the meta-analysis: that the SNP-exposure and

SNP-outcome effects are not correlated; and that there is no measurement error (the NOME

assumption) in the SNP-exposure association. These assumptions can be examined using common

meta-analysis sensitivity techniques such as Cochran’s Q statistic or the F statistic [140].

2.3.4 Pharmaco-Epidemiology

Pharmaco-epidemiology is the study of drugs and their effects in large populations. Whilst

pharmaco-epidemiology can be and is used to study the efficacy and safety of new drugs, it is

also used to research whether existing drugs can be re-purposed for use in other diseases. This

approach has many benefits over development of novel therapeutic substances. To illustrate this

point, DiMasi, et al. estimated in 2016 that the average cost of bringing a new compound to

market cost USD $2558 million [82]. Furthermore, it is a real possibility for new drugs to fail

in early stage I or II safety trials. In a 2010 paper, DiMasi, et al. estimated the success rates of

novel compounds can range from as low as 8% to as high as 30% depending on product type and

pharmacodynamics [81]. It is relevant to the research in this thesis that they specifically found

that the lowest of rate of success, 8%, belonged to drugs targeting the CNS. Finally, it is common

for the entire process to last for at least a decade, from research and development to marketable

product [81]. Altogether, these three points illustrate why the pharmaceutical industry is keen to

investigate how existing drugs may be repurposed to treat off-target diseases.

However, whilst pharmaco-epidemiology studies may appear easier to conduct when compared

to an RCT, there are many sources of bias and confounding that need to be considered to ensure

an accurate result. The most prominent of these is confounding by indication which can arise due

to some indication (reason to prescribe a drug) being associated with both the exposure and the

outcome, and thus distorting that association. An example from the Catalogue of Bias [8] comes
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from a study which suggested that paracetamol use in childhood is associated with increased

risk of asthma, rhinoconjunctivitis and eczema [23]. This result may have been confounded by an

indication, such as fever, which can cause these outcomes and also prompt the use of paracetamol

in the first place [8]. Careful study design can limit the influence of this type of confounding. The

research presented in Chapter 6 investigated the effects of fibrate and glitazone prescription

on BT incidence and survival. In that study, there was risk of confounding by indication which

necessitated careful study design to limit the risk of this confounding distorting the observed

effects.

2.4 Summary

Described within this Chapter were methodologies and study designs that were relevant to and

used throughout the research presented in this thesis, such as MR and pharmaco-epidemiology.

Overviews provided for these methods included their strengths and limitations and important

considerations when applying these methods which were relevant to the studies conducted in

this thesis.
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3.1 Introduction

The work presented in this doctoral thesis utilised a range of datasets from different

organisations and research groups (Table 3.1). This Chapter provides a broad overview

and discusses strengths and limitations for each of those datasets.

3.2 Glioma GWAS

3.2.1 Background

The glioma GWAS meta-analysis reported by Melin, et al. [220] is the largest of its type and

contains fully genotyped data for 12,496 cases and 18,190 controls. Participants in the meta-

analysis were non-overlapping adults (> 18 years old) of European ancestry. Data were adjusted

for age, sex, and the first two principle components.

Due to data sharing limitations, only a subset of these data was used for the gene expression

project conducted in Chapter 4, however the full meta-analysis as detailed here was used for the

protein levels project in Chapter 5.

3.2.2 Materials and Methods

The constituent GWAS (Table 3.2) that were included in the authors’ original meta-analysis

were all assayed using the Illumina OncoArray-500K array [6]. Studies that participated in the

Glioma International Case-Control study (GICC) (UK-GWAS, French-GWAS, German-GWAS,

MD Anderson (MDA)-GWAS, the San Francisco Adult Glioma Study (SFAGS) and GICC) all

underwent the same quality control protocol: participants with > 80% estimated European
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Table 3.1: Overview of the datasets used in throughout the research in this doctoral thesis.

Study Summary How is this data used?

Glioma GWAS from
Melin, et al. [220]

Glioma case-control
GWAS

Summary statistics are used as out-
come data in MR analyses. Used in
Chapters 4 and 5.

Clinical Practice Re-
search Datalink (CPRD)

Primary care database Individual-level data including medi-
cal records, personal details, prescrip-
tions, diagnoses, etc. are used to de-
termine if fibrates and glitazones af-
fect risk and prognosis of brain tu-
mours. Used in Chapter 6.

Genotype-Tissue Ex-
pression (GTEx) project
[121]

Genotypic effects on
gene expression in a
range of tissues

Summary statistics are used to inves-
tigate tissue-specific gene expression
on glioma risk. Used in Chapter 4.

eQTLGen Consortium
[361]

Genotypic effects on
gene expression in
whole blood

Summary statistics are used to deter-
mine the effect of gene expression in
whole blood on glioma risk. Used in
Chapter 4.

Brain tissue expression
quantitative trait loci
(eQTL) meta-analysis
[276]

Meta-analysis of geno-
typic effects on gene ex-
pression in brain tissues

Summary statistics are used to exam-
ine the effects of eQTLs derived from
brain tissues on glioma risk. Used in
Chapter 4.

Whole blood protein
quantitative trait loci
(pQTL) dataset [400]

Pooled analysis of geno-
typic effects on protein
levels in whole blood

Summary statistics are used to deter-
mine how genetically predicted pro-
tein levels affect glioma risk. Used in
Chapter 5

Brain tissue pQTL
(BrainQTL) study [289]

Genotypic effects on pro-
tein levels in brain tis-
sue

Summary statistics are used to deter-
mine how genetically predicted pro-
tein levels affect glioma risk. Used in
Chapter 5.
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Table 3.2: Number of cases, controls and imputed SNPs included from each glioma GWAS.
Adapted from Supplementary Table 2 published by Melin, et al. [220]. Number of imputed SNPs
is for all glioma; 6,790,270 SNPs for GBM and 6,769,856 SNPs for non-GBM total.

Study Cases (GBM/non-GBM) Controls Imputed SNPs

UK-GWAS 631 (270/361) 2,699 8,954,681
French-GWAS 1,423 (430/993) 1,190 9,113,681
German-GWAS 846 (431/415) 1,310 9,012,806
MDA-GWAS 1,175 (652/523) 2,236 9,043,003
SFAGS 677 (511/166) 3,940 10,679,291
GliomaScan 1,653 (903/472) 2,725 9,161,499
GICC 4,572 (2,468/1,897) 3,285 10,783,269
UCSF-Mayo 1,519 (526/992) 804 6,915,238
Total 12,496 (6,191/6,305) 18,190 6,887,412

ancestry was determined using FastPop [202] (with HapMap version 2 [162]) and reference

populations of Utah Residents with Northern and Western European Ancestry (CEU), Japanese

in Tokyo (JPT)/Han Chinese in Beijing (CHB) and Yoruba in Ibadan, Nigeria (YRI)). GWAS

data was imputed to > 10 million SNPs using IMPUTE2 (v2.3) [154] and reference panels 1000

Genomes Project (phase 1 integrated version 3 release) [110] and UK10K [347]. SNPs that

were poorly imputed (information rate < 0.40 with IMPUTE2) or exhibited large deviation from

Hardy-Weinberg equilibrium (P < 1×10−8) were excluded in controls. Case-control matching

was tested for adequacy was evaluated using Q-Q plots of test statistics (more details are

given in the Supplementary Figure 1 in the original publication [220]). The UCSF-Mayo study

used STRUCTURE [273], with 1000 Genomes [110] as a reference panel, to assess population

admixture, with non-Caucasians excluded. SNPs were imputed using the Michigan Imputation

Server [65] with HapMap version 1 [162] as the reference. The meta-analysis was performed

using the fixed-effects inverse-variance method using META (v1.6) [205]. The data were adjusted

for age, sex and the first two principal components, generated for the GICC, GliomaScan, MDA-

GWAS and SFAGS using PLINK [275].

3.2.3 Data Cleaning and Analysis

Due to limitations in data sharing, only three of the constituent GWAS were used in the eQTL

analyses conducted in Chapter 4 which were the GICC, GliomaScan and MDA datasets. Therefore,

to increase statistical power, these GWAS were meta-analysed in METAL [384] to obtain beta

coefficients and standard errors for SNP-glioma associations and resulted in a sample size of

7,400 cases (3,112 GBM, 2,411 non-GBM) and 8,257 controls. SNPs that had incomplete or

missing data were removed as these could not be used for MR.

55



CHAPTER 3. DATA SOURCES

3.2.4 Strengths and Limitations

This dataset meta-analysed all currently available glioma GWAS conducted in a European

ancestry sample, which resulted in the largest single source of genotype data for glioma patients.

One limitation of using this dataset is that to increase the number of participants, all diagnosed

glioma tumours were included. Furthermore, the study investigators did not record detailed

subtype diagnoses of participants; tumours are encoded as either non-GBM gliomas or GBM.

Whilst this will increase statistical power when using this dataset, there is large somatic genetic

heterogeneity between tumour types meaning MR results using germline genetic variants may

not be completely applicable when considering specific subtypes [390]. Therefore, the MR analyses

presented in Chapters 4 and 5 analysed the all glioma, GBM and non-GBM datasets separately

to investigate how associations compared across subtype diagnoses.

Another potential limitation is the possibility of selection bias in the original selection of

participants by the investigators. This could then induce collider bias within the MR analysis.

Collider bias is induced when controlling for a variable which is associated with both the exposure

and the outcome [198]. However, considering the only two known risk factors for glioma are

genetic liability (which this study seeks to investigate) and previous exposure to ionising radiation,

unless there is an association between the latter and selection into this study, the risk of collider

bias is likely minimal [198].

3.3 Clinical Practice Research Datalink

3.3.1 Background

The Clinical Practice Research Datalink (CPRD) [145] is a primary care database that consists of

data collected from participating general practices around the UK. The CPRD forms a uniquely

large resource (coverage of 15.5 million patients from 674 practices in the UK at the time of

writing) with detailed information on each patient’s interaction with their primary care provider

through their unique NHS identifier, including: prescription histories, diagnostic and prognostic

tests, consultations, immunisation records and referrals. A portion of participating GPs (75% of

English practices, or 58% of all UK practices [145]) have also allowed for linkage to third-party

databases, such as the Official of National Statistics (ONS) for mortality data and the Index

of Multiple Deprivation (IMD) and Townsend scores for socioeconomic data, creating an ideal

resource for epidemiological research.

Two nested case-control studies and one cohort study were constructed using participants

in the CPRD. These were used to evaluate how exposure to anti-hyperlipidaemic fibrates and

anti-type 2 diabetic glitazones affected risk and prognosis of BT, compared to other indications

for the treatment of the same diseases. These drugs target two proteins, peroxisome proliferator-

activated receptors (PPAR)-α and -γ, which have been implicated in BT biology previously as

targets of interest which may reduce risk and improve prognosis [137, 257].
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3.3.2 Patient Counts

Of the 15,538,338 patients present in the CPRD GOLD database in the August 2018 snapshot,

there were a total of 14,022 primary or secondary BT patients between the study dates of January

2000 and December 2016. It is important to note that for the definition of cases, a diagnosis of BT

was needed, and not solely glioma, to increase the number of cases eligible for inclusion into the

study.

3.3.2.1 Case-control Study of Anti-Hyperlipidaemic Medication

Chapter 6 detailed the case-control study of how fibrates, an anti-hyperlipidaemia medication,

affect BT risk compared to other medications for the treatment of hyperlipidaemia. Of the

14,022 BT patients in the CPRD snapshot, 3,755 of these were treated with any kind of anti-

hyperlipidaemia medication. After ensuring prescription preceded diagnosis (n = 3,251) and

cases were eligible for ONS linkage (n = 2,238), the final amount of cases included after data

cleaning and linkage was 1,916. 7,757 controls (no diagnosis of BT at any time) were identified

and matched to these cases. Figure 3.1 shows participant selection for this study, with more

details given in Chapter 6.

3.3.2.2 Case-control Study of Anti-Diabetic Medication

Similarly, a case-control design was used to assess the association between glitazones, a type

2 diabetes medication, and BT risk compared to other medications for the treatment of type

2 diabetes. There were 1,338 BT cases eligible for inclusion, of which 920 were available for

ONS linkage and 791 were prescribed a drug of interest before diagnosis. This amounted to 445

cases after data cleaning and linkage, which were matched to 1,885 controls. Figure 3.2 shows

participant selection for this study, with more details given in Chapter 6.

3.3.2.3 Cohort Study of Anti-Hyperlipidaemic and Anti-Diabetic Medications

All 14,022 cases within the CPRD snapshot were included in the cohort study to assess the effect

of these medications on BT mortality. 7,449 cases were available after data cleaning and linkage.

Figure 3.3 shows participant selection for this study, with more details given in Chapter 6.

3.3.3 Strengths and Limitations

The CPRD has wide and deep coverage of a large number of patients over their entire interaction

with the National Health Service (NHS) via a participating GP. A unique strength of the CPRD is

that it is broadly representative of the UK population in age, sex, ethnicity and body mass index

(BMI) by comparison with the UK census of 2011 [145]. Furthermore, the breadth of information,

such as each patient’s consultation, diagnostic and procedure history, is a huge benefit for health-

related research. The CPRD also contains information regarding a patient’s prescription history
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Figure 3.1: Participant selection for the anti-hyperlipidaemic medications case-control study.

though this will not include records of use for over-the-counter medications which could hinder

some studies. Patients within the CPRD can also be linked to other statistics, such as those

collected by the ONS for mortality data and area-based deprivation data as measured by IMD

scores. Previous studies have validated data extracted from the CPRD [146, 170].

Missing or incomplete data within the CPRD is common due to its nature as a retrospectively

digitised database. There is also little standardisation of codes and measurements. However,

if care is taken by the investigator of a CPRD study, then these limitations can be minimised
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Figure 3.2: Participant selection for the anti-diabetic medications case-control study.

or removed completely with methods such as imputation or careful and informed derivation of

variables of interest. This was observed in the glitazones nested case-control study where mean

glycated haemoglobin (haemoglobin A1c, HbA1c) levels were used as a covariate to proxy for

severity of diabetes. Nearly 55% of participants did not have HbA1c readings due to missing

data, therefore it was assumed that their GP did not deem it necessary for the test to be run

and so these participants were categorised in the lowest category (signifying well-controlled

diabetes). In the univariate models, there was weak evidence that worse-controlled diabetes
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was negatively associated with BT risk; however, the assumption likely induced bias and upon

testing this further with imputation and dropping missing values, there was no evidence of an

association between HbA1c levels and BT risk. Therefore, limitations around missing data can

limit inferences in CPRD, however can be minimised if addressed by the investigator. This was

discussed in Chapter 6 in further detail.

3.4 Exposure Datasets

The following datasets are used as exposure datasets in MR analyses to ascertain the effect of

genetically predicted gene expression and protein levels on glioma risk. These datasets are also

discussed in more detail in the relevant Chapters in which they appear.

3.4.1 The Genotype-Tissue Expression Project

3.4.1.1 Background

The GTEx project [121] is a public data resource and tissue bank created with the aim to study

tissue-specific gene expression and explore the genetic basis for complex human disease. The

database contains different types of molecular data, chiefly eQTLs which are genetic variants

that are associated with gene expression. These data have been generated from 54 tissues from

1000s samples included in GTEX version 8 (v8) [121] using genotyping and RNA sequencing. In

version 8 of the GTEx release, there are genotyped samples from 13 brain tissues with a sample

size ranging from 114 to 209 (Table 3.3).

3.4.1.2 Materials and Methods

There were 838 participants of the latest GTEx v8 release with RNA sequenced and genotyped

data, the majority of which are European Americans (85.3%), but also included 12.3% African

Americans and 1.4% Asian Americans. In total, 15,253 samples were collected from these par-

ticipants and 15,201 samples were used to discover QTLs. Whole genome sequencing detected

roughly 43 million SNPs after quality control. mRNA levels for each tissue sample were also

sampled to construct eQTLs, which were sub-categorised as either cis or trans, defined as local or

distal SNPs relative to the associated gene location, respectively. eQTLs were subject to a false

discovery rate (FDR) of 5%. Further details about how these data were collected and analyses are

given in the GTEx v8 publication [3].

3.4.1.3 Strengths and Limitations

The wide range of tissues which are genotyped and from which eQTLs are derived is a unique

strength of the GTEx data. Indeed, other eQTL studies rarely collect data from as many tissues

as GTEx. This is especially true for brain tissues, where it is common that brain-derived eQTLs
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Table 3.3: Breakdown of brain tissues present in GTEx v8, with number of genes tested with an
associated eQTL that passed quality control (sometimes referred to as eGenes) and (genotyped)
sample size for each brain tissue type.

Tissue No. of Genes Sample Size

Amygdala 3,726 129
Anterior cingulate cortex (BA24) 5,630 147
Caudate (basal ganglia) 8,362 194
Cerebellar hemisphere 10,027 175
Cerebellum 11,240 209
Cortex 9,082 205
Frontal cortex (BA9) 7,335 175
Hippocampus 5,517 165
Hypothalamus 5,499 170
Nucleus accumbens (basal ganglia) 8,198 202
Putamen (basal ganglia) 6,902 170
Spinal cord (cervical c-1) 4,483 126
Substantia nigra 3,301 114

will be collected from a few tissues, like the cortex or cerebellum, and analysed together [276].

Data from the GTEx project therefore allowed for a nuanced and granular exploration of how

gene expression across the entire brain differs according to tissue type. This does, however, lead

to limitation of the GTEx data, in that only a small sample size is provided for most tissues which

in turn limits statistical power.

Roughly 13% of the samples used to construct eQTLs in the GTEx v8 release are from

participants with non-European ethnicity. Furthermore, there is no option provided to filter

eQTLs based on participant ethnicity despite analyses conducted by the GTEx original authors

based on ethnicity. This could induce bias in studies for whose outcomes vary depending on

ethnicity. However, the amount of non-European ethnic samples is relatively small given the total

sample size. Furthermore, as described in Section 1.1 - Incidence, there is no definitive evidence

for an association between glioma and ethnicity and so this may not prove an issue for the MR

analyses conducted in Chapter 4.

3.4.2 eQTLGen Consortium

3.4.2.1 Background

The eQTLGen Consortium (eQTLGen) [361] is a publicly available meta-analysis of 37 datasets

which have derived whole blood eQTLs. In total, the eQTLGen dataset has studied 19,942 genes

in 31,684 samples, making it the largest whole blood eQTL study currently available. Similar to

the GTEx project, eQTLGen aims to find associations between gene expression observed in blood

and complex traits by performing cis- and trans-eQTL meta-analyses [361].

61



CHAPTER 3. DATA SOURCES

3.4.2.2 Materials and Methods

The 37 constituent GWAS used a variety of different expression profiling platforms. Samples were

derived from mostly European ethnic participants, though some studies included non-European

ethnic participants, e.g. 1,404 Bangladeshi, 175 Arabs and Amazighs and 115 Chinese samples

were included. The authors of the eQTLGen meta-analysis conducted pre-processing and quality

control analyses for each study separately, as detailed in the publication [361]. In total there

were four profiling methods used: Illumina (55% of included studies), Affymetrix U291 (8.7%),

Affymetrix HuEx v1.0 ST (16%) expression arrays and RNA-seq (20.3%). 1,000 Genomes phase 1

integrated version 3 release was used by all but one study as the imputation reference panel for

genotyped data, which were derived differently on a per-study basis [110]. Cis- and trans-eQTLs

were identified in each dataset separately (defined in this study as SNPs inside and outside

500Kb window of the associated gene, respectively) and subjected to a FDR of 5%. QTLs were

then replicated amongst studies and meta-analysed separately.

3.4.2.3 Strengths and Limitations

This dataset overcomes the limitations inherent to small sample sizes by performing a meta-

analysis to increase power. This highlights the strength of using the eQTLGen dataset over

other whole blood eQTL datasets, in that a larger sample size means that my statistical analyses

were more likely to be better powered to detect the effects of gene expression on glioma risk.

Similarly with the GTEx v8 dataset, some of the samples are not from ethnically European

samples; however, relatively only few samples are included in this way and may not be a problem

in the analyses conducted in Chapter 4.

3.4.3 Brain Tissue eQTL Meta-Analysis

3.4.3.1 Background

For their 2018 paper investigating gene expression in brain tissue and blood, Qi, et al. performed a

meta-analysis of brain-derived eQTLs to overcome limitations related small sample sizes for their

MR analyses [276]. In total, their estimated effective sample was 1,194, massively increasing

sample sizes compared to the constituent studies (Table 3.4), which included data from GTEx

v6 [121], the CommonMind Consortium (CMC) [106] and the Religious Orders Study (ROS) and

Memory and Ageing Project (MAP) (ROSMAP) [234].

3.4.3.2 Materials and Methods

All samples from the constituent GWAS were of European ethnicity and passed quality control

measures as detailed in the original papers [106, 121, 234]. All genotyped data were imputed

using the 1000 Genomes phase 1 integrated version 3 release [110]. Gene expression data in

all GWAS were measured using RNA-Seq and annotated using GENCODE [134]. The authors
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Table 3.4: Details of the constituent GWAS that were used in the Qi, et al. meta-analysis [276].
Note that the reason the number of genes provided for GTEx v6 in this table are larger than
those for GTEx v8 in Table 3.3 is because the numbers here are also given for number of probes
used and may not necessarily result in a significant eQTL being found for a gene. Adapted from
Qi, et al. [276].

Dataset Tissue No. of Genes/Probes Sample Size

GTEx v6 Anterior cingulate cortex (BA24) 23,509 72
Caudate (basal ganglia) 24,621 100
Cerebellar hemisphere 24,065 89
Cerebellum 24,762 103
Cortex 24,366 96
Frontal cortex (BA9) 24,120 92
Hippocampus 24,880 81
Hypothalamus 24,654 81
Nucleus accumbens (basal ganglia) 24,542 93
Putamen (basal ganglia) 23,362 82

CMC Dorsolateral prefrontal cortex 14,366 467

ROSMAP Cortex 12,979 494

derived a meta-analysis technique specifically for use of these data due to correlated samples, an

important consideration as GTEx v6 data were collected from brain tissue samples derived from

the same subjects. This method, called meta-analysis cis-eQTL data in correlated samples (MeCS),

was integrated in their summary-data-based Mendelian randomisation (SMR) package [404].

MeCS uses summary-level statistics to estimate the correlation between estimates for eQTLs

(the original authors used cis-eQTLs which reached a P value threshold of 5×10−8), corrected for

estimation errors which other methods (such as naive Spearman or Pearson correlations) do not

account for. In brief, the authors used these correlations and so-called "null" SNPs (defined as

SNPs with P > 0.01) within the cis region to quantify sampling correlation between the estimated

SNP effects of the brain-eQTL datasets, thereby accounting for potential sample overlap. Further

details of MeCS are given in the original publication [276]. Effect estimates across the studies

were standardised and re-scaled based on the expression level per gene in standard devitation

(SD) units [276].

3.4.3.3 Strengths and Limitations

Strengths of this dataset are similar for the eQTLGen dataset, in that by conducting a meta-

analysis, Qi et al. have produced a dataset with a larger sample size than other comparative

studies and hence will increase statistical power for methods such as MR. Limitations include

the loss of nuance and granularity allowed by analysis of discrete tissues, though this can be

addressed by performing follow-up analyses in other datasets, e.g. GTEx v8, as described in
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Table 3.5: The five pQTL studies that formed part of the Zheng, et al. blood pQTL pooled analysis
[400].

Study No. of Proteins
(with pQTLs)

Sample Size Array

Emilsson, et al. [92] 776 3,200 SOMAScan
Folkersen, et al. [99] 58 3,394 Olink
Suhre, et al. [336] 284 1,000 SOMAScan
Sun, et al. [338] 1,478 3,301 SOMAScan
Yao, et al. [393] 70 6,861 xMAP

Chapter 4.

3.4.4 Whole Blood pQTL Pooled Analysis

3.4.4.1 Background

A recent dataset made available by Zheng, et al., consists of a pooled analysis of five different

whole blood pQTL studies [400]. The five constituent studies are detailed in Table 3.5.

3.4.4.2 Materials and Methods

All participants were genotyped as part of other studies which are detailed in the relevant

constituent GWAS papers. In brief, all participants were of European ethnicity and provided

blood samples from which genotyping and protein measurements were conducted. Genotyping

was conducted using Illumina in the Sun, et al. (Omni 2.5 array version 8), Folkersen, et al.

(CardioMetabochip and Immunochip arrays) and Emilsson, et al. (Hu370CNV array) studies

and Affymetrix arrays in the Suhre, et al. and Yao, et al. studies. All studies underwent similar

quality control processes and were imputed to the 1000 Genomes phase1 integrated version 3

release reference panel [110]. Three arrays were used to measure protein levels (Table 3.5). To

account for differences due to this, Zheng, et al. mapped platform IDs for each protein to Uniprot

IDs and conducted validation, heterogeneity and consistency tests across the studies.

3.4.4.3 Strengths and Limitations

This dataset benefits from being a pooled analysis of constituent GWAS resulting in more pQTLs

and proteins to be tested in the MR analyses. A further strength of this dataset is the lengths

to which the authors went to clean and prepare the dataset; they also intended to use the data

for MR and so selected and categorised instruments into tiers depending on their suitability

and usability for such analyses. The first step of their instrument selection process involved

checking for specificity, i.e. if a pQTL associated with five or more proteins, then that pQTL was

non-specific and may be difficult to analyse using MR due to horizontal pleiotropy (described in
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Figure 2.7). Although the choice to define a cut-off at five or more proteins was arbitrary, the

authors justified this as removing potentially pleiotropy instruments which would contravene the

core assumptions of MR. This step was important as there were no analyses that could have been

conducted to assess the presence of horizontal pleiotropy due to many instruments consisting of

single SNPs. Furthermore, the authors also used the EpiGraphDB platform [207] to examine the

pathway of pQTLs with between two and five associated proteins to determine whether those

non-specific instruments were likely exhibiting horizontal or vertical pleiotropy. The second step

of this process checked for consistency between studies which was necessitated as the studies

were conducted using three different array types. Consistency was tested using colocalisation

and heterogeneity analyses. These two validation steps informed on the three tiers, which are as

follows:

1. Tier 1 - These instruments passed both validation steps and were eligible for inclusion into

MR analyses.

2. Tier 2 - These instruments passed the specificity tests but failed the consistency tests. These

instruments were eligible for inclusion in the MR study but required further sensitivity

analyses.

3. Tier 3 - These instruments failed the specificity tests and were removed from the analysis.

For analyses in Chapter 5, only pQTLs in tiers 1 and 2 were included in the MR analyses, as

with in the original publication.

3.4.5 Brain pQTL Dataset

3.4.5.1 Background

The brain pQTL dataset is a recently derived dataset of pQTLs from dorsolateral prefrontal

cortex brain tissue [289]. In total, the authors identified 864 protiens with associated pQTLs

from 144 participants from the ROS and MAP studies [234]. The authors also provided data

for similarly derived eQTLs that they used to compare gene expression and protein abundance

levels as predicted by e- and pQTLs; analyses described in this study did not use the eQTLs they

provided, chiefly because these would have been included in the Qi, et al. meta-analysis that also

included eQTLs derived from the ROSMAP study.

3.4.5.2 Materials and Methods

Brain tissue samples were obtained from ethnically European participants in the CMC and

ROSMAP studies [106, 234]. Genotyped data were from whole genome sequencing obtained using

Illumina HiSeq X, imputed to 1000 Genomes phase 1 version 3 [110] and underwent quality

control as detailed in the original paper by De Jager, et al. [70]. Protein abundance levels were
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measured using tandem mass tag isobaric labelling mass-spectrometry. Details of this are given

in the original publication [289].

3.4.5.3 Strengths and Limitations

Unlike the few other published and publicly available pQTL studies, the unique strength of this

dataset is the ability to explore protein abundance levels in brain tissue. The ability to specifically

determine whether a protein expressed in brain tissue is causally implicated in glioma risk

is much more meaningful clinically than if that protein were instead observed to be in blood,

chiefly due to the blood-brain barrier. However, the data were derived from a small sample, which

inevitably limits statistical power, and the full dataset was not publicly available. This limited

colocalisation analyses which required data from whole regions of the genome to conduct.

The dataset also did not include allelic information which is useful for MR analyses. Another

group had already published using this data within the context of using MR to uncover potentially

causal proteins for neurological phenotypes [173]. The authors made available their cleaned

version of the data which was MR-ready and included allelic information derived from the original

ROSMAP studies and was linked to the summary statistics, allowing for potentially useful allelic

information in the MR analyses. The data download they provided had instruments selected

based on their selection process, which was similar to those in the analyses detailed in Chapter 5.

However, these selection steps were repeated as a form of independent validation. These steps

are discussed further in Section 5.2.2 - Instrument Selection.

Finally, another consideration for this dataset is that the authors did not clarify the scale

on which they measured the protein abundance levels. Therefore, results from this dataset and

from the whole blood pQTL pooled analysis are not directly comparable. To enable comparisons

between the two sets of data, MR results were scaled from analyses that use these datasets by

one SD of the MR betas in each dataset. This is further explained in Section 5.2.3 - Identifying

the Influence of the Plasma and Brain Proteome on Subtype Risk.

3.5 Summary

This Chapter described the datasets used in the research presented throughout this thesis. Much

of the data used was derived from GWAS and, as the collection and analysing of these data

are beyond the scope of this thesis, only summaries are presented here for those datasets. This

Chapter also discussed some of the processes used to clean and derive the data for analyses

presented later in this thesis. These steps are described in more detail in the relevant results

Chapters (Chapter 4, 5 & 6).
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Figure 3.3: Participant selection for the cohort study.





C
H

A
P

T
E

R

4
TRANSCRIPTOME-WIDE MENDELIAN RANDOMISATION STUDY

IDENTIFYING BRAIN-SPECIFIC GENES INFLUENCING GLIOMA

DEVELOPMENT

The work presented in this Chapter was undertaken as part of a published piece of work [292].

The original idea for the project was devised by myself and my supervisors, who are joint first and

joint last authors on the paper, namely Richard Martin, Kathreena Kurian and Jie Zheng. Glioma

data were extracted with help from Amy Howell, Spiridon Tsavachidis, Georgina Armstrong and

Melissa Bondy, who are named authors on the paper. My contributions to this paper are as follows.

I identified, obtained and cleaned all datasets used throughout the analyses presented in this

Chapter. Similarly I conducted all analyses produced all figures and tables and interpreted all

the results with supervision from Jie Zheng, Richard Martin and Kathreena Kurian. I wrote the

original and subsequent draft copies of the manuscript, with supervision from Richard Martin,

Kathreena Kurian and Jie Zheng.

4.1 Introduction

There are only two accepted risk factors for glioma: exposure to ionising radiation and

inheritable genetic disorders (as described in Section 1.5.1 - Accepted Risk Factors).

Research into other causes of glioma has shown promise by highlighting the aetiological

and diagnostic importance of somatic genetic, epigenetic and molecular markers, such as TP53

and IDH1 mutations, 1p/19q co-deletion and MGMT promoter methylation (see Section 1.6

- Histological Tumour Markers for further explanations of these). Genome-wide association

studes (GWAS) haved documented strong statistical associations of germline genetic variants

at thousands of loci with complex human traits and diseases; however, it is difficult to identify
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directly causal genes using GWAS results, as the majority of associated genetic variants ( 90%)

are found in non-coding regions of the genome and thus their influence is likely to occur via

gene regulation, rather than a direct influence on protein structure or function [147]. Similarly,

trait-associated SNPs have been shown to be three-times more likely to be associated with gene

expression (known as expression quantitative trait loci, eQTLs) than non-trait associated SNPs

[144, 235] and so understanding SNP-trait associations means investigating the potential role of

these SNPs in the regulation of gene expression. The latest glioma GWAS identified 27 loci that

are associated with glioma risk, but estimated that we have uncovered only about a third of the

risk posed by familial or inheritable factors (27% for glioblastoma (GBM) and 37% for non-GBM)

[220], indicating a large portion of genetic glioma risk is still to be uncovered.

Investigating and understanding how genes are differentially expressed in tumour subtypes

has led to a better understanding of gliomagenesis through potentially related mechanisms and

pathways and has also improved clinical outcomes for patients due to differential treatments.

Previous studies have shown that genes are differentially expressed in glioma dependent on

subtype [55, 118, 155, 242, 302, 319]. Furthermore, gene expression profiling was proposed as

a better method of diagnosis over the previous clinical practice of histological grading because

classification based on gene expression seemed to better predict for survival [104, 118, 242]. In

2016, the World Health Organisation (WHO) classification for central nervous system tumours

updated their diagnostic rubric to include analysis of the tumour genome, albeit limited to, for

example, IDH and 1p19q status (described previously in Section 1.6) [209]. It is likely that in

the latest WHO guidelines, which at the time of writing are undergoing consultation, will still

include genetic diagnostic and prognostic biomarkers to inform glioma classification and outcome

[210]. Whilst including genetic factors into the classification criteria has seen measurable benefits

for patients, functional studies have been limited and it is not known if certain mutations are

merely correlated with gliomagenesis and subtype differentiation or play a causal role in risk.

Furthermore, previous studies showed that germline genetic variants correlate according to

somatic molecular mutations present in gliomas [90, 189, 390]. How germline genetic markers,

which are common to all tissue and cell types, associated with tissue-specific expression differ

by subtype diagnosis is therefore important both to elucidating mechanisms of glioma risk and

development, and to further improve clinical outcomes for patients.

This study utilised Mendelian randomisation (MR) – an established instrumental variable

method described in Section 2.3.3 - Mendelian Randomisation – to assess the causal relationship

between genetically predicted gene expression on glioma subtype risk. To recap, MR suffers less

from biases, such as reverse causation, and confounding, that invariably limit causal inference in

traditional epidemiological studies [66, 67]. Colocalisation is a statistical method that can identify

whether a putative causal genetic variant is shared by two traits – a necessary condition for

causality[113]. Use of a combined MR and colocalisation pipeline can strengthen causal inferences

by discounting MR results which arise due to confounding through linkage disequilibrium (LD)
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– which can arise when another genetic variant in high LD with the variant of interest is also

associated with the outcome conditional on the exposure and which MR struggles to differentiate

[352, 400]. Integrating MR analyses with expression data from brain tissues provided insight

into how tissue-specific gene expression may differentially alter glioma risk across the brain.

These data were linked to eQTLs derived from blood to determine how the risk profile for glioma

differs between brain tissue and whole blood.

4.2 Methods

4.2.1 Data

Summary-level data were used from different GWAS to compare eQTLs from brain tissue

(estimated effective n = 1,194, [276]) and from whole blood (n = 31,684, [361]). The analysis

pipeline for this Chapter involved a two-sample MR framework, whereby the exposure and

outcome data comprised independent populations, to estimate the causal effect of gene expression

variation on glioma risk (based on subtype diagnoses of all glioma, GBM and non-GBM). In

follow-up sensitivity analyses, eQTLs from Genotype-Tissue Expression version 8 (GTEx v8,

n = 114 to 209, [121]) were used to examine tissue-specific effects of gene expression. All datasets

used in this Chapter were described in Section 3.2 - Glioma GWAS for the outcome data and

Section 3.4 - Exposure Datasets for the eQTL datasets.

4.2.2 Instrument Selection

The instrument selection process and analysis pipeline for this Chapter is summarised in

Figure 4.1. eQTLs were categorised based on whether they were cis–acting or trans–acting,

defined as SNPs inside and outside a 1Mbp window of the gene regulatory region (±500Kb),

respectively. For analyses in this Chapter, only cis–acting eQTLs were included. The exclusion

of trans–acting eQTLs can be preferable as they are more prone to horizontal pleiotropy due to

their distal nature on the genome. This pleiotropy makes results for trans-acting eQTLs difficult

to interpret in the context of providing evidence for drug targets because of potential off-target

or unwanted effects. Furthermore, including trans–acting eQTLs, and thus more genes, would

increase the burden on correction for multiple testing and may result in more reliable cis results

being rejected. Instruments were constructed from each dataset using independent (r2 < 0.01)

SNPs that met genome-wide significance (P < 5.00×10−8). The amount of eQTLs available for the

MR analysis in the brain-derived eQTL meta-analysis was 6,849. Therefore, it was pre-specified

that results must meet a strict Bonferroni-corrected P value threshold of 7.30×10−6 (0.05 /6849)

or a suggestive P value threshold of 9.49×10−5 (0.05 /6849×13, multiplied by 13 for each brain

tissue type). Results were considered for sensitivity analyses if they passed the suggestive P

value threshold.
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Figure 4.1: Schematic of the analysis and instrument selection pipeline employed for this study.
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4.2.3 Identifying the Causal Effects of Genetically Predicted Gene
Expression on Glioma Risk

Two-sample MR methods were applied to estimate the causal relationship between eQTLs and

glioma using the MR-Base R package [142]. 86% of tests consisted of the Wald ratio (WR) MR

method as many eQTLs were instrumented by a single SNP; eQTLs that were instrumented

by multiple SNPs were analysed using the inverse variance weighted (IVW) method – both

the WR and IVW methods were described in Section 2.3.3 - Mendelian Randomisation. MR

results associated with all glioma risk were obtained first and then using the subset of GBM and

non-GBM cases to obtain results associated with subtype risk.

To test for colocalisation between gene expression and glioma, regions of SNPs were extracted

within ±500Kbp (forming a 1Mbp window) around the instrumented SNP(s) for each eQTL with

an MR result that met at least the suggestive P value threshold (P < 9.49×10−5). These regions

were subjected to a conditional analysis on the marginal associations (i.e. secondary/tertiary/etc.)

in the region of the lead SNP(s) using Conditional and Joint analysis (GCTA-COJO) [391] and

colocalisation was tested using the coloc R package [113]. Colocalisation analyses were conducted

with the "coloc.abf" function using each SNPs’ SNP-trait effect (β coefficient) and corresponding

standard error, minor allele frequency, P value and sample size. The combined conditional and

colocalisation pipeline was performed systematically and automated using a tool called Pair-wise

conditional and colocalisation (PWCoCo) analysis, described previously in Section 2.3.2. Default

parameters were also used. Throughout this Chapter, colocalisation estimates are presented

with regard to the H4 hypothesis though full results are available in the appendices. Further

details about colocalisation and the rationale for using conditional analyses were described in

Section 2.3.2 - Statistical Colocalisation.

Steiger filtering analyses were conducted to ensure results were not distorted due to the

presence of reverse causation [140]. Steiger filtering calculates the variance explained (r2, not to

be confused with the same shorthand for LD) for each SNP and is used to identify and remove

those SNPs which explain more of the variance in the outcome than the exposure. In this study,

Steiger filtering was utilised as a post-MR sensitivity analysis to ensure that SNPs which are

highlighted by the MR analyses were also not reverse-causal, and was conducted using default

parameters. For each SNP, Steiger filtering returned a direction of effect (dependent on which

dataset has more variance explained by the SNP) and a P value. To pass the Steiger filtering

sensitivity analysis, the causal direction must have been correctly orientated from the exposure

to the outcome (i.e. the SNP explains more variance in the exposure than the outcome) and

P < 0.05. The Steiger P value was not corrected for multiple testing because the Steiger filtering

analysis was included to provide supporting evidence that the direction of effect was from the

exposure to the outcome after passing a corrected threshold for the MR results and standard

threshold of 80% for colocalisation. Further thresholding on the Steiger filtering results may

therefore exclude some results as false negatives, especially in the datasets with smaller sample
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sizes which Steiger filtering can be sensitive to.

The main results for this Chapter consisted of those results which passed at least the

suggestive MR P value threshold (P < 9.49×10−5), had strong evidence of colocalisation (H4 ≥
80%) and passed the Steiger filtering sensitivity analysis (causal direction correctly orientated

from exposure to outcome and Steiger P < 0.05). These results were the most reliable and least

likely to be biased, e.g. by LD structure or horizontal pleiotropy, due to the strong evidence of

colocalisation and by passing the Steiger filtering sensitivity analysis. It is important to note that

horizontal pleiotropy remains an alternative explanation for these results however.

4.2.4 Examining Tissue-Specific Effects of Gene Expression on Glioma Risk

Each MR association which passed the suggestive P value threshold (P < 9.49×10−5) was included

in a follow-up sensitivity analysis to examine tissue-specific effects of gene expression on all

glioma, GBM and non-GBM risk. SNPs were systematically mapped to relative genes across 13

brain tissues from GTEx v8 based on Ensembl IDs (ENSG) to form eQTLs. Only cis–acting eQTLs

were included to avoid potentially pleiotropic trans–acting eQTLs. Instruments were constructed

from independent (r2 < 0.01) SNPs that met an arbitrary, lenient threshold (P < 5.00×10−4)

to ensure a greater chance that there will be an eQTL for each tissue type. This threshold

should be viewed as enabling a heuristic approach to the tissue-specific analyses by allowing for

more genes to be instrumented in different tissues [334]. In particular, eQTLs may have been

constructed from the larger tissues (e.g. cerebellum, n = 209) but, due to the relatively large

differences in sample sizes between brain tissues in GTEx v8, the same eQTLs may not reach

genome-wide significance in the smaller tissues (e.g. substantia nigra, n = 114). For a gene to be

included in this analysis, its MR association must have passed the suggestive P value threshold

already, thereby signifying this gene as a gene of interest, justifying a more lenient threshold to

construct instruments in other brain tissues as a comparator. Constructing instruments in this

way exposes the MR analysis to potentially pleiotropic instruments and so results were also tested

for heterogeneity, which is a way to gauge potentially pleiotropic SNPs in multi-SNP instruments

[140] and may highlight the presence of pleiotropic results. These data were analysed similar to

the main analyses by using the MR-Base R package [142]. The magnitude and direction of the

effect estimate across tissue types and subtype diagnosis were compared both graphically and

systematically using the R "cor" command.

To ascertain whether tissue-specific gene expression differentially altered risk of glioma,

GBM and non-GBM, heterogeneity analyses were conducted using the Q statistic and derived

using the MR-Base R package [142]. The tau-score was also calculated by using SNP-trait effects

(β coefficient) as described by Kryuchkova-Mostacci and Robinson-Rechavi [187]. The tau-score

is a quantitative measure of tissue-specificity, and can be naively summarised as summing the

weighting of a gene’s expression in a single tissue against the maximum expression over all

tissues. The tau-score ranges between 0 and 1, where 0 means the gene is broadly expressed and
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1 means specific expression. In their paper, Kryuchkova-Mostacci and Robinson-Rechavi defined

a threshold cut-off for specific expression at 0.8 which was used for these analyses [187].

To test whether MR results using brain- and blood-derived eQTLs correlated, causal estimates

were systematically linked for eQTLs that appeared in both brain tissue and blood and compared

to determine: i) whether blood-based eQTLs were correlated with brain-based eQTLs, and ii)

whether easier-to-gather blood data could proxy sufficiently for brain data in both magnitude

and direction of effect. If blood-derived eQTLs correlated with brain-derived eQTLs, then higher

powered blood eQTLs could be used in analyses such as this without fear of loss of applicability

to risk of glioma. This analysis was performed using the R "cor" command and ggplot2 [378].

4.3 Results

In total, the MR analysis of brain and blood eQTLs identified 34 associations that met at least the

suggestive P value threshold (P < 9.49×10−5) for 17 genes associated with risk of glioma, GBM or

non-GBM (Figure 4.2). Altogether, six genes were instrumented by eQTLs in blood and 12 genes

had eQTLs from brain tissue – one gene, JAK1, had an associated eQTL in both brain and blood.

20 associations had strong evidence of colocalisation (H4 ≥ 80%), 4 associations had moderate

evidence (80%> H4 ≥ 50%) and 10 associations had weak evidence (H4 < 50%). Steiger filtering

revealed the direction of the causal estimate was correctly orientated from gene expression to

subtype diagnosis in 29 associations; the remaining five showed an uncertain result due to the P

value for Steiger filtering not reaching 0.05. Overall, 17 tissue-subtype associations for 12 genes

showed robust causal evidence from the MR and colocalisation analyses and passed the Steiger

filtering analysis. These 17 associations and 12 genes formed the main results for this Chapter,

are presented in Table 4.1, and were subjected to the tissue-specific analyses. Appendix B contains

MR results for genes in other subtypes for comparison and Appendix C contains the unabridged

colocalisation results. All results are given in the Online Appendix, Tables S1-4 (see Appendix K).
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Figure 4.2: Volcano plot of all results from the main MR analysis of brain and blood eQTLs and all glioma. The horizontal dot-dashed line
represents the Bonferroni-corrected P value threshold (P < 7.30×10−6) and the horizontal dashed line is the suggestive P value threshold
(P < 9.49×10−5). Genes are labelled if they pass at least the suggestive threshold.
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Comparing these results with previously identified GWAS associations (listed previously in

Table 1.2 from a review conducted by Kinnersley, et al. [179]) revealed that RETREG2 (also

known as FAM134A), FAM178B and MVB12B (also known as FAM125B) are putative novel

genes implicated in glioma risk that are not also located on a known glioma risk locus and formed

part of the main results. The remaining results have been previously implicated in glioma risk

through GWAS associations or are located on a known susceptibility locus.

Figure 4.3 shows the MR effect estimates for each of the 12 genes and all glioma, GBM and

non-GBM subtypes. The direction and magnitude of the estimated causal effect broadly agreed

across all genes and subtypes. However, the non-GBM results were attenuated, for example,

in the case of STMN3, possibly due to the heterogeneity of cases captured by such a broad

categorisation.
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Table 4.1: Main associations which showed robust evidence from the MR, colocalisation and
Steiger filtering analyses. The colocalisation result for a single, shared causal variant between the
gene and all glioma is provided (H4, given as %). Steiger filtering showed the correct orientation
for the direction of effect between gene expression and subtype risk for all results in this table.
Unit of exposure is per SD increase in gene expression [276].

Gene SNP(s) Tissue Subtype OR (95% CI) P value H4 Steiger P

ABCB6 rs75450661 Brain All glioma 0.57 (0.44, 0.74) 2.20×10−5 97 7.41×10−6

BAIAP2L2 rs1004764 Brain
All glioma 0.65 (0.55, 0.78) 1.62×10−6 96 2.36×10−10

GBM 0.60 (0.49, 0.73) 2.85×10−7 81 1.25×10−9

EGFR rs6979446,
rs759170

Brain GBM 0.45 (0.38, 0.53) 9.99×10−20 81 3.53×10−6

FAM178B rs13407036 Brain All glioma 1.47 (1.23, 1.77) 3.59×10−5 94 1.97×10−16

JAK1 rs2780902 Brain
All glioma 1.21 (1.13, 1.29) 6.95×10−8 81 6.89×10−139

GBM 1.27 (1.17, 1.37) 1.56×10−9 95 1.84×10−134

MVB12B rs4837096 Brain All glioma 1.24 (1.12, 1.38) 5.27×10−5 97 2.53×10−23

PANK4 rs2985862 Blood All glioma 0.46 (0.32, 0.67) 4.30×10−5 97 4.62×10−10

PICK1 rs5756894 Brain
All glioma 1.72 (1.39, 2.14) 8.82×10−7 97 4.34×10−7

GBM 1.96 (1.54, 2.51) 6.60×10−8 92 2.13×10−6

PRLR rs67975005 Brain All glioma 0.66 (0.54, 0.82) 9.33×10−5 91 1.13×10−7

RETREG2 rs1996719 Brain
All glioma 0.68 (0.57, 0.80) 9.54×10−6 98 7.90×10−11

GBM 0.67 (0.55, 0.81) 6.13×10−5 95 9.91×10−11

STMN3 rs6011016 Brain
All glioma 0.36 (0.29, 0.46) 1.44×10−16 96 1.44×10−16

GBM 0.29 (0.22, 0.38) 4.55×10−19 97 7.88×10−3

TP53 rs35850753 Blood Non-GBM 0.17 (0.09, 0.32) 9.61×10−8 98 3.35×10−2
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Figure 4.3: Forest plot of MR results for the 12 genes which had robust causal evidence and also passed sensitivity analyses. Note that the
effect estimates for the all glioma dataset are not the summed average of both subtypes due to some cases not having accurate subtype
diagnoses, meaning those cases were excluded from the GBM and non-GBM subtype datasets and thus analyses.
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Table 4.2: Amount (denoted by #) and relative percentage (denoted by %) of MR results for
highlighted genes in the tissue-specific analysis which had MR evidence (P < 7.30×10−6) and colo-
calisation evidence (H4 ≥ 80%) and passed the Steiger filtering sensitivity analysis. Breakdown
per tissue.

Tissue MR evidence & Coloc & Steiger
# % # % # %

Amygdala 1 2% 0 0% 0 0%
Anterior cingulate cortex (BA24) 5 8% 2 5% 0 0%
Caudate (basal ganglia) 7 11% 6 14% 0 0%
Cerebellar Hemisphere 6 9% 5 12% 2 13%
Cerebellum 7 11% 5 12% 3 19%
Cortex 7 11% 7 17% 3 19%
Frontal Cortex (BA9) 7 11% 3 7% 2 13%
Hippocampus 4 6% 1 2% 1 6%
Hypothalamus 2 3% 2 5% 2 13%
Nucleus accumbens (basal ganglia) 7 11% 4 10% 0 0%
Putamen (basal ganglia) 8 12% 5 12% 1 6%
Spinal cord (cervical c-1) 2 3% 1 2% 1 6%
Substantia nigra 2 3% 1 2% 1 6%

To examine how tissue-specific gene expression affected glioma risk, the 12 genes which

formed the main results were systematically linked to eQTLs across 13 brain tissues using GTEx

v8. The effects of tissue-specific expression of most genes were assessed using MR in 8 to 13

tissues (mean = 10 tissues) except for ABCB6, which had data in four tissues. The tissue-specific

results broadly agreed with the main MR analysis, though results had generally wider CI due

to the smaller sample sizes present in the GTEx v8 dataset. Applying the same threshold for

the discovery MR analysis (P < 7.30×10−6) revealed that 56% of the results arise in five tissues:

putamen (basal ganglia) (12%), cortex (11%), cerebellum (11%), caudate (basal ganglia) (11%) and

nucleus accumbens (basal ganglia) (11%) (Table 4.2). Furthermore, 100% of these results arose

due to four genes: JAK1, STMN3, PICK1 and EGFR (Table 4.3). The tissue-specific analyses also

provided evidence of replication for these same four genes as they had strong evidence of both MR

and colocalisation and also passed the Steiger filtering sensitivity analysis in at least one tissue.

Two tissue-specific results showed evidence of high heterogeneity. These were EGFR for all

glioma (Q = 155.96, P = 1.72×10−28) and GBM (Q = 162.38, P = 3.49×10−27) subtype analyses.

Only PICK1 showed potential tissue-specific expression with a tau-score of 0.78. All Q statistics

and tau-scores are given in Table 4.4.

Finally, effect estimates from the MR analysis were compared for genes expressed in brain

and blood tissues. Four P value thresholds (P < 0.1,0.05,0.01,0.005) were applied to examine

whether the strength of the MR association influences the correlation between estimates in

brain and blood tissues. Overall, a low correlation was observed between brain and blood eQTLs
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Table 4.3: Amount (denoted by #) and relative percentage (denoted by %) of MR results in the
tissue-specific analysis which had MR evidence (P < 7.30×10−6) and colocalisation evidence
(H4 ≥ 80%) and passed the Steiger filtering sensitivity analysis. Breakdown per gene.

Gene MR evidence & Coloc & Steiger
# % # % # %

ABCB6 0 0% 0 0% 0 0%
BAIAP2L2 0 0% 0 0% 0 0%
EGFR 17 26% 6 14% 1 6%
FAM178B 0 0% 0 0% 0 0%
JAK1 12 18% 10 24% 7 44%
MVB12B 0 0% 0 0% 0 0%
PANK4 0 0% 0 0% 0 0%
PICK1 15 23% 9 21% 6 38%
PRLR 0 0% 0 0% 0 0%
RETREG2 0 0% 0 0% 0 0%
STMN3 21 32% 17 40% 2 13%
TP53 0 0% 0 0% 0 0%

(Pearson correlation = 0.18, number of genes = 632) at the highest P value threshold (P < 0.1).

After applying the more stringent threshold (P < 0.005), the correlation increased but remained

low (Pearson correlation = 0.21, number of genes = 45). These correlations broadly agree with

what has been found in the literature previously. A paper by McKenzie, et al. showed a mean

overlap between brain and blood eQTLs of roughly 19% [218]. Comparisons between MR derived

effect estimates for eQTLs in brain and blood appears to be novel, however. These results are

shown in Figure 4.4.
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Table 4.4: Results from the tissue-specific sensitivity analyses: the Q statistic and Tau-score. Q is
the Q statistic. Q (df) is the degrees of freedom equivalent to the amount of tissues minus one. Q
(P) is is the corresponding P value for the Q test. Tau is the tau-score for tissue specificity.

Gene Subtype Q Q (df) Q (P) Tau

ABCB6 All 22.339 3 5.54×10−5 0.49
ABCB6 GBM 17.513 3 5.54×10−4 0.49
ABCB6 Non-GBM 5.582 3 1.34×10−1 0.49
BAIAP2L2 All 12.177 8 1.43×10−1 0.70
BAIAP2L2 GBM 24.007 8 2.29×10−3 0.70
BAIAP2L2 Non-GBM 2.057 8 9.79×10−1 0.70
EGFR All 155.960 12 3.49×10−27 0.38
EGFR GBM 162.379 12 1.72×10−28 0.38
EGFR Non-GBM 32.155 12 1.31×10−3 0.38
FAM178B All 17.177 8 2.83×10−2 0.49
FAM178B GBM 9.876 8 2.74×10−1 0.49
FAM178B Non-GBM 12.699 8 1.23×10−1 0.49
JAK1 All 32.609 8 7.24×10−5 0.56
JAK1 GBM 45.677 8 2.74×10−7 0.56
JAK1 Non-GBM 5.033 8 7.54×10−1 0.56
MVB12B All 25.309 12 1.34×10−2 0.61
MVB12B GBM 22.797 12 2.95×10−2 0.61
MVB12B Non-GBM 23.595 11 1.46×10−2 0.58
PANK4 All 17.007 11 1.08×10−1 0.68
PANK4 GBM 13.254 11 2.77×10−1 0.68
PANK4 Non-GBM 10.914 11 4.50×10−1 0.68
PICK1 All 31.628 12 1.58×10−3 0.78
PICK1 GBM 39.272 12 9.49×10−5 0.78
PICK1 Non-GBM 10.422 12 5.79×10−1 0.78
PRLR All 8.822 7 2.66×10−1 0.47
PRLR GBM 14.880 7 3.76×10−2 0.47
PRLR Non-GBM 4.370 7 7.36×10−1 0.47
RETREG2 All 17.260 9 4.48×10−2 0.48
RETREG2 GBM 20.921 9 1.30×10−2 0.48
RETREG2 Non-GBM 8.382 9 4.96×10−1 0.48
STMN3 All 83.032 10 1.27×10−13 0.43
STMN3 GBM 89.269 10 7.48×10−15 0.43
STMN3 Non-GBM 51.587 10 1.36×10−7 0.43
TP53 All 7.024 10 7.23×10−1 0.61
TP53 GBM 6.303 10 7.89×10−1 0.61
TP53 Non-GBM 10.399 10 4.06×10−1 0.61
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Figure 4.4: Systematic comparison between the MR results from brain tissues and blood. Any eQTL that appeared in both brain and
blood datasets was included in this analysis. ORs for blood against brain are plotted. Results were included based on a P value threshold:
(a) P < 0.1, (b) P < 0.05, (c) P < 0.001 and (d) P < 0.005. Labels are provided for genes which had an association that passed at least the
suggestive P value threshold (P < 9.49×10−5).
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4.4 Discussion

For this Chapter, MR and colocalisation analyses were combined to estimate the genetically

predicted gene expression on glioma risk which provided causal evidence for 12 genes. Three

of these genes are novel in the context of glioma risk. Overall, these results were robust to

sensitivity analyses, including Steiger filtering and tissue-specific analyses.

RETREG2 (or FAM134A), FAM178B and MVB12B (or FAM125B) appear to be novel findings

related to glioma risk. Reticulophagy Regulator Family Member 2 (RETREG2, FAM134A) is a

protein-coding gene whose function is largely unknown. Examination of the Human Protein Atlas

reveals that expression of RETREG2 RNA and protein is primarily located in the brain and testes,

though tissue specificity is low [346]. Family with Sequence Similarity 178 Member B (FAM178B)

is another protein-coding gene with an undocumented function. It is an important paralogue of

gene SLF2 whose protein plays a role in the DNA damage response. Finally, Multivesicular Body

Subunit 12B (MVB12B, FAM125B) is a regulator of vesicle trafficking and has been implicated in

lipid and ubiquitin binding. Overexpression of this gene and its protein inhibits HIV-1 infectivity

by regulating ESCRT (endosomal sorting complex required for transport-I)-mediated virus

budding [226]. A 2014 study created a nine-gene-signature panel, which included MVB12B,

that accurately predicted prognosis for glioma patients, further implicating the gene’s role in

glioma biology [17]. Further research into these genes is warranted to provide replication and to

elucidate potential pathways by which these genes affect glioma risk.

When considering differential risk across subtype diagnosis, the MR results showed agreement

in the direction of effect for risk of all glioma, GBM and non-GBM. However, associations with

non-GBM risk tended to be weaker in magnitude than associations with the other two subtypes

of glioma and were generally attenuated. Case numbers were broadly similar – 3,112 GBM cases

versus 2,411 non-GBM cases – but may still be underpowered in the non-GBM analysis. This was

evidenced by the consistently larger P values for the MR results of the non-GBM analysis when

compared to the GBM analysis. Whether this attenuation was due to the heterogeneous nature

of brain tumours – which will be particularly more pronounced in the non-GBM subtype analyses

due to inherently capturing many different tumour types – or due to, for example, the lack of

power in the subtype analysis, requires follow-up analyses in larger datasets. Overall, however,

there was little evidence to conclude that there exists a large difference in the risk profile driven

by variance in gene expression of GBM and non-GBM tumours. Therefore, future studies in this

area may seek to consolidate data independent of subtype diagnosis so that larger statistical

power may be achieved.

Gliomas may develop across the entirety of the central nervous system but are generally found

in the cerebrum, particularly the frontal and temporal lobe, and less commonly in the cerebellum

depending on the age of the patient [195]. Analyses sought to determine how genetically predicted

gene expression in the 13 brain tissue types collected by GTEx v8 [3] compared to the anatomical

regions within which tumours are found. The 12 genes that formed the main results were matched
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to, on average, an eQTL in 10 brain tissues allowing for a broad investigation on how glioma risk

is affected by gene expression in disparate tissues. Applying MR and a similar P value threshold

(P < 7.30×10−6) revealed that 56% of the results that met that threshold arose in five of the

13 tissues. Two of these are common/uncommon tissues for glioma (cortex (11%), cerebellum

(11%), respectively). The other three tissues were from the deep brain and are considered rarer

locations for glioma (putamen (basal ganglia) (12%), caudate (basal ganglia) (11%) and nucleus

accumbens (basal ganglia) (11%)). These analyses provided evidence that gene expression in

these five tissues potentially drives glioma risk. These five tissues are generally locations where

glioma is not found – this could be explained by the diffusive nature of the gliomas, though

further studies would need to investigate this.

Furthermore, 100% of the tissue-specific results arose due to four genes: JAK1, STMN3,

PICK1 and EGFR providing evidence of validation and highlighting these genes of high impor-

tance for follow-up studies. EGFR also showed high heterogeneity for risk of all glioma and GBM

subtype, indicating gene expression in certain tissues may affect risk differently – for EGFR these

were the hippocampus, hypothalamus and substantia nigra. However, follow-up analyses showed

little evidence of tissue-specific gene expression, with one gene showing suggestive evidence of

tissue specificity (PICK1, tau-score = 0.78). Larger sample sizes will allow greater clarity as to

how exactly gene expression across multiple tissues differentially affects glioma risk. Broadly,

these analyses showed that germline variants associated with gene expression across the entire

brain, agnostic of tissue site, drives glioma risk as opposed to specific to certain tissues, though

the same gene expressed in different tissues may differentially affect risk.

Analyses also investigated whether blood eQTLs, for which there are datasets of large sample

sizes available, can proxy for relatively low powered brain tissue eQTLs. MR effect estimates were

compared for eQTLs that were systematically linked between datasets based on their associated

gene. Applying an increasingly stringent P value threshold showed little correlation between

the MR associations for brain and blood in the context of glioma risk. These results showed that

genetically predicted gene expression in brain which was associated with glioma risk did not

necessarily mean the same gene expression in blood could be assumed to also affect risk similarly;

in some cases, the risk profile of genes expressed in brain and blood differed in direction of effect,

e.g. variants associated with STMN3 expression seemed to increase risk in blood and decrease

risk in brain tissues.

It is not clear from these analyses as to why some genes have discordant directions of effects

across brain and blood tissues. One explanation could include the presence of the blood-brain

barrier, where some tissue cells could cross and appear elsewhere thus indicating expression

of that gene in a disparate tissue. Another, similar, explanation could be that the blood-brain

barrier can break down and weaken due to the presence of particularly aggressive glioma, and

therefore brain tissue cells may start to appear in the blood, which would explain the somewhat

contradictory findings that some genes appear to have opposite directions of effect when found in
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blood and brain tissues. However, while either of these explanations could explain results seen in

a study which directly measured gene expression levels, this study used germline genetic variants

associated with gene expression measured from actual blood and brain tissues. Therefore, the

effect estimates from the MR analyses were with respects to the effects of genetically predicted

gene expression in blood and brain tissues on glioma risk. It could be that for protein-coding

genes, the resultant protein may be able to cross the blood-brain barrier from blood into brain

and affect gliomagenesis in that way; however, this is speculation and would require further

downstream and functional analyses to ascertain whether this is the mechanism of effect the MR

estimates are capturing.

A potential explanation for the discordant effects observed comes from a paper from Mizuno,

et al. where they investigated so-called "opposite eQTL effects". These were defined as eQTLs

with differing directions of effect observed in different tissues [225]. The authors found that

these opposite eQTL effects may be a common phenomenon that does not necessarily mean

that results with opposite directions of effect contradict each other and, instead, might provide

further insight into the physiological development of diseases. This could mean that, in the case

of STMN3, for example, having a different direction of effect in brain and blood tissues might

point to differential effects when expressed in those tissues. Therefore, these results may not be

contradictory, highlighting this gene and its protein product as targets of interest to investigate

further. It is still unknown, at this time, whether these opposite eQTL effects will have relevant

clinical interpretations. For the time being, these results remain difficult to interpret and remains

an open question in drug target and multi-omics/-tissue MR analyses; therefore, an interesting

potential avenue of future research would be to therefore determine why some genes, like STMN3,

differentially affect risk depending if they are expressed in brain or blood.

Thresholds were applied to results in this Chapter to correct for multiple testing based on

the number of MR tests conducted. This was reasonable as analyses presented herein were

hypothesis free. However, some important genes could potentially have been missed due to not

reaching that threshold, which was why a lenient, or suggestive, threshold was also implemented.

Despite this, genes such as HEATR3, a known risk loci for glioma, still did not reach even the

lenient threshold. This could have been due to power, which remains low in molecular trait GWAS

when compared to other traits. Integration of data with differing sources of bias, in a process

known as triangulation of evidence [197], may allow for an even more lenient threshold should

that evidence agree with and support the result in question. This was used in Chapter 5 where

pQTL datasets with lower power than the eQTL datasets were used. However, the analyses in

this Chapter revealed genes RETREG2, FAM178B and MVB12B were implicated in glioma risk,

which would not have had supporting evidence as they appear to be novel genes. Furthermore,

the genes found to affect glioma risk in this Chapter were the most reliable results and so should

be prioritised over other genes; however, because of the (sometimes) stringent thresholds applied

to these results, other genes should not necessarily be de-prioritised as a result of these analyses.
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Whilst conducting analyses to provide evidence for de-prioritisation of targets is valuable, the

analyses presented herein are not well-suited for this task and, indeed, was not their purpose.

Strengths of the analyses presented in this Chapter included the use of germline genetic

variants that proxy for gene expression levels, which should have reduced the influence of

confounding and bias through reverse causation. Furthermore, these variants were obtained from

relatively large meta-analyses allowing for increased statistical power and more precise estimates.

The addition of subtype diagnoses and tissue-specific data allowed for a deeper investigation into

the risk profile of glioma.

The methodology employed throughout was also a strength of these analyses. The MR

analyses used in this Chapter, which were less liable to sources of confounding and bias, provided

evidence which strengthens causal inferences for gene expression and glioma risk. Combining

the MR results with colocalisation provided supporting evidence further strengthening causal

inference by determining whether gene expression and glioma risk share a single, causal variant

– a necessary condition for causality. The method of colocalisation used in this Chapter has an

inherent limitation whereby it assumes there is only a single causal variant within the genomic

region being tested [113]; however, this was addressed by the inclusion of a conditional analysis

before the colocalisation analysis which conditioned upon the lead SNP(s) and allowed for the

single causal variant assumption to hold. Follow-up analyses in different tissues also acted as a

replication study providing further evidence of causality. However, despite providing evidence of

causality, this study did not prove causality and further studies would be required to determine

this.

These analyses were not without limitations. Despite the relatively large datasets used to

extract data relating to gene expression and glioma, analyses were still likely suffer from low

statistical power arising from small sizes. This was potentially evidenced in the non-GBM subtype

analyses. All but one of the main results were instrumented by a single SNP which limited the

ability to undertake common MR sensitivity analyses to detect, for example, horizontal pleiotropy.

Colocalisation has been proffered as a sensitivity analysis that can at least eliminate spurious

associations that have arisen due to horizontal pleiotropy because a shared causal variant for

two traits is necessary, though not sufficient, for them to be causally related [140]. Despite this,

horizontal pleiotropy remains a concern for QTL studies due to instruments generally consisting

of single SNPs. Another limitation of these analyses was that MR provides effect estimates

for lifetime exposure to gene expression whereas expression levels of genes changes frequently.

Overall, whilst the results presented in this Chapter were consistent across the sensitivity

analyses, there remains a possibility that they were biased through horizontal pleiotropy.
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4.5 Summary

This Chapter has demonstrated the effectiveness of MR and colocalisation to identify putatively

causal genes for glioma susceptibility. Analyses revealed causal evidence for three novel genes

(RETREG2, FAM178B and MVB12B) whose genetically predicted expression associated with

glioma risk. Follow-up analyses also showed that there was no large difference between germline

genetic variants associated with gene expression and glioma subtype risk. The brain and blood

tissue-specific analyses suggested that the causal estimates for glioma are different based on

whether the gene is expressed in brain or blood tissue. Finally, the tissue-specific analyses

highlighted five candidate tissues (cerebellum, cortex, and the putamen, caudate and nucleus

accumbens basal ganglia) and four genes (JAK1, STMN3, PICK1 and EGFR) which had causal

evidence for affecting glioma risk.
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INTEGRATING MULTI-OMICS DATA TO IDENTIFY POTENTIAL

CHEMOPREVENTIVE TARGETS FOR GLIOMA

The work presented in the previous Chapter analysed expression quantitative trait loci

(eQTL) data to determine how germline genetic variation in gene expression levels

affect glioma risk. The work presented in this Chapter builds on the previous analyses

by combining the results from the eQTL analyses with other molecular data, namely protein

QTLs (pQTL), and with evidence from drug target identification and prioritisation platforms to

determine potential chemoprevention targets for glioma.

5.1 Introduction

Drug development remains an incredibly difficult and expensive undertaking despite increased

investment from pharmaceutical companies. To demonstrate this point, a recent 2020 study by

Wouters, et al. estimated the median cost to bring a modern drug to market was US $985 million

[388]. Furthermore, the entire process of bringing a drug to the clinic – from identifying a target

to gaining approval from a governing body – is beset by a high failure rate: as much as 90%

of drugs fail during clinical development, particularly during phase II and III clinical trials to

determine efficacy in human subjects [148, 185, 261, 275]. Therefore, pharmaceutical companies

and academic institutions, which are increasingly involved in drug discovery and clinical trials

[342], are investing in new methodologies to identify and prioritise potentially successful targets.

For example, leveraging human genetics to identify genetically supported target-indication pairs,

i.e. a drug which will target a given gene, has been estimated to double the success rate of drugs

in clinical development [232]. Therefore, ’omics data – such as transcriptomics and proteomics –

are increasingly utilised to provide evidence of a target to mitigate high failure rates.
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In regards to glioma, the drug treatment regimen has remained relatively static since temo-

zolomide (TMZ) was approved through the early-to-mid 2000s [105], though there are drugs used

off-label to treat gliomas, particularly glioblastoma (GBM), such as bevacizumab and afatinib

(described in Section 1.7.3 - Chemotherapy). Inherent challenges related to treating glioma means

drug discovery and re-purposing efforts are often difficult and unsuccessful. Such challenges

involve crossing or bypassing the selective membrane called the blood-brain barrier (BBB) and the

blood-brain tumour barrier (BBTB), both of which mean drug delivery is frequently difficult [351],

and the highly heterogeneous nature of high-grade glioma, both intra- and inter-tumourally.

Analyses presented in this Chapter leveraged human genetic data and analysed these within

a combined Mendelian randomisation (MR) and colocalisation framework. Germline genetic

variants associated with protein abundance levels were used to i) strengthen causal inferences for

protein levels influencing glioma risk, and ii) inform potential drugs targets and identify drugs

which may be re-purposed for glioma chemoprevention by combining sources of evidence with

orthogonal sources of bias. These analyses could form the early part of a drug discovery pipeline

with the aim of translation to glioma prevention and treatment and, eventually, improved patient

outcomes.

5.2 Methods

5.2.1 Data

The analysis plan for this Chapter closely followed the analysis plan used in the previous eQTL

Chapter. Summary-level statistics for pQTL data were obtained from two studies: the first was

a pooled analysis of five plasma pQTL studies conducted by Zheng, et al. [400] and contained

data for 2,113 pQTLs associated with 1,699 proteins with an effective sample size of 3,301; the

second dataset was a publicly available brain-based pQTL resource as described by Robins, et al.

[289] and contained data for 7,901 proteins available in a sample size of 144. These data were

cleaned, subjected to quality control protocols and analysed separately, without meta-analysis,

to retain the ability to separately examine how risk for glioma compared across tissue type (i.e.

whole blood or brain). These datasets were described in detail in Section 3.4.4 - Whole Blood

pQTL Pooled Analysis and Section 3.4.5 - Brain pQTL Dataset. Before use in the analysis, pQTLs

were designated as either cis- or trans-acting depending on the position of the pQTL relative to

the protein-coding gene region (inside and outside a 500Kbp window, respectively). Finally, the

full summary-level data for glioma, consisting of 12,496 cases and 18,190 controls, were eligible

for use in this analysis. This also included a breakdown of 6,191 GBM and 5,819 non-GBM cases.

5.2.2 Instrument Selection

The approximate F-statistic was calculated for each SNP, which has been found to be a good

approximation for the F-statistic in single-SNP instruments [37]. This is a measure of how liable
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a SNP is to induce weak-instrument bias and was described and derived by Bowden, et al. [37].

This was calculated using

(5.1) F ≈ β2

SE2

where β is the SNP-protein association and SE is the standard error for the SNP-protein associ-

ation. Bowden, et al. recommended a threshold for inclusion at F ≥ 10; however, a threshold of

F ≥ 15 was specified instead due to utilising an approximation. SNPs were also removed if in

high linkage disequilibrium (LD) to ensure the selection of independent SNPs. This was achieved

using the MR-Base R package function "clump_data" with a clumping r2 = 0.01 [142].

pQTLs were excluded from the plasma pQTL dataset based on the categorisations as described

in Zheng, et al. [400] – specifically, SNPs designated as "tier 3" were excluded from analyses;

these were SNPs which were deemed inappropriate for use in an MR analysis due to increased

liability to horizontal pleiotropy because these pQTLs were found to instrument for more than five

proteins. The tiers derived by the authors of the original pooled analysis were described in detail

in Section 3.4.4 - Whole Blood pQTL Pooled Analysis. Furthermore, data from the brain pQTL

dataset were obtained from a paper by Kibinge, et al., where the authors provided a pre-cleaned

and ready-for-MR data download [173]. The steps they undertook to clean the data were similar

to that described above, including LD clumping and selection based on the F-statistic – though

these steps were independently repeated for this study as validation of their quality control and

cleaning process.

All SNPs which passed the instrument selection protocols described thus far were eligible

for inclusion into the MR analysis. SNPs were categorised into either cis– or trans–acting SNPs

(inside and outside a 500Kbp window of the protein-coding region, respectively) to limit the

influence of horizontal pleiotropy in the MR analysis. A cis–pQTL-only MR analysis was first

conducted followed by a complementary MR analysis consisting of all SNPs. The rationale

behind excluding trans–acting pQTLs in the first MR analysis was similar for eQTLs in the

previous Chapter, whereby trans SNPs are more prone to be susceptible to horizontal pleiotropy

due to their distal nature on the genome. However, their inclusion can be beneficial where

power is low because the pQTL would have more than one associated SNP and would allow for

further heterogeneity sensitivity analyses. Furthermore, by including trans SNPs, the variance

explained in the protein levels would increase and thus too would the power of the MR analysis.

Unlike in the previous Chapter, there was also less concern about the burden of correction for

multiple testing when there was a much smaller number of proteins which were potentially

instrumentable compared to genes in the previous datasets. However, by including trans–acting

SNPs, this exposes the analyses to more potential for pleiotropy which, even with including

trans–acting SNPs, was not possible to interrogate with robust MR methods, e.g. MR-Egger.

Therefore, care needed to be taken in interpreting the results from these analyses. There were no

trans–acting SNPs reported in the brain pQTL dataset, therefore including trans–acting SNPs

only applies to the plasma pQTL dataset.
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The initial MR analysis investigating the effect of independent, cis–only plasma and brain

proteins and glioma risk consisted of 730 tests. Therefore, a Bonferroni-corrected P value thresh-

old of 6.35×10−5 (0.05 /730) was specified for MR analyses conducted in this Chapter. A heuristic

threshold for suggestive evidence was set at P < 1.00×10−3. This threshold was justified for two

reasons: i) to enable follow-up analyses for results obtained in an otherwise likely low powered

dataset by comparing to other findings with different sources of bias, thus reducing the overall

likelihood of erroneous inferences; and ii) the SNP selection process was rigorous to ensure only

relatively high-powered SNPs robustly associated with protein abundance levels were eligible for

inclusion as instruments.

5.2.3 Identifying the Influence of the Plasma and Brain Proteome on
Subtype Risk

The MR analyses were conducted using the MR-Base R package [142] to investigate how geneti-

cally predicted plasma and brain protein levels affected risk of glioma, and GBM and non-GBM

subtypes. Proteins that were instrumented by single SNPs were analysed using the Wald ratio

(WR) and likewise proteins instrumented by multi-SNP pQTLs by the inverse variance weighted

(IVW) method. These methodologies weres described in detail in Section 2.3.3 - Mendelian

Randomisation.

The two pQTL datasets used different, unknown units of measurement for protein abundance

levels, meaning that the SNP-protein associations and the MR causal estimates between the

plasma and brain pQTL datasets could not be directly compared. Therefore, to plot and and

present the results in the main body of this thesis, the pQTL results for the brain and blood

datasets were scaled by one standard deviation (SD) of that dataset to allow for comparative

presentations. The unscaled results are presented in Appendix D. However, given the unknown

units of measurement, it was more informative to interpret the direction of effects, rather than

magnitude of effects, for results in this Chapter.

Results from the MR analysis which met at least the suggestive P value threshold of P <
1.00×10−3 were eligible for inclusion into the colocalisation analysis. All SNPs associated with

the protein of interest within a ±500Kbp window of the lead SNP used in the MR analyses were

extracted for this analysis. Each region was conditioned upon the marginal associations in the

region of the lead SNP using the Genome-wide Complex Trait Analysis Conditional and Joint

analysis (GCTA-COJO, [391]) tool. Colocalisation analyses were conducted using the coloc R

package [113]. The colocalisation methodology was explained in depth in Section 2.3.2 - Statistical

Colocalisation. Standard parameters were used for these analyses.

The full summary statistics for the brain pQTL dataset were not available and so a formal

colocalisation analysis could not be conducted for results from this dataset. Instead, an approxi-

mate colocalisation analysis was conducted which involved extracting SNPs from the region of

interest from the glioma data. Each region was similarly subjected to a conditional analysis using
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GCTA-COJO [391]. The LD of the pQTL and each of the conditionally independent SNPs from

the outcome dataset were then systematically compared such that, if the pQTL and one of these

SNPs showed evidence of high LD, then this was approximate evidence of colocalisation. This

method was employed by Zheng, et al. in their plasma proteome analysis, where full summary

statistics were not available for some datasets [400].

As a sensitivity analysis, all results from the MR analysis were subjected to Steiger filtering to

test the correct orientation of the causal estimate from genetically predicted altered protein levels

to glioma subtype risk. Briefly, Steiger filtering works by estimating the variance explained by

the SNPs in the plasma proteins and the glioma datasets. If the variance is higher in the plasma

proteins dataset than the glioma dataset, then the causal estimate is correctly orientated [141].

Steiger filtering determines whether the direction of the causal effect is correctly orientated from

the exposure to the outcome dataset with a corresponding P value. If an association had a Steiger

P < 0.05 and the direction of effect was correctly orientated then this result was categorised

as "true"; if an association had a Steiger P < 0.05 and the direction of effect was incorrectly

orientated then this result was categorised as "false"; finally, if an association had a Steiger

P ≥ 0.05 then this result was categorised as "uncertain".

5.2.4 Correlation with Transcriptomics Results

To explore whether there was correlation between causal estimates for genetically predicted

protein and gene expression levels, all MR associations from the current Chapter and the

previous Chapter were systematically linked based on gene and that gene’s protein product.

Firstly, correlations for the causal estimates for all QTLs were calculated based on molecular trait

(protein levels or gene expression), tissue of derivation (blood or brain) and subtype diagnosis,

resulting in four datasets per subtype to compare. Pearson correlation coefficients were calculated

using the "cor" R command and displayed as a heat map. Secondly, causal estimates for QTLs

with an MR P < 0.05 were plotted with correlations similarly calculated for each subtype using

the "cor" R command.

5.2.5 Triangulation of Evidence to Build the Case of a Drug Target

Many approved targets for drugs are proteins due to the key role they play in many biological

mechanisms [149]. This analysis investigated causal evidence for variance in protein abundance

levels influencing glioma risk. However, these analyses neither prove causality nor prove the

use of a protein as a target that could reduce glioma occurrence if correctly agonised or antago-

nised. Nonetheless, results from these analyses could aid in the drug target identification and

prioritisation process by highlighting proteins of interest for follow-up in vivo or clinical studies.

Therefore, to provide greater confidence in the results presented here, triangulation of evidence

was integrated into the study design. This is a concept that uses multiple sources of data to
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Table 5.1: Sources of evidence that the OT Platform uses to calculate an association score for a
drug target and a disease. The OT website gives a detailed breakdown on how this evidence is syn-
thesised and weighted to form the overall association score (https://docs.targetvalidation.
org/getting-started/scoring, accessed 2020-10).

Data Type Data sources and factors that affect the relative
strength of the evidence scores

Genetic Associations ClinVar; GWAS and PheWASCatalog; Genomics England Pan-
elApp; UniProt; Gene2Phenotype; ClinGen.

Somatic Mutations Cancer Gene Census; ClinVar somatic; IntOgen; UniProt so-
matic.

Known Drugs ChEMBL.
Affected Pathways Reactome; Sysbio; SLAPenrich; PROGENy; CRISPR evidence.
RNA Expression Expression Atlas score.
Text Mining Europe PMC.
Animal Models PhenoDigm.

answer the same question [197]. These data sources had differing sources of bias and increased

confidence in a result when they all supported the same inference.

Two open access, publicly available sources of information were used to enhance the re-

sults from the MR and colocalisation analyses. The first, Open Targets Platform (OT, http:

//targetvalidation.org) is a platform born of public-private collaboration that aims to syn-

thesise evidence from myriad sources to inform drug target discovery efforts [52]. OT provides

an association score for each target on their platform. This association score summarises the

evidence for the use of a target on the disease of interest and ranges from 0, meaning no evidence,

to 1, meaning substantial evidence. An overview of these evidence sources is given in Table 5.1.

The second data source that was used is the Drug-Genome Interaction database (DGIdb,

https://www.dgidb.org/), which collates evidence related to the druggable genome – meaning

genes or their products that are predicted to influence disease outcomes – and whether the target

is clinically actionable – that is, the target is used to inform clinical actions, such as with MGMT

promoter methylation informing TMZ treatment in glioma patients [63]. DGIdb also provides a

look-up function for targets, which have either known or suspected associated drugs, including

those undergoing clinical trials. Whilst DGIdb and OT do contain overlapping data (i.e., from

text mining), specifically non-overlapping, complementary sources of information were used to

inform on the potential use of a protein/gene as a druggable target by including only data on the

druggable genome and for clinically actionable targets from DGIdb, and text mining information

from the OT platform (weighted as part of the association score).

Each of the main results from both this Chapter and the previous transcriptomics Chapter

were systematically linked to evidence from the OT Platform and DGIdb. For potentially viable

drugs outlined by DGIdb (i.e., existing drugs that are available for the target of interest), a
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non-exhaustive literature search was performed to determine how these drugs currently relate to

glioma therapies. Due to a lack of preventative therapies available for glioma, given the nature of

the disease, the literature search included drugs which are used post-diagnosis for treatment. It

does not necessarily follow that molecular traits associated with risk are also associated with

progression or prognosis, and therefore drug targets identified by these analyses cannot be used

to inform on such treatment strategies without further follow-up studies. This limitation is

discussed more in Section 5.4 - Discussion.

5.3 Results

5.3.1 Statistical Results

MR analyses were used to estimate the association between 730 proteins, instrumented by cis

pQTLs, and all glioma risk. Associations for two proteins instrumented in brain tissue met

the Bonferroni-corrected P value threshold and one instrumented in blood tissue met at least

the suggestive P value threshold (Figure 5.1 (a)). Inclusion of trans SNPs allowed for analysis

of 196 more proteins and increased power for 91 proteins all from the plasma pQTL dataset.

Despite this, no other associations met either the stringent or suggestive P value threshold. These

results are shown in Figure 5.1 (b). When considering subtype risk for GBM (6,191 cases) and

non-GBM (5,819 cases), and using both cis-only and cis and trans instruments, one association

met the Bonferroni-corrected P value threshold and two associations met the suggestive P value

threshold, all instrumented in brain tissue. These results are shown in Table 5.2. The unabridged

and unscaled MR results are given the Online Appendix, Table S5-6 (see Appendix K).
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Figure 5.1: Volcano plot of all results from the MR analysis estimating the causal effects of genetically predicted protein levels and
all glioma risk using cis and trans SNPs. The horizontal dashed lines shows the P value thresholds. Points are shaped and coloured
depending on the tissue type and if the instrument was constructed with cis or trans only SNPs, or both. MR ln(OR) were scaled by one
SD of the MR results within each dataset, such that the results from the two datasets could be plotted on the same scale.
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Only one result was subjected to the formal, statistical colocalisation analysis, which was for

TGFBI, and revealed high evidence of colocalisation between altered protein abundance levels

and all glioma risk (82%). Furthermore, the Steiger filtering sensitivity analysis identified the

direction of effect was correctly orientated (plasma protein abundance affects glioma risk and not

vice versa) (Steiger P = 8.69×10−64). The remaining five results from brain tissue were subjected

to the approximate colocalisation analysis, with one result showing high (r2 > 0.80) LD between

the pQTL and the outcome dataset (MON1B and all glioma, r2 = 0.83). The remaining four results

from the brain pQTL dataset were in moderate LD with the subtype dataset (r2 = 0.40 to 0.83).

For the brain pQTL results, the Steiger filtering analysis showed an uncertain result (P > 0.66),

hence little evidence for the direction of effect between these proteins and glioma risk, except in

the case of TAGLN (Steiger P = 0.02), where evidence of the correct orientation was stronger.

Correlation analyses were conducted to determine how the causal estimates for QTLs com-

pared across tissue types and glioma subtypes. Firstly, the correlation for all QTLs were calculated,

without a selection threshold and found that there was a general weak-to-moderate correlation

between each of the four QTL datasets (−0.38≤ Pearson correlation ≤ 0.15, Figure 5.2). Secondly,

MR results for QTLs were subjected to a selection threshold of P < 0.05. There was a strong

correlation for non-GBM results (Pearson correlation = 0.94), a moderate correlation for all glioma

(Pearson correlation = 0.67) and a weak correlation for GBM (Pearson correlation = 0.35). The

number of results which passed the selection threshold of P < 0.05 was quite low overall: five for

all glioma, eight for GBM and 11 for non-GBM. These results are shown in Figure 5.3.
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Table 5.2: Main results from the MR and colocalisation analysis. Odds ratios (OR) and confidence
intervals (CI) are given per SD increase in the protein abundance levels. The "coloc" column shows
the results from the colocalisation analyses. A statistical colocalisation analysis was conducted if
the number is followed by a % sign, which references the H4 coloc model [113]. If the number
is not followed by a % sign, then the approximate colocalisation analysis technique was used
instead. This number quantified the linkage disequilibrium (r2) between the pQTL and the lead
SNP in the outcome dataset. The higher the number, the more evidence of LD and therefore
potential that the two datasets would colocalise in this region. The highest r2 was shown as
the likeliest candidate for colocalisation. Steiger results were categorised for ease of reading:
"uncertain" means the Steiger P did not met the threshold of 0.05 and "true" means the direction
of effect was correctly orientated from protein abundance to glioma risk and Steiger P < 0.05. An
expanded version of this table is given in Appendix D.

Protein SNP Tissue Subtype OR (95% CI)
per SD

P value Coloc Steiger

EGFR rs138154852 Brain
GBM 3.02×10−3

(6.35×10−4,
1.33×10−2)

3.07×10−13 0.50 a Uncertain

All
glioma

0.02 (4.24×10−3,
0.06)

1.43×10−10 0.50 a Uncertain

MON1B rs111987476 Brain All
glioma

0.09 (0.03, 0.29) 6.96×10−5 0.76 a Uncertain

GBM 0.08 (0.02, 0.36) 9.21×10−4 0.83 a Uncertain

TAGLN rs79627789 Brain Non-
GBM

2.19 (1.38, 3.50) 9.53×10−4 0.40 a True

TGFBI rs13159365 Blood All
glioma

0.14 (0.04, 0.44) 7.70×10−4 82% True

a Approximate colocalisation was used to derive these results.
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Figure 5.2: Heatmap showing the correlation between the MR associations for the different QTL analyses on glioma subtype risk.
Heatmaps were split into subtype shown on the x-axis. The e- and p- suffix denotes expression and protein QTLs, respectively. eQTL
results were taken from the work discussed in Chapter 4. The number of included QTLs is also given (n).
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Figure 5.3: Graph showing the systematic comparison of the MR associations between pQTLs and eQTLs from both brain and blood
tissues. Breakdown is given for subtypes: (a) all glioma, (b) GBM, (c) non-GBM and (d) all results agnostic of subtype. Results are shown if
the MR P < 0.05.
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5.3.2 Triangulation of Evidence

The main results from this and the previous Chapters were systematically linked to evidence

from the OT Platform and DGIdb to highlight putative targets for future studies. Although

the majority of the main results were mostly genes highlighted in the transcriptomics Chapter,

hereon protein products are generally referred to (in a non-italicised font face, as standard) within

the context of identification of drug targets, as proteins are more likely to be the actionable target

for a drug.

Evidence from the MR analyses thus far were presented in Table 5.3, which showed how a

number of potential targets may be potentially used as drug targets for glioma prevention. In

total, three targets had an OT association score of 1.00, which were EGFR, JAK1 and TP53. Six

targets had druggable genome evidence, whereby a gene or its product is known or predicted

to have an interaction with at least one drug [63]. This included EGFR, JAK1 and TP53 as

well as ABCB6, PRLR and TGFBI. Finally, three targets had evidence of being used to inform

clinical decisions: EGFR, JAK1 and TP53. EGFR and TP53 are well-known somatic mutations

and histological biomarkers in glioma biology (as described in Section 1.6.4 - TP53 Mutation and

Section 1.6.6 - EGFR Amplification), though germline mutations for both have been implicated

in glioma biology as well [112, 189, 220]. JAK1 has also been previously implicated in glioma

biology due to its part in the janus kinase (JAK)/signal transducer and activator of transcription

(STAT) pathway [41, 220].

A search on DGIdb provided evidence for existing drugs which have a documented interaction

with any of the genes or proteins that form the main results, and either have been linked to

glioma previously (e.g., through clinical trials) or may affect glioma through suspected pathways.

The following subsections detail a break-down for each potential target. All of these drugs were

implicated or studied in the context of glioma treatment, and not prevention which the MR

analyses presented above have investigated. This is important to note and discussed further in

Section 5.4 - Discussion.

5.3.2.1 EGFR-targeting Drugs

There are myriad drugs that either target or affect EGFR in some way; DGIdb lists 181 potential

drug-protein interactions as of October 2020. Listed below are some of these drugs, which show

promise for glioma.

5.3.2.1.1 Afatinib Afatinib is an anti-neoplastic, kinase inhibitor used primarily in treating

non-small cell lung cancer by targeting mutations in EGFR and HER2. A 2019 in vivo study

found that afatinib in combination with temozolomide (TMZ) inhibited GBM tumour growth more

than TMZ monotherapy [354]. A completed phase II trial (NCT00875433) and phase I/II trial

(NCT00727506) conducted by Boehringer Ingelheim reported that, whilst afatinib was tolerable

in recurrent GBM patients, efficacy was limited compared to TMZ-only treatment, particularly
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Table 5.3: Summary of evidence from the MR analyses linked to the OT Platform and DGIdb. All
OT association scores are in relation to glioma, except those marked with *, where the highest
association score was for GBM. Effect on risk is given with respect to increased gene expression
or protein abundance levels. Evidence of the "druggable genome" is from Hopkins, et al. [149].
Evidence for "clinically actionable" targets is from Rhodes, et al. [285].

Target Gene exp. ev-
idence

Protein
evidence

Effect
on risk

OT
score

Druggable
genome

Clinically
actionable

ABCB6 Brain No Decrease 0.07 Yes No
BAIAP2L2 Brain No Decrease 0.27 * No No
EGFR Brain Brain Decrease 1.00 Yes Yes
FAM178B Brain No Increase 0.00 No No
JAK1 Blood & Brain No Increase 1.00 Yes Yes
MVB12B Brain No Increase 0.00 No No
PANK4 Blood No Decrease 0.00 No No
PICK1 Brain No Increase 0.04 No No
PRLR Brain No Decrease 0.03 * Yes No
RETREG2 Brain No Decrease 0.00 No No
STMN3 Brain No Decrease 0.18 No No
TGFBI No Blood Decrease 0.13 * Yes No
TP53 Blood No Decrease 1.00 Yes Yes

in tumours without EGFRvIII mutations [282]. Another phase I trial determined that afatinib

was tolerable for patients with newly diagnosed GBM when combined with radiotherapy and

TMZ (NCT00977431) [305]. Finally, there is another phase I trial underway to determine the

pharmacokinetics of afatinib by analysing cerebrospinal fluid and blood samples of patients

with brain cancer (NCT02423525). Overall, afatinib appears to be safely tolerated by brain

tumour patients, however, efficacy is less certain, likely due to the complexity and intra-tumoural

heterogeneity involving EGFR mutations in brain tumours.

5.3.2.1.2 Osimertinib Another kinase inhibitor primarily used to treat non-small cell lung

cancer with EGFR T790M mutations, osimertinib is a drug that is showing recent promise in

the field of glioma treatment. One case study in 2019 presented a patient with EGFR-mutant,

IDH wild-type GBM who undertook osimertinib as a monotherapy after standard treatment

regimens; however, despite a complete response at one tumour site, another lesion progressed

significantly, highlighting that tumour heterogeneity may play an important part in EGFR-

targeting treatments [214]. A recent study showed that osimertinib suppressed GBM tumour

proliferation in cell lines and also in patient-derived xenografts mice [56]. Furthermore, there

is both human and murine evidence, albeit at an early stage, that osimbertinib can penetrate

the blood-brain barrier and effectively treat brain tumours [15, 54, 206]. There are currently

three clinical trials investigating osimertinib usage and brain tumours: the first is a phase I trial
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investigating adjuvant osimertinib with stereotactic radiosurgery in non-small cell lung cancer

metastatic brain tumours that are EGFR-mutant (NCT03535363); the second is a phase II trial

to determine whether osimertinib reduces glucose utilisation of EGFR-active recurrent GBM

tumours using fludeoxyglucose F-18 positron emission tomography (PET) (NCT03732352); finally,

the third is a phase I trial investigating the safety profile of implantable microdevices in primary

brain tumours using drugs commonly used in the clinic for treatment, including osimertinib

(NCT04135807). Osimiterinib is still undergoing early clinical trials and thus it is still too early

to determine whether the drug will be both safely tolerated by patients and prove an efficacious

therapeutical option.

5.3.2.1.3 Erlotinib Erlotinib is another non-small cell lung cancer, tyrosine kinase inhibitor

that targets EGFR. Similar to afatinib, erlotinib has been determined to be safe for brain tumour

patients but efficacy has been limited due to resistance to the drug, likely mediated by EGFRvIII

mutations [278, 315, 397]. Overall, erlotinib has shown poor efficacy in treating glioma despite

relatively promising results from pre-clinical studies as noted in a review by Li, et al.[201].

5.3.2.1.4 Other EGFR-targeting Drugs Many EGFR-targeting drugs trialled for glioma

treatment are re-purposed drugs used as a treatment option for non-small cell lung cancer,

though some are also used in the treatment of colorectal and breast cancers and, whilst evidence

has pointed to EGFR as a promising target in the treatment regimen for glioma, clinical results

have not reflected the same predicted efficacy in pre-clinical trials when these drugs are used to

treat glioma and other brain tumour patients. These include the aforementioned three drugs and

others such as gefitinib (limited activity in high-grade glioma patients) [101], dacomitinib (limited

activity as monotherapy for recurrent GBM with EGFR amplification) [321], cetuximab (limited

activity taken post-surgery, radiotherapy and chemotherapy in patients with recurrent, progres-

sive high-grade glioma) [233], lapatinib (not efficacious for treatment for recurrent GBM patients

with and without concomitant enzyme-inducing anti-epileptic drugs) [345] and panitumumab

(given to patients with malignant gliomas and combined with irinotecan, a chemotherapeutic

agent used for treatment of colorectal cancer; the trial for this drug was terminated early due to

lack of efficacy) (NCT01017653).

5.3.2.2 FAM178B-targeting Drugs

The family with sequence similarity 178 member B (FAM178B) protein has a yet-unknown

function. RNA expression analyses have been shown FAM178B to be highly expressed in skeletal,

male and brain tissues in the Genotype-Tissue Expression (GTEx) and Human Protein Atlas

projects [121, 346]. It has also been phenotypically associated with bipolar disorder and lithium

response [161]. For that reason, lithium has been associated as a FAM178B-targeting drug. Trials

have already investigated whether lithium is efficacious in glioma treatment, likely due to its
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ability to bypass the blood-brain barrier rather than due to any association with FAM178B. A

pre-clinical study showed that lithium can inhibit invasion of glioma cells through inhibition

of glycogen synthase kinase-3 (GSK-3), highlighting that pathway and lithium as avenues of

further research [241]. Another pre-clinical study found that lithium enhances the effect of TMZ

in TP53 wildtype GBM cells due to inhibition of GSK-3, which then induces glioma cell death

through activation of nuclear factor of activated T cells (NFAT)1/Fas ligand (FasL) signalling

[127]. Despite this evidence, efficacy has yet to be tested in a clinical setting; a phase II trial that

sought to investigate whether TMZ, bevacizumab and lithium, combined with radiotherapy, could

be used to treat high-grade glioma was terminated early due to lack of participants; however,

preliminary results suggested the treatment regimen inhibited GBM invasion [230]. Lithium

remains a drug of interest for glioma treatment, with its ability to inhibit GSK-3 and induce

glioma cell death as the main mechanistic pathway of interest.

5.3.2.3 JAK1-targeting Drugs

Janus kinase 1 (JAK1) is a tyrosine kinase protein involved in the JAK-signal transducers

and activators of transcription (STAT) signalling pathway and is essential in cytokine signal

transduction (mainly interferon (IFN)-α/β and -γ). The JAK-STAT pathway plays a key role in

many downstream biological functions with studies focusing on the STAT family of molecules,

which have already been implicated as tumour suppressors (STAT1) or potent oncogenes due

to aberrant activation (STAT3, STAT5) [340]. However, recently there has been interest in

determining the effects of the JAK proteins on gliomagenesis and whether these may be targeted

for treatment.

5.3.2.3.1 Ruxolitinib Ruxolitinib is a small molecule used to treat myelofibrosis by selectively

inhibiting JAK1/JAK2. The drug has also been found to block downstream activation of the

suspected oncogene STAT3 in clinical trials relating to myelofibrosis [356]. An in vivo study found

that ruxolitinib may be therapeutically relevant for glioma patients due to decreased invasion

and tumourigenesis of GBM cells, possibly due to the interplay between the JAK-STAT pathway

and IFN-α and -γ [74]. There is a phase I clinical trial currently underway to determine the

safety of ruxolitinib when combined with the standard treatment regimen of brain cancer in

grade III glioma and GBM patients (NCT03514069).

5.3.2.3.2 Other JAK1-targeting Drugs There exist other JAK1-targeting drugs however

these are relatively new, with many trials and studies having been conducted within the last

five to 10 years. Currently, there are drugs undergoing various trials to determine safety and

efficacy in other diseases, for example, itacitinib and non-small cell lung cancer, upadacitinib

and immune-related inflammatory diseases such as Crohn’s disease and atopic dermatitis and

peficitinib, baricitinib and filgotinib for treatment of rheumatoid arthritis. Currently, there
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appears to be no trials or pre-clinical studies that have examined the effect of these drugs in

relation to glioma or other brain cancers.

5.3.2.4 PRLR-targeting Drugs

Prolactin (PRL) and its related receptor, PRLR, play a key role in the immune system, are

integral to lactation and are key upstream activators of the JAK-STAT pathway through the

binding of PRL to the receptor resulting in the activation of JAK2 [277]. PRLR is associated with

endocrine system disorders and has been previously investigated as a potential target for the

treatment of breast and prostate cancers [251]. Whilst PRLR has been detected in GBM biopsies

and implicated elsewhere in glioma biology, there have been few pre-clinical and no clinical trials

investigating PRLR as a potential therapeutic option for brain cancer treatment. One such agent

of interest would be LFA102, a humanised monoclonal antibody, which, although did show limited

anti-tumoural activity in a phase I trial for patients with PRLR-positive metastatic breast and

castration-resistant prostate cancers [2], may prove to be effective for PRLR-positive gliomas.

5.3.2.5 TP53-targeting Drugs

The tumour protein 53 (TP53) gene encodes the important tumour suppressor protein, p53, that

responds to cellular stress and may induce cell death through apoptosis, DNA repair and other

important cellular housekeeping functions. P53 is commonly deregulated in glioma and cancer

in general and, whilst it is used in a diagnostic context for glioma, little has been made of p53

as a therapeutic target until recently, in part due to the complex nature of TP53 mutations, the

paradoxical nature of p53 – whereby treatment may induce p53-related toxicity in both normal

and cancerous cells [12] – and the difficulty in treating for loss of function. However, there have

been some recent advances in this area, particularly looking at gain of function treatments. One

such product is APR-246 (PRIMA-1MET) a small molecule that induces apoptosis in p53-mutant

tumour cells which has passed initial safety trials [76, 199]. An in vivo pre-clinical study showed

that GBM cells were sensitive to APR-246, though the authors of the study highlight this may

be due to MGMT targeting, as sensitivity was independent of TP53 status [260]. There is also

interest in agents that target upstream inhibitors of p53, namely the agent SAR405838 and

the gene it targets, mouse double minute 2 (MDM2), which has shown to have an acceptable

safety profile in phase I trials [71, 72], and may form a valid therapeutical target for downstream

p53-related functions.

5.4 Discussion

The large-scale systematic MR analysis presented in this Chapter investigated the effect of

the human plasma and brain proteome on glioma risk. Analyses identified variants associated

with alteration of protein abundance for four proteins that affected glioma risk. Linkage with
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results from previous transcriptomics analyses revealed novel insights into how the causal

estimates between plasma and brain gene expression and protein abundance levels are correlated.

Triangulation with drug target prioritisation and identification platforms strengthened the

inference of these analyses and may inform further pre-clinical studies to determine potential

novel targets for drug re-purposing.

Three of the four proteins that formed the results from this Chapter were instrumented

by pQTLs in brain tissue. These were: EGFR, a well-known prognostic biomarker for glioma

and many cancers; vascular fusion protein MON1 homolog B (MON1B), a potential prognostic

biomarker for renal and endometrial cancer [346]; and transgelin (TAGLN), a protein involved

in smooth muscle differentiation, which was initially a suspected tumour suppressor [9] though

further studies have provided contradictory evidence that its expression may increase tumourige-

nesis [88]. Increased abundance of EGFR and MON1B were associated with decreased risk of

all glioma and GBM, whilst increased abundance of TAGLN was associated with increased risk

of non-GBM. The final result that reached the suggestive P value threshold was transforming

growth factor beta induced (TGFBI), instrumented by a pQTL in blood, and was associated with

reduced risk of all glioma (OR = 0.14 per SD; 95% CI: 0.04, 0.44 per SD). The TGFBI protein is

induced by transforming growth factor beta (TGF-β), is involved in cell adhesion and plays a role

corneal dystrophy. Abundance of the protein has also been implicated in glioma cell proliferation

and migration [122] and overexpression of the gene has been observed within mesenchymal

subtypes of high-grade gliomas, where survival times were markedly shorter than in patients

with normal expression of TGFBI, highlighting the potential of the protein as a diagnostic and

prognostic biomarker [254].

As the full summary-level statistics were not available for the brain tissue pQTL dataset,

statistical colocalisation analyses were not possible for these results. Therefore, approximate

colocalisation analyses were conducted instead for these results to gain insight into whether the

variant of interest was the shared, causal variant driving the effect for both protein abundance

levels and glioma subtype risk. Only the MON1B result had strong evidence of high LD, and thus

provided suggestive evidence for colocalisation with the variant in the GBM dataset (r2 = 0.83).

The rest of the results from the brain pQTL dataset showed moderate evidence of LD with

associated variants in the region in the subtype risk dataset of interest (r2 = 0.40 to 0.76). The

TGFBI result was eligible for the statistical colocalisation analysis and showed strong evidence

of colocalising with all glioma (H4 = 82%). Whilst conclusions were limited for the brain pQTLs

given the approximate colocalisation analysis, TGFBI did show strong evidence of colocalisation

indicating further evidence for this protein being causally implicated in glioma risk and may be

more reliable as colocalisation can discount some potentially unreliable associations [140].

Steiger filtering showed that the direction of effect was correctly orientated for each of the

results, but four of the six results failed to meet the Steiger P threshold of 0.05. The results for

TAGLN and TGFBI were both correctly orientated and met the Steiger P value threshold. The
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four results for which the Steiger result was uncertain came from the brain pQTL dataset, which

had a relatively low sample size (n = 144) compared to the glioma outcome dataset (12,496 cases

and 18,190 controls). The reason for the uncertain result may be twofold: i) the smaller sample

size of the brain pQTL dataset inherently meant that the statistical power was decreased and

thus the estimation of the variance explained calculated by the Steiger filtering method may be

lower than in reality; and ii) the authors of the pQTL dataset study used a non-standard unit

measurement for protein abundance levels which may cause an underestimation of the variance

explained and thus influence the result of the analysis [141]. Altogether, it was unlikely that

glioma onset affected germline variance of protein abundance levels in brain tissue; however,

the dataset available was likely to be too underpowered to correctly interrogate this and these

results should not be taken at face value.

The analysis which investigated the correlation between the protein abundance and gene

expression results provided insight into how the causal estimates between these molecular data

compared across tissue types and subtypes. The first analysis sought to determine whether

MR results for QTLs were correlated when not subjected to a selection threshold based on P

value. It appeared that, across all glioma subtypes, molecular data, and tissue types, results

were only weakly correlated. This result implied that, given currently available data, no one

dataset can sufficiently proxy for another (e.g., by using higher-powered eQTLs in brain to

inform on protein abundance levels in brain). A P value threshold for selection (P < 0.05) was

applied to determine how QTLs compared when the MR results are more reliable. This analysis

showed higher correlations across each subtype diagnosis: all glioma (Pearson correlation = 0.67),

GBM (Pearson correlation = 0.35) and non-GBM (Pearson correlation = 0.94), though there were

only a few QTLs that matched across datasets according to tissue and molecular type (n = 5

to 11). All systematically linked QTLs from all glioma subtypes combined, showed a generally

weak correlation (Pearson correlation = 0.28, n = 24) which implied that subtype diagnosis was

important. For instance, GBM showed lower correlation likely due to two QTLs whose directions

of effect differed across molecular type (associated with FAM171A1 and IL7RB). Overall, these

results strengthened the conclusion from the previous Chapter, which was that blood QTLs

cannot proxy for brain QTLs and vice versa. Furthermore, these analyses showed that eQTLs and

pQTLs did not always necessarily correlate with one another in regard to glioma subtype risk,

and that eQTLs and pQTLs, even in the same tissue, did not always correlate with one another.

Triangulation of evidence from drug target identification and prioritisation platforms high-

lighted six potentially interesting genes/proteins which had evidence of translatability: ABCB6,

EGFR, JAK1, PRLR, TGFBI and TP53. These six targets formed part of the druggable genome –

where either the gene or gene product form known targets for existing drugs – and EGFR, JAK1

and TP53 were considered to be clinically actionable – that is, these biomarkers may be used

to determine clinical actions or outcomes. The rest of the QTL results did not have evidence of

forming a drug target currently, but this does not necessarily discount their importance in glioma
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biology. Likewise, there are well-known drug targets which did not appear in this analysis, not

necessarily because of evidence of lack of an effect, but because they were not instrumented by

the data used. For example, ipatasertib, an AKT pathway inhibitor, has shown to be effective

in some cancers with PTEN loss [69, 176]. As discussed further on, results presented in this

Chapter should not lead to the de-prioritisation of drugs or targets, like ipatasertib, over others.

Instead, evidence presented herein highlights those targets as interesting candidates for follow

up. These analyses have recapitulated important biomarkers and targets which are well-known

and well-studied in relation to glioma, lending credence to the methodologies and their results

herein. These biomarkers were causally implicated in glioma risk and will make for important

candidates for follow up studies, either within the same framework with larger sample sizes,

which will allow for more robust inferences, or for experimental, lab-based studies that could

determine potential functionality or pathways of interest.

Finally, a non-exhaustive literature search was conducted to link potential drug targets to

evidence for existing drugs at any stage of development. In total, five genes or proteins had

such evidence. These targets were also investigated within the context of glioma treatment

previously. Each of these drugs were postulated to improve prognosis of glioma and generally

showed acceptable safety profiles but efficacy was almost uniformly lower than expected. Many

of the drugs did not progress past phase II trials despite strong evidence from pre-clinical

studies in some cases. This could be due to the heterogeneous nature of glioma, both intra-

and inter-tumourally, and has been posited as the main reason for the failure for many EGFR-

targeting drugs to meet expectations [31, 95, 360]. Whilst it is unlikely that data will be granular

enough to investigate such questions within an MR framework, it can at least guide drug target

identification and prioritisation by highlighting important molecular markers that can guide

future research.

Similar to the previous Chapter, using a stringent threshold for the MR results may have

missed proteins which may be otherwise important in the physiology of glioma risk. However,

unlike the eQTL datasets used in the previous Chapter, the pQTL datasets were much more

likely to be underpowered due to smaller sample sizes. Therefore a lenient threshold was set at

P < 1×10−3. Despite this, there were still only four proteins which had MR evidence of an effect

on glioma risk. Combining evidence from different sources which point to the same conclusion can

reduce the risk of spurious findings when using lenient thresholds; however, even with linkage

to the previous Chapter’s results and to evidence from the literature, the protein results should

still be interpreted with caution due to low power and the potential of pleiotropy. Furthermore,

the study from which the pQTL dataset was derived used a smaller sample size and with fewer

proteins assayed than genes in the eQTL datasets. Therefore, it is unlikely that a stringent

threshold missed potentially interesting results because of the underpowered nature of the

dataset. Assaying more proteins in larger populations will help future studies to uncover putative

causal relationships between the human proteome and complex traits using an MR framework.
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Interpretation of the proteomic results should be done with caution. It is difficult to know

how much emphasis should be placed on both the direction and magnitude of effect of MR studies

using QTLs which appear to have discordant effects in different tissues or across QTL types. Until

further studies are done at a more focused level to determine how best to interpret such results,

evidence from MR should be integrated into existing pipelines to provide further evidence for the

prioritisation of a putative drug target. Even should a target show discordant directions of effect,

this can still be informative for physiological effects on complex traits [225]. However, results

from MR should not necessarily form the only source of evidence for the prioritisation of a target

and may not be informative for the de-prioritisation thereof, even when producing seemingly

contradictory results. Altogether, more research is required in this area to aid interpretation of

these results and how they can inform on clinical or pharmaceutical applications.

Strengths of the analyses presented in this Chapter included the use of germline genetic

variants that were associated with protein abundance levels. This, combined with the MR

methodology, reduced the influence of confounding and bias through reverse causation on causal

estimates. Drug targets with genetic evidence are twice as likely to be approved and pass

phase II and III clinical trials [98, 232], highlighting how MR and colocalisation can be used to

improve drug discovery pipelines. Combining results with evidence from studies and databases

with orthogonal sources of bias, namely from the OT Platform and DGIdb, helped strengthen

inferences. Similarly, evidence collated from in vivo studies and clinical trials showed some of

the highlighted targets had drugs already implicated in glioma treatment and had generally

acceptable safety profiles.

This research was not without limitations, however. Small sample sizes, particularly within

the brain pQTL dataset, limited robust causal inference and interrogative sensitivity analyses.

Many proteins were instrumented by single SNPs, further limiting analyses to examine the

presence of horizontal pleiotropy, though this is inherent for QTL studies generally. Inclusion of

trans-SNPs for the blood pQTL dataset was intended to increase statistical power and potentially

allow for such analyses but many proteins were still only instrumented by a singular SNP.

Including trans-SNPs in this way may seem to unnecessarily increase the risk of pleiotropy in

a dataset that is unable to deeply analyse its presence, but in their phenome-wide MR study

of the plasma proteome on complex diseases, Zheng, et al. concluded that inclusion of trans

SNPs increased the variance explained for associated proteins and, importantly for this research,

identified potentially important therapeutic targets that were not instrumented by cis-SNPs [400].

Overall, all of the proteins in the main results for this Chapter were instrumented by single cis

SNPs. There were also limitations present inherent to the methodologies used; MR, in particular,

provides estimates for lifetime exposure to protein abundance levels whereas, in reality, protein

levels will frequently change over much smaller time courses. Finally, care should be taken if

directly interpreting the results of the pQTL analyses because the unit of measurement in the

brain-derived pQTL dataset was unknown.
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The MR analyses in this Chapter provided causal estimates for variance in protein abundance

levels on glioma risk. The evidence collated as part of Section 5.3.2 - Triangulation of Evidence

uniformly consisted of drugs and targets investigated within the context of glioma treatment. As

stated previously in this Chapter, it does not necessarily follow that factors and targets for disease

risk translate to factors and targets for disease progression. For the MR analyses to investigate

this, a GWAS for progression would be required but data in this area are severely lacking [259].

Altogether, the supporting evidence from the literature search provided limited support for a

putative drug target’s efficacy for prevention of glioma. However, the collated evidence generally

showed drugs whose pharmacodynamics targetted the highlighted proteins and were generally

tolerable for glioma patients. Therefore, although evidence for efficacy was limited by different

investigated outcomes (i.e., risk versus progression), the evidence did support: i) the drug as a

potential candidate to prevent glioma, and ii) the drug as safe and tolerable for glioma patients.

5.5 Summary

This Chapter provided evidence that supported causal inferences for the effect of germline vari-

ants associated with protein abundance levels on glioma risk. Correlation of MR causal estimates

were examined between gene expression and protein abundance QTLs and glioma subtype risk,

and revealed that QTLs of one type did not inform on QTLs of another across either brain or

blood tissues. Finally, evidence combined from drug identification and prioritisation platforms

and databases highlighted genes and proteins as existing targets for glioma chemoprevention.

These analyses showed that a combined MR-colocalisation framework can identify drug targets

for glioma chemoprevention; and, with integration of more descriptive datasets and evidence,

this framework could also identify novel targets for glioma or other diseases. Further in vivo or

pharmaco-epidemiological studies can then interrogate these results before undertaking clinical

trials to determine safety and efficacy in patients, providing much needed evidence to increase

the success rates of such trials.
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6
ROLE OF TREATMENTS FOR HYPERLIPIDAEMIA AND DIABETES IN

RISK AND MORTALITY OF PRIMARY AND SECONDARY BRAIN

TUMOURS

This project was undertaken as a part of a pre-published piece of work [291], under review at

the European Journal of Epidemiology. The original idea of the project was devised by Yoav

Ben-Shlomo, Richard Martin, Kathreena Kurian and Maria Theresa Redaniel. Permissions to

conduct the analysis were obtained by the aforementioned co-authors. Data were extracted from

CPRD by Maria Theresa Redaniel and Martha Elwenspoek. My roles in this analysis consisted

of cleaning and linkage of CPRD data, conducting all analyses and interpreting results, with

supervision from Yoav Ben-Shlomo, Richard Martin, and Kathreena Kurian. I wrote the initial

and follow-up drafts of the paper along with supervision from Yoav Ben-Shlomo, Richard Martin

and Kathreena Kurian, which included producing all tables and figures.

6.1 Introduction

D rug companies are increasingly withdrawing from the development of novel drugs due to

significant costs and high failure rates, which is especially true for cancer therapeutics

[157]. However, re-purposing existing approved drugs for different diseases than origi-

nally designed provides significant advantages over how drugs are traditionally developed saving

substantial time and costs involved in conducting new clinical trials. Furthermore, re-purposing

drugs with approval for treatment in other diseases means that the safety profile of the agent is

relatively well-known and results in more successful early clinical trials during phases I and II.

As discussed in Section 1.7.3 - Chemotherapy, the treatment regime for glioma mostly consists of

temozolomide (TMZ), a chemotherapeutic agent which was granted approval from the National
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Institute of Health and Care Excellence (NICE) in 2001. There is a desperate need for more

drugs and treatments that can be used to treat BT patients, with two areas of particularly

urgent need. The first is to slow or stop progression to improve mortality rates once the patient

has a BT. The second area is regarding preventing secondary and metastatic tumours, which

are commonly found from primary sites such as breast, lung and skin (though others as well).

Incidence of metastatic BT are increasing, due to a variety of reasons, e.g., better survival rates

amongst primary cancers which metastasise to the brain [68]. Overall, any drugs which may

be re-purposed to prevent incidence or improve mortality of BT would be important for patient

outcomes.

Nuclear hormone receptors (NHR) have crucial roles in cellular homeostasis and have been

implicated in the development of cancer. Peroxisome proliferator-activated receptors (PPARs)

are a family of ligand-activated transcription factors that regulate the expression of genes and,

as a subtype of NHRs, are involved in the control of proliferation and differentiation of cells

[181, 271, 295]. This has marked PPARs as potential candidates in the treatment of cancer, with

some studies showing beneficial outcomes in animal models and some early-stage human trials

[18, 75, 228, 331]. There are three isoforms of PPARs which are designed as -α, -β/δ and -γ. The

genes regulated by these transcription factors are also involved in the transport, metabolism and

storage of fatty acids, inflammation and diabetes mellitus [183, 271, 353]. PPAR-α and -γ are

of considerable clinical significance due to the existence of agonistic compounds that these bind

to, namely hypolipidaemic fibrates and anti-diabetic thiazolidinediones (glitazones) respectively.

Importantly for brain cancer, and other brain-related diseases, both drugs have been observed to

cross the blood-brain barrier [80, 97].

PPAR-α expression has been seen to be enriched within the classical glioblastoma (GBM)

subtype and constituted an independent prognostic marker for improved overall survival [137].

PPAR-γ is increased in human breast cancer, and ligand activation of this receptor results in a

more differentiated and thus less malignant state of the disease [227] and reduced growth of colon

cancer cells [306]. Pioglitazone, a PPAR-γ agonist, showed a dose-dependent reduction of glioma

tumour invasion in murine glioma models when combined with 6-OH-11-O-hydroxyfenantrene

(IIF) [257].

Human evidence is limited with a meta-analysis of 17 randomised placebo-controlled trials,

and a separate phase II trial, suggesting that PPAR-α agonists may not succeed as anti-cancer

agents in general [32, 293]. However, the first of these studies did not look directly at central

nervous system (CNS) cancer and the second of these studies did not have a large cohort of CNS

cancer cases (n = 97). A previous case control study found that diabetic GBM patients were less

likely to be treated with a PPAR-γ agonist when compared to a hip fracture control population

[119], though the study was potentially biased as thiazolidinedione use may be over-represented

amongst people with fractures [85, 219].

Analyses presented in this Chapter explored whether there was evidence for the re-purposing
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of two types of drugs, fibrates and glitazones, in reducing risk and in improving mortality rates of

primary and secondary BT when compared with other drug treatments for hyperlipidaemia and

type 2 diabetes. It is important to note that analyses in this Chapter use BT as outcome, and not

solely gliomas, to increase the number of cases available. This is described further in Section 6.2 -

Methods.

6.2 Methods

Two nested case-control studies and a case-only clinical cohort study were undertaken to ex-

amine the effects of exposure to fibrates and glitazones on BT risk and mortality. Fibrates are

anti-hyperlipidaemic medications and glitazones are anti-type 2 diabetic medications. Data

were obtained from the UK Clinical Practice Research Datalink (CPRD). CPRD is a primary

care database with clinical information on over 11 million people from more than 670 UK GP

practices [145]. The CPRD is a well-described and validated database of healthcare records, and

representative of the general UK population [145, 146].

The study was approved by the Independent Scientific Advisory Committee (ISAC) for the UK

Medicines and Healthcare Products Regulatory Agency (ISAC protocol number: 18_149R). The

data were extracted from CPRD GOLD and linked to Office of National Statistics (ONS) death

registration data and census data on area deprivation.

6.2.1 Participants

In total, there were 15,538,338 participants available in the CPRD Gold, August 2018 snapshot.

Participants were eligible for inclusion into this study if they were 18 years or older and registered

within the CPRD between 1 January 2000 to 31 December 2016, the former being the first year

that glitazones were licensed within the UK. Follow-up was stopped when one of the following

occurred: death; BT diagnosis; end of registration at a CPRD GP practice; or the end-date of the

study. It was specified for inclusion that BT patients must have received their diagnosis after

registration at a CPRD participating GP practice due to the possibility that their prescription

history may be missing or incomplete.

All participants in the nested case-control studies had to be treated with either an anti-

hyperlipidaemic or anti-diabetic medication before the end date of the study to reduce the

likelihood of confounding by indication (explained further in Section 6.2.4 - Exposures), a type of

confounding which can distort the association between exposure and outcome when an indication

(in this studies, this is the reason to prescribe) is also associated with the exposure and outcome.

Participants treated solely with insulin therapy were dropped from the analyses as the indication

of interest was oral treatments for diabetes. Participants with diabetes who started on an oral

medication but at some point received insulin therapy were still eligible for inclusion. Participants

on combination therapy (for example, both glitazone plus another anti-diabetic medication) were
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not excluded so long as their treatment included drugs of interest. Similarly, some people were

exposed to both fibrates and glitazones, in which case these were considered exposed to both drugs

in both case-control analyses. Sensitivity analysis also investigated the effects of monotherapy.

In the cohort study, all BT patients in CPRD GOLD were included, regardless of fibrate or

glitazone drug exposure were included so long as they had a minimum of one year of follow-up of

observation prior to censoring. This was to be analogous to a trial of newly diagnosed BT patients,

some of whom are treated and some are not – however, this is a non-randomsed comparison and

thus may be biased and limits causal inference.

6.2.2 Cases

Cases were defined as those patients who were diagnosed with a brain tumour (primary or

secondary) using Read codes based on histopathological analysis according to World Health

Organisation (WHO) guidelines. Appendix E lists Read codes and CPRD descriptions used to

define cases. Secondary tumours were included as fibrates and glitazones may theoretically effect

risk of other tumours which spread to the brain. Only incident brain tumour patients were

included, i.e. first recorded diagnosis after registration at a GP practice, otherwise there is the

possibility that their prescription history may be missing or incomplete. Finally, this definition of

cases was used for both the nested case-control and cohort studies.

6.2.3 Controls

In the nested case-control studies, potential controls were identified and then randomly sampled

such that up to four controls were selected per case using the following criteria. First, controls

were defined as those participants without diagnosis of a brain tumour and contemporaneously

registered within the CPRD. Controls were then subject to the same selection criteria as cases

and were strata matched by age group (< 20, 20−29, 30−39, 40−49, 50−59, 60−69, 70−79 and

≥ 80) and sex.

Immortal time and time-window biases are common in pharmaco-epidemiology studies.

Immortal time bias occurs when participants cannot experience the outcome during the study

follow-up period and so appear immortal, and time-window bias occurs when different methods

to select controls inherently means a longer potential exposure duration than cases, thereby

inducing a spurious negative association between the exposure and outcome [337]. To address

these biases, controls were required to have the same retrospective duration of potential exposure

(any drug treatment for either hyperlipidaemia or diabetes) within the CPRD as cases, based

on the case index date plus or minus six months. For example, if a case had 6.3 years of any

retrospective drug history from their index date in 2013, then only controls who also had between

5.8 and 6.8 years of any drug exposure over the same secular time period were sampled. This

meant that both cases and controls had the same potential for recorded exposure to any anti-

hyperlipidaemic or anti-diabetic drug. This bias is illustrated in Figure 6.1. As baseline was
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defined as the first date of exposure to any drug treatment for either hyperlipidaemia or diabetes,

including first line treatments such as statins or metformin, immortal time bias should be avoided

which would otherwise have been induced if follow-up started instead from the use of fibrates or

glitazones (which are commonly second line therapies). Finally, incident users were sampled, and

not prevalent users, as baseline was defined at first treatment in the nested case-control studies

to mimic the design of a trial.

In the cohort study, all BT patients in CPRD GOLD were included from 2000-2016, regardless

of fibrate or glitazone drug exposure, as long as they had a minimum of one year of follow-up of

observation prior to censoring. The baseline for start of follow-up was set at date of diagnosis as

recorded in CPRD. This analytical strategy is analogous to a trial of newly diagnosed BT patients,

some of whom are treated and some who are not, though it is a non-randomised comparison and

thus may be biased.
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Figure 6.1: Portrayal of time-window bias [337]. The bias may be induced due to the inherently
longer observation duration controls will have compared to cases. Cases will therefore have a
shorter duration in which they may be exposed to the drug of interest compared to controls.
This can lead to the incorrect conclusion of a protective effect when there is none. Allowing for a
similar or the same time-window in which cases and controls have equal chances of being exposed
can therefore account for this bias (see (b)). (a) is adapted from Suissa, et al. [337].

/
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6.2.4 Exposures

Participants were classified as exposed if they received a fibrate or glitazone prescription for

the treatment of hyperlipidaemia or type 2 diabetes and were compared to those who received

another drug for the management of those diseases (classified as unexposed). Product codes used

to determine exposure status are given in Appendix F & G.

As stated in Section 6.2.1 - Participants, it was specified all participants had to be prescribed

any medication to treat hyperlipidaemia or type 2 diabetes, not just fibrates and glitazones.

This was done with the purpose to reduce the risk of confounding by indication, whereby the

indication of a drug (a pharmacological term to describe the reason to prescribe) can induce a

distorted association between the exposure and outcome should it also be associated with both

itself. Figure 6.2 shows an example of this confounding in the glitazone analyses. The way to

reduce the risk of inducing confounding by indication is to include many different indications

– if the association between exposure and outcome is consistent across indications then that

association can be deemed unlikely to have arisen due to confounding by indication. By including

different fibrates and glitazones with different indications this should go some way to account

for presence of this type of confounding. For example, not just fenofibrate was included in the

analyses, but also bezafibrate, ciprofibrate and gemfibrozil. However, despite steps taken to

reduce the influence of this confounding on the results, it was not possible to completely eliminate

the potential for confounding by indication.

Figure 6.2: Graph indicating how confounding by indication may be induced in these analyses,
with an example given for the glitazone study. Severity of diabetes, i.e., the indication of glitazone
prescription, is associated with exposure to glitazone and may also be associated with BT risk
and prognosis [320]. Glitazone exposure is inherently be associated with severity of diabetes.
As this study sought to understand the association between glitazone exposure and BT risk
and prognosis, confounding by indication may be induced should the hypothesised link between
severity of diabetes and BT risk/prognosis exist.

Three types of exposure variables were created, based on prescription data: i) a binary variable

(yes/no) to indicate if the participant was ever exposed to a prescription for fibrates or glitazones

as compared to any other drug for the management of hyperlipidaemia or type 2 diabetes. This

variable was used in both the nested case-control and cohort studies; ii) the total uninterrupted
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time each participant was prescribed either fibrates or glitazones before censoring was calculated

(referred to as "longest exposure duration"). Each uninterrupted prescription duration (defined

as no breaks of 90 days or more between prescriptions) was summed, and the longest of these

durations was used as the longest exposure duration; iii) the total prescription duration was

also calculated, with or without interruptions, referred to as "total exposure duration". Exposure

duration for both longest and total exposure duration were categorised into unexposed and yearly

categories: exposure ≤ 1 year, >1 and ≤ 2 years, >2 and ≤ 3 years, etc.. Due to small numbers

of participants reaching longer exposure durations, any duration exposure periods over 6 years

were considered in the longest duration category in the glitazone analysis, and over 7 years as

the longest duration category in the fibrate analysis.

6.2.5 Confounders and Covariates

The following variables were considered as potential confounders that might influence both risk

of developing or dying from a brain tumour, as well as potentially influencing the choice of drug

agent that a doctor might prescribe: age, sex and socio-economic status (SES). An ecological proxy

measure, the Index of Multiple Deprivation 2015 (IMD) [78], was used to proxy for SES. This is

a commonly used measure in the UK that uses census data on a wide variety of economic and

health factors to derive a postcode-based deprivation score so that that a higher score indicates

less deprivation. IMD scores were grouped into five equal sized groups (quintiles) from most to

least deprived areas, so that adjustment for non-linear associations was possible.

In the analyses for diabetic medications, it was important to adjust for severity or degree of

diabetic control as a potential confounder as this may determine choice of anti-diabetic medica-

tions and possible cancer risk and progression. Therefore, where available, mean glycosylated

haemoglobin (HbA1c) levels were calculated and linked to each participant. Units were con-

verted and standardised to the International Federation of Clinical Chemistry (IFCC) units in

mmols/mol. An ordinal variable was constructed with three levels: 1, indicating well controlled

diabetes for levels ≤ 58 mmols/mol; 2, indicating sub-optimally controlled diabetes for levels

> 58 mmols/mol and ≤ 75 mmols/mol; and 3, indicating poorly controlled diabetes for levels > 75

mmols/mol. If no measures of the participant’s HbA1c levels were identified in the database,

it was initially assumed they had mild or well controlled diabetes and these participants were

assigned into the lowest ordinal level based on the assumption that the clinician did not feel it

necessary to monitor the participant’s glycaemic control. Sensitivity analyses were conducted to

test this assumption, described in . Post-baseline HbA1c readings were included, as attempting

to restrict HbA1c to only pre-baseline measurements meant there was a large amount of missing

data.

Potential confounders described thus far were considered to be the same in both the nested

case-control and cohort studies. For the cohort study only, it was also assumed participants

with more co-morbidities would be more likely to die and this may also influence the choice of
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medication by the prescribing GP. Therefore, to assess the affect of exposure and BT prognosis,

a measure of each participant’s co-morbidities was included as a covariate. The Charlson co-

morbidity index score [126] was derived using a list of Read codes from Khan, et al.[172]. This

resulted in an ordinal score, which was calibrated to 4 units (half the interquartile range) so that

the model coefficient is for a 4-unit change in Charlson co-morbidity index score.

6.2.6 Statistical Methods

The fibrate and glitazone nested case-control study analyses were conducted using logistic

regression to compute odds ratios (OR) and 95% confidence intervals (CI) for exposure status

to fibrate and glitazone drugs and exposure duration to the two types of drugs and case-control

status. Unadjusted and multivariable models were ran and adjusted for age, sex, IMD quintile

score, retrospective prescription history duration for both the fibrate and glitazone studies.

Measurements of HbA1c levels were included in models in the glitazone study. Retrospective

prescription history duration, which was the variable constructed to ensure cases and controls

had the same retrospective prescription history in CPRD, thus accounting for time-window bias,

was adjusted for to ensure equal chance of being exposed in both cases and controls.

Pearce, in their 2016 paper, described how running conditional (matched) logistic model may

induce bias into results for studies which do not necessarily require a matched analysis [262]. As

controls were matched to cases upon inclusion, matching was already inherent to this analysis.

Therefore, an unmatched logistic regression should suffice so long as matching variables were

treated as covariates (and were included in the multivariable models).

Dose exposure was analysed both as a continuous ordinal variable and also as a "dummy"

(categorical based on per year categories) variable so it was possible to check for any evidence of

non-linearity in the pattern of the OR.

The cohort study analyses consisted of both unadjusted Kaplan-Meier graphs and adjusted

Cox proportional hazards models with estimated hazard ratios (HR) and 95% CIs. The propor-

tional hazards assumption was tested by examination of the scaled Schoenfeld residuals.

6.2.7 Sensitivity Analyses

Several sensitivity analyses were conducted to check the robustness of the initial findings: i)

first drug exposure: exposure was re-classified as being only if the participant’s first medication

was a fibrate or glitazone. Hence someone whose first treatment was another drug but was later

switched to a glitazone or fibrate was classified as unexposed in this analysis. This was done to

examine for the potential of selection bias; ii) dual exposures: participants were dropped from

the analysis if they were exposed to both a fibrate and a glitazone; iii) latency periods: analyses

were repeated excluding any exposure for six, 12 and 24 months prior to the index date to test

for a potential latency period between exposure and physiological effects. If exposure suppresses

tumour development, it is biologically implausible to see an effect within a very short time
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period (i.e. no latency). If however, exposure slows the rate of growth of an existing sub-clinical

tumour, then there may be no latency period; iv) glycaemic control: the assumption that missing

HbA1c levels should not have been allocated to the well-controlled group was tested by using

multiple imputation to predict missing HbA1c levels based on: case-control status, age, IMD,

sex, retrospective prescription history, ever exposure to a glitazone, total glitazone exposure and

number of consultations, defined as each day the patient had at least one in-person consultation.

55 datasets were generated, roughly equal to the missingness of the data, and these were then

combined using Rubin’s rule. Analyses were also repeated without HbA1c adjustment and on

the complete case subset, so that any participants with missing HbA1c levels were dropped; v)

primary and secondary tumours: the case-control analyses were repeated stratified by primary

and secondary BT to see if there was any evidence of heterogeneity of effect. This was not possible

for the cohort study where only a few participants were exposed to the drugs overall, and hence

afforded little power (76 primary and 56 secondary-diagnosed participants were exposed to a

fibrate and 64 primary and 35 secondary-diagnosed participants were exposed to a glitazone).

6.3 Results

After data extraction, cleaning and linkage, the study populations consisted of 9,741 participants

with 129,356 person years of follow up in the fibrate case-control study, 2,400 participants with

30,871 person years of follow up in the glitazone study and 7,496 participants with 13,805 person

years of follow up in the cohort study (see flowcharts for participant selection in Figure 6.3, 6.4 &

6.5).
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Figure 6.3: Participant selection for the anti-hyperlipidaemic medications case-control study.
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Figure 6.4: Participant selection for the anti-diabetic medications case-control study.
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Figure 6.5: Participant selection for the cohort study.
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Characteristics for the fibrate nested case-control study are presented in Table 6.1. Cases

appeared to have similar probability of exposure to fibrates but less exposure to glitazones

compared to controls. For fibrates, there was little evidence that ever exposed (adjusted OR (aOR)

= 0.98; 95% CI: 0.78, 1.24; P = 0.88), per year increase in longest duration of exposure (aOR

= 0.97; 95% CI: 0.91, 1.03; P = 0.35) or per year increase in total duration of exposure (aOR

= 0.97; 95% CI: 0.92, 1.01; P = 0.11) was associated with risk. There was also little evidence

of a dose-response relationship between fibrate exposure and BT risk either as a continuous

or dummy (categorical) variable. Sensitivity analyses using different exposure variables found

similar results but with less precision. Results for the fibrates nested case-control study are given

in Table 6.2.

Characteristics for the glitazone nested case-control study are presented in Table 6.3. For

glitazone exposure, the association with ever exposed was consistent with chance (aOR = 0.80;

95% CI: 0.63, 1.03; P = 0.08) but there was an inverse association with duration of longest

exposure (aOR per year = 0.88; 95% CI: 0.81, 0.95; P = 2.00×10−3) and total exposure (aOR

= 0.85; 95% CI: 0.79, 0.92; P = 8.00×10−5). Analysis by duration period was consistent with

an effect only being observed after four years as all the ORs were less than one, however the

CIs for the shorter duration periods were sufficiently wide as to not exclude any effect from

earlier periods. The sensitivity analysis which only classified exposed if a glitazone was the first

medication found no association but with very wide CIs due to fewer exposed cases and controls

(aOR = 1.23; 95% CI: 0.40, 3.80, P = 0.86). These results are presented in Table 6.4.

The first step to investigate the assumption that participants with missing HbA1c levels

should be categorised as well-controlled (i.e., in the lowest category for the categorical variable)

was to conduct a positive control test. As glitazones are routinely used as a second line therapy in

the UK, glitazone usage should therefore associate with worse glycaemic control (higher HbA1c

measurements). This was observed in both the crude and adjusted models, where fibrate exposure

was also tested to show the lack of an association. These results are presented in Appendix H.

After this, multiple imputation was used to how best to deal with missingness in the HbA1c

variable. This sensitivity analysis showed that the inverse relation for glitazone exposure and

BT risk remained when including imputing missing HbA1c values (aOR = 0.81, 95% CI: 0.66,

1.00; P = 0.11) and by not adjusting for HbA1c levels at all (aOR = 0.79, 95% CI: 0.62, 1.02;

P = 0.07). However, this association was attenuated to the null in the complete case analysis

(aOR = 0.91, 95% CI: 0.59, 1.40; P = 0.67). Similar results were also observed for the exposure

duration variables. In both the imputed and complete case analyses, there was no association

between HbA1c levels and case-control status suggesting that HbA1c may not be a confounder.

These results are presented in Appendix H.

Analyses investigating the effects of monotherapy (i.e. participants were dropped if exposed

to both a fibrate and a glitazone) and the potential of a latency period found similar results to the

main case-control analyses, though generally confidence intervals were wider and results were
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Table 6.1: Patient characteristics for the fibrate nested case-control study.

Variable Cases (%) Controls (%) Crude OR (95% CI) P
N = 1950 N = 7791

Fibrate exposure status
Exposed 124 (6.4%) 523 (6.7%) 0.94 (0.77, 1.16) 0.58
Unexposed 1826 (93.6%) 7268 (93.3%) Referent -

Mean fibrate exposure dura-
tion (longest), days (SD)

743 (989) 813 (1018) 0.98 (0.93, 1.03) a 0.44

Mean fibrate exposure dura-
tion (total), days (SD)

925 (1202) 1141 (1319) 0.97 (0.92, 1.01) a 0.11

First drug exposure status
Fibrate 61 (3.1%) 265 (3.4%) 0.92 (0.69, 1.22) 0.54
Other anti- hyperlipi-

daemia drug
1889 (96.9%) 7526 (96.6%) Referent -

Sex
Male 1118 (57.3%) 4469 (57.4%) Referent -
Female 832 (42.7%) 3322 (42.6%) 1.00 (0.91, 1.11) 0.98

Age, years
<20 0 (0.0%) 0 (0.0%) - -
20 - 29 0 (0.0%) 0 (0.0%) - -
30 - 39 2 (0.1%) 5 (0.1%) 1.58 (0.31, 8.17) 0.58
40 - 49 6 (0.3%) 29 (0.4%) 0.82 (0.34, 1.98) 0.66
50 - 59 40 (2.1%) 193 (2.5%) 0.82 (0.58, 1.16) 0.26
60 - 69 220 (11.3%) 848 (10.9%) 1.03 (0.87, 1.21) 0.75
70 - 79 561 (28.8%) 2279 (29.3%) 0.97 (0.87, 1.09) 0.65
≥ 80 1121 (57.5%) 4437 (57.0%) Referent -

IMD, quintile
1, lower SES 457 (23.4%) 1768 (22.7%) 1.05 (0.91, 1.22) 0.48
2 439 (22.5%) 1790 (23.0%) Referent -
3 430 (22.1%) 1594 (20.5%) 1.10 (0.95, 1.28) 0.21
4 331 (17.0%) 1466 (18.8%) 0.92 (0.79, 1.08) 0.31
5, higher SES 293 (15.0%) 1173 (15.1%) 1.02 (0.86, 1.20) 0.83

Mean prescription history,
years (SD)

1.98 (2.26) 1.95 (2.25) 1.00 (0.98, 1.03) a 0.68

a OR for these variables were calculated for per year increase in variable.
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Table 6.2: Results from the logistic regressions for the nested case-control study to investigate
the effect of fibrate exposure on BT risk. Model adjusted for sex, age, IMD and retrospective
prescription history (categorised yearly).

Variable Cases (%) Controls (%) Adjusted OR (95% CI) P
N = 1950 N = 7791

Fibrate exposure status
Exposed 124 (6.4%) 523 (6.7%) 0.98 (0.78, 1.24) 0.88
Unexposed 1826 (93.6%) 7268 (93.3%) Referent -

Mean fibrate exposure du-
ration, days (SD)

743 (989) 813 (1018) 0.97 (0.91, 1.03) a 0.35

Mean fibrate exposure du-
ration (total), days (SD)

925 (1202) 1141 (1319) 0.97 (0.92, 1.01) a 0.11

Per-year fibrate exposure
Unexposed 1855 (95.1%) 7404 (95.0%) Referent -
≤ 1 year 51 (2.6%) 185 (2.4%) 1.10 (0.81, 1.51) 0.56
1 < years ≤ 2 17 (0.9%) 62 (0.8%) 1.10 (0.64, 1.88) 0.68
2 < years ≤ 3 5 (0.3%) 36 (0.5%) 0.55 (0.22, 1.41) 0.18
3 < years ≤ 4 4 (0.2%) 24 (0.3%) 0.67 (0.23, 1.92) 0.44
4 < years ≤ 5 5 (0.3%) 23 (0.3%) 0.87 (0.33, 2.28) 0.77
5 < years ≤ 6 3 (0.2%) 9 (0.1%) 1.33 (0.36, 4.92) 0.68
6 < years ≤ 7 4 (0.2%) 14 (0.2%) 1.16 (0.38, 3.55) 0.79
> 7 years 6 (0.3%) 34 (0.4%) 1.74 (0.45, 6.75) 0.44

First drug exposure sta-
tus

Fibrate 38 (2.0%) 158 (2.0%) 0.97 (0.67, 1.38) 0.85
Other anti- hyperlipi-

daemia drug
1912 (98.0%) 7633 (98.0%) Referent -

a OR for these variables were calculated for per year increase in variable.

attenuated due to smaller numbers of cases. These results are presented in Appendix I & J.

Examining how exposure to fibrates and glitazones affected risk of primary and secondary

BT separately found similar results compared to the analyses using all cases combined. That is,

only exposure to glitazones showed a reduction in risk of developing either primary or secondary

BT. Results from these analyses were noticeably attenuated or had wider CI due to the smaller

number of participants. These results are shown in Table 6.5.

Finally, in the cohort study, there was little evidence that exposure to fibrates improved sur-

vival rates when compared to the non-exposed population (unadjusted exposed median survival

time = 3.31 months, 95% CI: 2.62, 4.85 months versus unadjusted unexposed median survival

time = 3.77 months, 95% CI: 3.57, 4.16 months) (Figure 6.6). There was also little evidence to

suggest that glitazones were associated with survival when compared to the unexposed pop-

ulation (unadjusted exposed median survival time = 3.87 months, 95% CI: 2.85, 6.56 months

versus unadjusted unexposed median survival time = 5.11 months, 95% CI: 4.26, 5.87 months)
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Table 6.3: Patient characteristics for the glitazone nested case-control study.

Variable Cases (%) Controls (%) Crude OR (95% CI) P
N = 480 N = 1920

Glitazone exposure status
Exposed 97 (20.2%) 460 (24.0%) 0.80 (0.63, 1.03) 0.08
Unexposed 383 (79.8%) 1460 (76.0%) Referent -

Mean glitazone exposure du-
ration (longest), days (SD)

607 (583) 872 (760) 0.88 (0.81, 0.95) a 0.002

Mean glitazone exposure du-
ration (total), days (SD)

603 (720) 1002 (823) 0.85 (0.79, 0.92) a 0.00008

First drug exposure status
Glitazone 4 (0.8%) 13 (0.7%) 1.23 (0.40, 3.80) 0.86
Other anti-type 2 diabetes

drug
476 (99.2%) 1907 (99.3%) Referent -

Sex
Male 277 (57.7%) 1108 (57.7%) Referent -
Female 203 (42.3%) 812 (42.3%) 1.00 (0.82, 1.22) 1.00

Age, years
<20 1 (0.2%) 1 (0.1%) 3.93 (0.24, 63.00) 0.33
20 - 29 1 (0.2%) 7 (0.4%) 0.56 (0.07, 4.58) 0.59
30 - 39 3 (0.6%) 11 (0.6%) 1.07 (0.30, 3.87) 0.92
40 - 49 7 (1.5%) 28 (1.5%) 0.98 (0.42, 2.27) 0.97
50 - 59 15 (3.1%) 76 (4.0%) 0.78 (0.44, 1.37) 0.38
60 - 69 56 (11.7%) 233 (12.1%) 0.94 (0.68, 1.30) 0.73
70 - 79 135 (28.1%) 535 (27.9%) 0.99 (0.79, 1.25) 0.94
≥ 80 262 (54.6%) 1029 (52.6%) Referent -

IMD, quintile
1, lower SES 90 (18.8%) 362 (18.9%) 1.33 (0.95, 1.86) 0.09
2 114 (23.8%) 376 (19.6%) 1.62 (1.18, 2.24) 0.003
3 109 (22.7%) 384 (20.0%) 1.52 (1.10, 2.10) 0.01
4 78 (16.3%) 418 (21.8%) Referent -
5, higher SES 89 (18.5%) 380 (19.8%) 1.26 (0.90, 1.75) 0.18

Mean prescription history,
years (SD)

2.12 (2.41) 1.99 (2.27) 1.02 (0.98, 1.07) a 0.27

HbA1c
1, well controlled 418 (87.0%) 1490 (77.6%) Referent -
2 42 (9.0%) 305 (15.9%) 0.49 (0.35, 0.69) 0.001
3, poorly controlled 20 (4.0%) 125 (6.5%) 0.57 (0.35, 0.93) 0.02
Missing (coded as 1) 338 (70.4%) 979 (51.0%) - -

a OR for these variables were calculated for per year increase in variable.

127



CHAPTER 6. RE-PURPOSING FIBRATES AND GLITAZONES FOR BRAIN TUMOURS

Table 6.4: Results from the logistic regressions for the nested case-control study to investigate
the effect of glitazone exposure on BT risk. Model adjusted for sex, age, IMD, retrospective
prescription history (categorised yearly) and mean HbA1c measurements.

Variable Cases (%) Controls (%) Adjusted OR (95% CI) P
N = 480 N = 1920

Glitazone exposure status
Exposed 97 (20.2%) 460 (24.0%) 0.80 (0.65, 1.07) 0.14
Unexposed 383 (79.8%) 1460 (76.0%) Referent -

Mean glitazone exposure
duration (longest expo-
sure duration), days (SD)

607 (583) 872 (760) 0.88 (0.81, 0.95) a 0.002

Mean glitazone exposure
duration (total exposure
duration), days (SD)

603 (720) 1002 (823) 0.86 (0.79, 0.92) a 0.00008

Per-year glitazone expo-
sure

Unexposed 383 (79.8%) 1460 (76.0%) Referent -
≤ 1 year 41 (8.5%) 151 (7.9%) 1.11 (0.77, 1.61) 0.59
1 < years ≤ 2 23 (4.8%) 89 (4.6%) 1.06 (0.66, 1.71) 0.82
2 < years ≤ 3 29 (4.0%) 66 (3.4%) 1.13 (0.67, 1.92) 0.65
3 < years ≤ 4 8 (1.7%) 61 (3.2%) 0.52 (0.25, 1.10) 0.07
4 < years ≤ 5 2 (0.4%) 41 (2.1%) 0.18 (0.04, 0.77) 0.003
5 < years ≤ 6 2 (0.4%) 23 (1.2%) 0.30 (0.07, 1.30) 0.06
> 6 years 2 (0.4%) 29 (1.5%) 0.44 (0.10, 1.94) 0.23

First drug exposure sta-
tus

Glitazone 4 (0.8%) 13 (0.7%) 1.10 (0.35, 3.44) 0.87
Other anti-type 2 dia-

betes drug
476 (99.2%) 1907 (99.3%) Referent -

a OR for these variables were calculated for per year increase in variable.

(Figure 6.7). Similarly, the results from the Cox’s proportional hazards models showed little

evidence of an association between either fibrate or glitazone exposure and risk of death, both

unadjusted and adjusted for other covariates (Table 6.6).
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Table 6.5: Follow-up analysis to determine how exposure to fibrates and glitazones differentially
affected primary and secondary brain tumour risk. Model adjusted for sex, age, IMD and
retrospective prescription history. HbA1c adjustment were made in the glitazones analyses.

Variable Cases (%) Controls (%) Adjusted OR (95% CI) P

Fibrates - Primary cases only
N = 1094 N = 4375

Fibrate exposure status
Exposed 68 (6.2%) 278 (6.4%) 0.99 (0.75, 1.30) 0.94
Unexposed 1026 (93.8%) 4097 (93.7%) Referent -

Mean fibrate exposure du-
ration (longest), days (SD)

799 (1050) 755 (913) 1.01 (0.94, 1.09) a 0.76

Mean fibrate exposure du-
ration (total), days (SD)

969 (1183) 1073 (1233) 0.99 (0.93, 1.05) a 0.64

Fibrates - Secondary cases only
N = 856 N = 3416

Fibrate exposure status
Exposed 56 (6.5%) 245 (7.2%) 0.91 (0.67, 1.23) 0.55
Unexposed 800 (93.5%) 3171 (92.8%) Referent -

Mean fibrate exposure du-
ration (longest), days (SD)

676 (913) 878 (1123) 0.95 (0.87, 1.03) a 0.16

Mean fibrate exposure du-
ration (total), days (SD)

871 (1232) 1217 (1408) 0.95 (0.88, 1.01) a 0.08

Glitazones - Primary cases only
N = 278 N = 1112

Glitazone exposure status
Exposed 61 (21.9%) 261 (23.5%) 0.96 (0.69, 1.33) 0.81
Unexposed 217 (78.1%) 851 (76.5%) Referent -

Mean glitazone exposure
duration (longest), days
(SD)

551 (599) 851 (754) 0.89 (0.80, 0.98) a 0.02

Mean glitazone exposure
duration (total), days (SD)

684 (695) 1000 (809) 0.90 (0.82, 0.99) a 0.02

Glitazones - Secondary cases only
N = 202 N = 808

Glitazone exposure status
Exposed 36 (17.8%) 199 (24.6%) 0.68 (0.46, 1.02) 0.06
Unexposed 166 (82.2%) 609 (75.4%) Referent -

Mean glitazone exposure
duration (longest), days
(SD)

701 (550) 899 (767) 0.87 (0.77, 0.99) a 0.02

Mean glitazone exposure
duration (total), days (SD)

845 (681) 1073 (842) 0.88 (0.79, 0.98) a 0.01

a OR for these variables were calculated for per year increase in variable.
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Figure 6.6: Kaplain-Meier curve for the results from the cohort analysis investigating the effects of fibrate exposure on brain tumour
survival.
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Figure 6.7: Kaplain-Meier curve for the results from the cohort analysis investigating the effects of glitazone exposure on brain tumour
survival.
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6.4 Discussion

This Chapter presented a pharmaco-epidemiological study which examined the effects of fibrate

and glitazone exposure on risk and survival of BT compared to other treatments for hyper-

lipidaemia and type 2 diabetes. There have been various in vivo studies that have suggested

fibrate exposure may be protective for BT, specifically gliomas, by modulating PPAR-α inhibition

[30, 137, 382, 383]. There was similar evidence available for the consideration of glitazones as a

treatment option from in vivo studies [119, 120, 264, 265]. However, prior to this study, there have

been no other pharmaco-epidemiological studies that examined whether fibrates or glitazones

affected BT risk and survival.

The case-control analyses presented herein found little evidence that exposure to fibrates

was associated with BT risk, in contrast to some previous literature [255]. Sensitivity analyses,

investigating a potential dose-response effect, or exposure status based on whether fibrates were

the first prescribed drug for treatment, also showed little evidence of an association between

fibrate exposure and BT risk. The latency period analysis had a weak suggestion of a modest

protective effect, but this may have been due to chance.

In the glitazone case-control analysis, there was an inverse effect observed for ever exposure

to glitazones, which was also seen in the dose-response analysis (which seemed most marked

for exposure durations of four or more years) and in both univariable and multivariable models.

Repeating the analyses and accounting for various latency periods showed a slightly stronger

protective effect, but given the wide CI this should be interpreted with caution. Similar inverse

associations were seen for both primary and secondary BT, but limited power meant analyses

could not test whether there were differences by type of cancer for those subjects with secondary

BT.

The assumption that missing HbA1c levels should be assumed to reflect good glycaemic

control was tested using follow-up sensitivity analyses to ensure this did not bias the potential

negative association between glitazone exposure and BT risk. In the univariable analysis, it was

observed that HbA1c levels representing worse glycaemic control had a negative association

with BT risk. However, in both the multiple imputation and complete case analysis there was

no association found. Three of the four methods of dealing with missing HbA1c levels showed

no consistent inverse associations except in the complete case analysis, where the effect was

attenuated. A potential explanation for this difference is collider bias [61], whereby controlling or

selecting (e.g. complete case) on a common effect of both the exposure (glitazone exposure) and

the outcome (BT) distorts the association between the two (see Figure 6.8). This would distort

the association between treatment and BT if glitazones and BT are associated with having a

HbA1c test. This is possible as, in the UK, glitazones are recommended as second line therapy for

diabetes [344] and hence given to less easy-to-control diabetics who are more likely to require

greater monitoring. BT risk may also be associated with testing if risk factors or confounders,

such as age, are associated with the probability of testing.
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6.4. DISCUSSION

Table 6.6: Results from the fibrates and glitazones Cox’s proportional hazards model. Model
was adjusted for sex, age, IMD, retrospective prescription history and measure of Charlson
comorbidity index. HbA1c levels were included in the glitazones analysis models.

Variable Cases (%) Adjusted HR (95% CI) P

Fibrates - All cases
N = 2188

Fibrate exposure status
Exposed 132 (6.0%) 0.96 (0.79, 1.17) 0.71
Unexposed 2056 (94.0%) Referent -

Fibrates - Primary cases only
N = 1288

Fibrate exposure status
Exposed 76 (5.9%) 0.96 (0.73, 1.27) 0.8
Unexposed 1212 (94.1%) Referent -

Fibrates - Secondary cases only
N = 900

Fibrate exposure status
Exposed 56 (6.2%) 1.19 (0.90, 1.56) 0.22
Unexposed 844 (93.8%) Referent -

Glitazones - All cases
N = 822

Glitazone exposure status
Exposed 99 (12.0%) 0.99 (0.77, 1.27) 0.93
Unexposed 723 (88.0%) Referent -

Glitazones - Primary cases only
N = 504

Glitazone exposure status
Exposed 64 (12.7%) 1.08 (0.78, 1.48) 0.65
Unexposed 440 (87.3%) Referent -

Glitazones - Secondary cases only
N = 318

Glitazone exposure status
Exposed 35 (11.0%) 1.08 (0.75, 1.56) 0.69
Unexposed 283 (89.0%) Referent -
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Figure 6.8: Directed acyclic graph showing how HbA1c testing may be a collider in the glitazone
case-control study. HbA1c levels are inherently associated with glitazone exposure. However,
if HbA1c levels are also associated in some way with BT risk, then HbA1c levels will form a
confounder that must be controlled for in the models. This is represented in (a). On the other hand,
if glitazone exposure and BT risk are associated with HbA1c testing criteria, then controlling for
HbA1c levels will induce collider bias and distort the association between glitazone exposure and
BT risk, as represented in (b). Further studies are required to determine this potential interplay
between HbA1c levels, glitazone exposure and BT risk. Adapted from Catalogue of Bias [198].

In the cohort analyses, there was little evidence for an association with fibrate or glitazone

exposure and all-cause mortality. This was observed in both the unadjusted Kaplan-Meier curves

and the multivariate Cox’s proportional hazard models.

Strengths of this study included using CPRD, a large and well-established database which

has been validated by numerous sources [145, 146, 170]. It should be free of selection bias as

almost all UK residents are registered with a general practitioner and the population captured by

CPRD practices is representative of the general population [145]. Exposure was well measured

as it was recorded from medical systems that used the record to print out prescribed drugs for

redemption at a pharmacist. The exposure data were collected prospectively, prior to diagnosis,

which will avoid measurement error and recall bias. However, there were no data on drug
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compliance and intake or therapeutic levels. Despite this, response to therapies were monitored

by the participant’s general practitioner and so dosage is likely to be adjusted in response to good

or bad control of each participant’s lipids and blood sugar levels. Exposure was classified from

first prescription of any drug for lipids or diabetes, avoiding immortal time bias and controls

were sampled to have similar total prescription duration which was also adjusted for in the

multivariable models. This should have prevented time-window bias.

Risk of confounding by indication was minimised by only sampling cases and controls who

could have been exposed to fibrates or glitazones because of a clinical indication. However,

this reduced the number of available cases and statistical power to detect even modest effects.

Furthermore, statins are first-line medications for hyperlipidaemia and have been shown to

potentially improve prevention and survival of some cases [48, 108, 272], though the evidence

has been mixed [64]. This may have resulted in not being able to detect any beneficial effects of

fibrates on survival but the effects of statins on brain cancer specifically is still contradictory. It

was not possible to investigate this further as it fell outside of the scope of the initial proposal.

A further limitation was that a considerable amount of HbA1c data were missing. Multiple

imputation was used to take this into account and seemed to provide a less biased estimate than

the complete case analysis. HbA1c measurements were required to be taken post-baseline due

to limited data; however, taking the mean of all HbA1c measurements attempted to reduce this

issue. Adjustment for SES was at an ecological rather than individual level, but if anything

is likely to bias the associations to the null due to non-differential measurement error. Due to

insufficient data, it was not possible to test whether specific types of primary cancers, such as

lung cancer, were more, less or equally likely to show a reduced risk due to limited statistical

power.

Results presented in this Chapter were not subjected to thresholds for selection, unlike for the

previous Chapters. The reasons for this were twofold. Firstly, analyses within this Chapter were

hypothesis driven due to pre-existing evidence for the potential of an effect between the drugs of

interest and BT risk and survival. Including a threshold for multiple testing across the analyses,

even for the different measurements of exposure, would likely result in the (possibly incorrect)

rejection of the results from these analyses due to an overly stringent threshold. Correction

for multiple testing is beneficial when different questions are being assessed; however, each of

the exposure variables attempted to answer the same question in a slightly different way and,

indeed, the results from these analyses were broadly consistent across each of the exposure

variables. A study reported by Ridker, et al., which sought to determine whether rosuvastatin

could prevent vascular events in participants, is a good example where application of a stringent

threshold for multiple testing would have erroneously resulted in the rejection of an otherwise

consistent result [287]. Secondly, it is common for P values to remain unreported in observational

studies, where consistency and size and direction of the effect are deemed more important. The

American Statistical Association goes as far as to advise that P values should not be reported for
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an observational study [366]. P values are reported for analyses in this Chapter for completeness

sake, however, consistency of results and the size and direction of observed effects only are used

to inform on conclusions.

6.5 Summary

This study failed to show strong evidence that fibrates have any effect on BT risk or prognosis.

Longer exposure to glitazones was associated with a decreased risk of being diagnosed with

primary or secondary BT, but not survival after diagnosis. Further research needs to replicate

this finding using independent datasets preferably large in size and/or with better data on

glycaemic control and confounders. If the glitazone association is biologically causal, this may

lead to a better understanding of the pathophysiological mechanisms and potential therapies for

the prevention of brain cancers. For example, patients with specific aggressive cancers that have

a high probability of brain metastases, could be treated with glitazones as a tertiary prevention

strategy to prevent secondary BT. Such a hypothesis could be tested in a future double blind

clinical trial if stronger evidence emerges from other datasets, given the safety and current use of

glitazones for the management of diabetes.
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DISCUSSION

7.1 Introduction

The aims of this thesis were to:

1. Leverage germline genetic variation associated with glioma to elucidate mediating molecu-

lar pathways, via gene expression, on gliomagenesis.

2. In a similar way, leverage germline genetic variation associated glioma to elucidate mediat-

ing molecular pathways, via protein abundance levels, on gliomagenesis.

3. Utilise multi-omic data from the previous two aims, i.e. for gene expression and protein

abundance levels, to identify novel targets for intervention.

4. Determine whether anti-hyperlipidaemia and anti-diabetes drugs can be repurposed to

reduce incidence or improve prognosis of brain tumours.

This Chapter provides a summary for each of the results Chapters presented earlier and how

they bear relevance to the aims set out at the beginning of this thesis. Strengths and limitations

are discussed for analyses used throughout the research presented herein, and finally avenues of

future work are discussed.

7.2 General Discussion

This Section summarises and discusses the key findings from each of the results Chapters

presented in this thesis, and includes clinical implications and potential translational uses.
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Table 7.1: Summary of results presented in this thesis. Transcriptomics results from Chapter 4 are

those which passed all sensitivity analyses in that Chapter. Proteomics results from Chapter 5 are

for all of the MR results. Finally, results from the pharmaco-epidemiological study in Chapter 6

are presented for the main analyses. Outcome phenotypes are for glioma or glioma subtype in

the MR analyses or brain tumour (BT) risk or mortality in the pharmaco-epidemiological study.

Ratios are odds ratios (OR) except where noted with * which are given as hazard ratios (HR).

OR and confidence intervals (CI) for the proteomics results are scaled per one SD to allow for

comparison between the brain and whole blood derived protein quantitative trait loci (pQTL)

datasets.

Exposure Outcome Odds Ratio (95% CI) P value

Chapter 4 Transcriptomics results

ABCB6 All glioma 0.57 (0.44, 0.74) 2.20×10−5

BAIAP2L2 All glioma 0.65 (0.55, 0.78) 1.65×10−6

GBM 0.60 (0.49, 0.73) 2.85×10−7

EGFR GBM 0.45 (0.38, 0.53) 9.99×10−20

FAM178B All glioma 1.47 (1.23, 1.77) 3.59×10−5

JAK1 All glioma 1.21 (1.13, 1.29) 6.95×10−8

GBM 1.27 (1.17, 1.37) 1.56×10−9

MVB12B All glioma 1.24 (1.12, 1.38) 5.27×10−5

PANK4 All glioma 0.46 (0.32, 0.67) 4.30×10−5

PICK1 All glioma 1.72 (1.39, 2.14) 8.82×10−7

GBM 1.96 (1.54, 2.51) 6.60×10−8

PRLR All glioma 0.66 (0.54, 0.82) 9.33×10−5

RETREG2 All glioma 0.68 (0.57, 0.80) 9.54×10−6

GBM 0.67 (0.55, 0.81) 6.13×10−5

STMN3 All glioma 0.36 (0.29, 0.46) 1.44×10−16

GBM 0.29 (0.22, 0.38) 4.55×10−19

TP53 Non-GBM 0.17 (0.09, 0.32) 9.61×10−8

Chapter 5 Proteomics results

EGFR GBM 3.02×10−3 (6.35×10−4, 1.33×10−2) 3.07×10−13

All glioma 0.02 (4.24×10−3, 0.06) 1.43×10−10

MON1B All glioma 0.09 (0.03, 0.29) 6.96×10−5

GBM 0.08 (0.02, 0.36) 9.21×10−4

TAGLN Non-GBM 2.19 (1.38, 3.50) 9.53×10−4

TGFBI All glioma 0.14 (0.04, 0.44) 7.70×10−4

Chapter 6 Pharmaco-epidemiological results
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Fibrates:

Ever exposure Risk 0.98 (0.78, 1.24) 0.88

Longest exposure

(yearly)

Risk 0.97 (0.92, 1.01) 0.11

Ever exposure Mortality 0.60 (0.79, 1.17) * 0.71

Glitazones:

Ever exposure Risk 0.80 (0.65, 1.07) 0.14

Longest exposure

(yearly)

Risk 0.86 (0.79, 0.92) 8.00×10−5

Ever exposure Mortality 0.99 (0.77, 1.27) * 0.93

Table 7.1 provides an overview results that were presented in previous Chapters.

7.2.1 Exploring the Effect of Gene Expression on Glioma Risk

Chapter 4 leveraged a combined Mendelian randomisation (MR) and colocalisation framework to

explore the causal role of genetically predicted gene expression levels on glioma risk and how

such an analysis may build upon current knowledge of the genetic susceptibility of glioma. In

total, genetic variants associated with 12 genes were robustly associated with glioma risk across

the combined MR-colocalisation framework and follow-up sensitivity analyses. Included in the 12

genes were important oncogenes previously implicated in glioma biology, such as TP53, EGFR

and JAK1. Furthermore, there was evidence that expression of novel genes RETREG2, FAM178B

and MVB12B were causally implicated in glioma risk.

Follow-up analyses were conducted to determine how the causal estimates for the highlighted

12 genes affected glioma subtype risk, split between high-grade glioblastoma (GBM) and low-

grade, non-GBM gliomas. No large differences were observed in either direction or magnitude

of effect for each gene’s influence on risk. This implies that, although there are demonstrable

differences between the expression profiles for different brain tumours (BT) – particularly

between high- and low-grade gliomas – within these analyses and future analyses of similar

nature, the gain in statistical power from including all cases in the same analysis outweighs

any loss of granularity in determining subtype susceptibility using germline genetic variants

associated with gene expression. However, investigators should be cautious as this conclusion

may not be applicable to other BT types or diseases.

Finally, expression quantitative trait loci (eQTLs) from the Genotype-Tissue Expression

(GTEx) v8 project [3] were used to analysis how expression of each of the 12 genes in 13 different

brain tissues differentially influenced glioma risk. Five tissues were responsible for 56% of the

MR associations, including two tissues where gliomas are generally seen (cortex and cerebellum)

and three tissues from the deep brain in the basal ganglia where gliomas are rarely seen, namely

the putamen, caudate and nucleus accumbens. Although gliomas are rarer in these tissues,
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variance in these gene’s expression specific to these tissues of the brain may drive gliomagenesis,

though further in vivo studies are required to determine this.

The results from this Chapter provided insight that is complimentary to results from genome-

wide association studies (GWAS). By highlighting novel oncogenes and providing causal evidence

for variance in gene expression influencing glioma risk, these analyses have built upon knowledge

of the genetic susceptibility of glioma.

7.2.2 Exploring the Effect of Protein Abundance Levels on Glioma Risk

In Chapter 5, analyses utilised the same analytical pipeline of combined MR and colocalisation to

explore how genetically predicted protein abundance levels affected glioma risk. Results from the

initial analysis highlighted three proteins whose altered levels associated with reduced risk of

glioma, GBM or non-GBM (EGFR, MON1B and TGFBI) and one protein whose altered levels

associated with increased risk (TAGLN). Three of these proteins were instrumented by pQTLs

derived from brain tissue (EGFR, MON1B and TAGLN) whilst TGFBI was instrumented by a

pQTL from blood. Brain-specific proteins and brain-derived pQTLs are more likely to be relevant

for glioma drug target identification due to presence of the blood-brain barrier, a highly selective

membrane, that limits protein transfer between brain tissue and blood. Furthermore, brain

tissue would be the targeted tissue for any potential therapeutic agent, meaning associations

from data derived from brain tissue would be more relevant for drug target identification, which

is especially so for estimating efficacy. The use of brain tissue-derived pQTLs in this analysis

was, therefore, more informative for highlighting proteins of interest that may form targets of

interest for glioma prevention.

Formal statistical colocalisation analyses were limited in this Chapter because the brain-

derived pQTL dataset was not made wholly publicly available and statistical colocalisation cannot

be conducted without the full summary statistics. Instead, approximate colocalisation analyses

were conducted that examined the linkage disequilibrium (LD) structure between the pQTL

and glioma datasets. Approximate colocalisation in this way allowed for the same inference of

underlying causality in the association between protein abundance levels and glioma risk [400].

Comparison with the eQTL results from the previous Chapter revealed no strong correlation

between the causal estimates for e- and pQTLs systematically linked according to their associated

gene and protein. This has important implications for drug discovery pipelines which use eQTLs

as evidence to support a drug target because these results show that, for glioma specifically, the

direction and magnitude of an eQTL’s causal estimate may not agree with that of the pQTL at

the some locus. This was evidenced in Figure 5.3 in Section 5.3.1 - Statistical Results, where

the direction of the causal estimates for QTLs were in opposite directions, e.g., for FAM171A1

and IL17RB. Studies have shown drug targets with genetic evidence are two times as likely to

receive approval from a governing body than those without [232], where genetic evidence has

been so far defined as causal genes linked to coding variants [178, 232]. Whilst these studies
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provide justification for the use of genetic evidence to support a drug target, results from the MR

analyses presented in this thesis showed that genetic evidence consisting of gene expression data

may not translate to targettable proteins for glioma prevention; whether this is the case for other

diseases is unclear and should be considered in such studies.

7.2.3 Identifing Drugs for Potential Drug Targets of Interest

Also within Chapter 5, results from the eQTL and pQTL analyses were linked to supporting

evidence from two publicly available drug target identification and prioritisation platforms –

the Open Targets (OT) platform [52] and the Drug Genome Interaction database (DGIdb) [63].

In total, six genes or proteins showed evidence of forming a drug target for glioma, including

important biomarkers and oncogenes EGFR, JAK1 and TP53.

Further to this, a non-exhaustive literature search was conducted for existing drugs that

target any of the proteins from the MR analyses as mechanisms for effect. MR results were

included which had robust causal evidence from the combined MR and colocalisation analyses

and were robust to sensitivity analyses. This search included existing approved agents or agents

undergoing clinical trials. Drugs were found which target five proteins, including the protein

for novel gene FAM178B. Many of the drugs have already been examined within in vivo or

other pre-clinical settings in the context of glioma. Furthermore, many drugs had undergone or

were undergoing early-stage (phase I or II) clinical trials to assess whether the drug could be

re-purposed for glioma therapy.

It is important to note that existing drugs were uniformly studied within the context of

glioma treatment, i.e., to improve patient outcomes post diagnosis. The MR analyses conducted

in this thesis highlighted putative drug targets which could be informative for chemopreventive

therapies, i.e., to reduce risk of getting glioma. Therefore, evidence gathered from the literature

search should not be viewed as providing support for a putative target’s efficacy. Instead, this

evidence highlighted potential drugs which: i) could be re-purposed to reduce risk in clinically

high-risk populations, and ii) are safe and tolerable for glioma patients to take. Altogether,

evidence collected in this way can lend further support to the identification and prioritisation of

drug targets as highlighted by MR analyses, so long as such evidence is carefully and correctly

interpreted.

7.2.4 Determining whether Anti-Hyperlipidaemic and -Diabetic Medications
may be Re-purposed for Brain Tumour Treatment

Chapter 6 presented a pharmaco-epidemiological study which sought to determine whether

anti-hyperlipidaemic and anti-diabetic medications can be re-purposed to reduce incidence and

improve mortality for BT. The medications of interest were fibrates and glitazones, respectively

used to treat hyperlipidaemia and type 2 diabetes. There exists pre-clinical evidence that supports

the use of these medications for BT treatment, particularly through their pharmacodynamics of
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targeting PPAR-α and -γ, respectively. It is important to note that this project was not limited to

gliomas specifically and included all BT cases available in the Clinical Practice Research Datalink

(CPRD) which allowed for increased sample sizes and hence statistical power.

There was little evidence that exposure to fibrates was associated with BT risk or mortality.

Conversely, increase in per-year exposure to glitazones was associated with a decreased risk of

BT, but there was little evidence that exposure to glitazones was associated with mortality. The

evidence provided by this study supports further research into whether glitazones will form an

effective treatment option for BT.

Particularly interesting was that increased exposure to glitazones reduced risk of both

primary and secondary BT compared to other treatments for type 2 diabetes, indicating the drug

could be prescribed to patients whose tumours commonly metastasise to the brain to reduce

risk of metastatic lesions; likewise, glitazones may be used to improve outcomes for patients

with recurrent GBM. Beyond the clinical implications of these results, pharmaco-epidemiological

studies should be considered important evidence generators which can increase support for

targets indicated by genetic studies like those conducted in Chapters 4 and 5. In particular,

pharmaco-epidemiological studies can be a powerful tool that increases support for commonly

prescribed agents where large datasets exist and can be leveraged to provide support for drug

re-purposing.

7.2.5 Overall Summary

Analyses which used a combined MR-colocalisation framework provided causal evidence for

germline genetic variants associated with putative oncogenes and oncoproteins related to glioma

risk, including expression of novel genes RETREG2, FAM178B and MVB12B. This analytical

pipeline also provided support for proteins as potential drug targets for glioma prevention,

namely ABCB6, EGFR, JAK1, PRLR, TGFBI and TP53. Evidence from drug target prioritisation

platforms further supports EGFR, FAM178B, JAK1, PRLR and TP53-targeting drugs as candi-

dates for re-purposing to help prevent glioma, though more evidence and research is required

to determine potential efficacy before undergoing clinical trials. One such study design which

can aid with drug re-purposing efforts is a pharmaco-epidemiological study, which was applied

to the case of two existing families of drugs which have in vivo evidence of potential efficacy for

treating and preventing BT. That study found evidence that of the two families of medications,

only glitazones may have a protective effect against BT risk – both for primary and secondary

tumours – that highlights this family of drugs as a candidate for further study.

7.3 Strengths and Limitations

Each Chapter has provided a discussion for strengths and limitations of the methodologies and

datasets relevant to analyses in that Chapter; however, a number of these are also relevant
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across this entire thesis. These strengths and limitations are discussed below, including how

limitations were overcame.

7.3.1 Study Designs

The MR analyses conducted throughout this thesis have a reduced risk of bias due to reverse

causation as temporality between exposures, proxied by genetic variants, and outcomes is es-

tablished. That is, glioma diagnosis cannot precede germline mutation inheritance, but reverse

causation can still occur if, for example, SNPs are unknowingly related more to glioma risk than

the exposure of interest. Furthermore, the combination of MR and colocalisation together in the

same framework increased the robustness of causal inferences due to the ability of colocalisation

to eliminate some spurious associations which may arise due to the underlying LD structure of

the examined locus.

In Chapter 6, case-control and cohort study designs were employed in a pharmacoepidemi-

ological context. The cohort study design and Cox’s proportional hazards models allowed for

assessment of causality which provided evidence that exposure to fibrate and glitazone medica-

tions did not improve BT mortality rates. However, in the case-control studies which leveraged

logistic regressions, evidence was found that exposure to glitazones, especially for per-year in-

crease in exposure, reduced risk of both primary and secondary BT – though, inherent to this

study design, causal inferences could not be made.

For analyses in that Chapter, efforts were made at the study design stage to account for

common sources of bias and confounding in pharmaco-epidemiological studies. For example, using

CPRD data meant reduced risk of, e.g., recall bias affecting the results. Furthermore, careful

identification and selection of controls based on similar characteristics to the cases minimised

selection bias and time-related biases, such as immortal time and time-window bias [337].

Confounding by indication has been shown to be a concern in many pharmaco-epidemiological

studies [188, 284, 314]. To address this, participants were eligible for inclusion into the study

if they were treated with any anti-hyperlipidaemia or anti-diabetic medication. Increasing the

number of indications present in the study in this way reduced the influence of confounding by

indication but inherently meant smaller sample sizes, leading to more accurate but less precise

results.

7.3.2 Subtype Diagnosis

As gliomas, and BT in general, are heterogeneous diseases, the ability to differentiate between

glioma subtypes in Chapters 4 and 5 allow for nuanced conclusions which are more relevant for

clinical applications. Despite this, results in the transcriptomics Chapter (Chapter 4) generally

agreed in direction of effect on risk for all glioma, GBM and non-GBM tumours though were

somewhat attenuated in the subtype analyses, possibly due to smaller sample sizes to detect an

effect. A similar pattern was observed in the proteomics analysis in Chapter 5. Therefore, this led
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to the conclusion in both these Chapters that, due to available studies and sample sizes, it was

more beneficial in an MR context to combine glioma GWAS data due to the increase in sample

size with no loss of granularity in inference for the specific subtypes.

Furthermore, observational and in vivo studies have associated germline variants with

particular somatically defined tumour subtypes [90, 112, 116, 189]. The results presented in

Chapters 4 and 5 generally provided little evidence to support this conclusion in the context of

germline variants associated with gene expression and protein abundance levels, and the broad

categorisations of GBM and non-GBM gliomas. This was especially true for results which were

robust to sensitivity analyses. However, as stated, non-GBM results tended to show slightly

attenuated results due to containing more heterogeneous tumour types compared to the GBM

subtype, for example. Further studies are required to investigate whether germline variants

associate with both gene expression and protein abundance levels and histological subtypes – in

particular, a better and more granularly defined "non-GBM" glioma category would benefit such

an analysis, along with greater sample sizes.

In Chapter 6, analyses specifically examined how exposure to fibrates and glitazones dif-

ferentially affected risk and mortality for both primary and secondary BT. A drug that would

reduce risk for secondary BT is particularly clinically attractive due to increasing survival rates

for primary tumours that commonly metastasise to the brain (discussed in Section 1.5 - Risk

Factors). Therefore, the ability to examine how exposure affected secondary tumour diagnosis is

more translatable and impactful on patient outcomes where many malignant gliomas like GBM

are also likely to re-occur. Examining primary and secondary BT separately like this reduced the

case numbers available for the analysis but allowed for clinically relevant conclusions that can

inform further studies.

7.3.3 Horizontal Pleiotropy

The MR analyses that were conducted were not immune to horizontal pleiotropy. A description

and visual representation of horizontal pleiotropy was given in Chapter 2, Figure 2.7. Many

methods supplemental to MR have been developed to identify and adjust for the presence of

horizontal pleiotropy, such as MR-Egger [36] and the MR pleiotropy residual sum and outlier

(MR-PRESSO) test [355] though these methods inherently require multi-SNP instruments

to detect potential outliers whose effects are driven by horizontal pleiotropy. However, as is

common for ’omics analyses, many of the instruments constructed for the analyses in this thesis

consisted of single SNPs, meaning the aforementioned sensitivity analyses could not be conducted.

Although colocalisation can potentially discount some associations which have arisen due to

bias or confounding [140], an alternative method that could have used to explore the presence of

bias due to horizontal pleiotropy would have been to perform a systematically look-up of SNPs

in the GWAS Catalogue to find if they were associated with other pathways or mechanisms

which link to glioma indirectly. However, there are only two risk factors associated with glioma
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(previous exposure to ionising radiation and certain genetic disorders, as detailed in Chapter 1)

so it is not immediately clear whether doing such a search would have aided in accounting for

the presence of horizontal pleiotropy. Even considering putative risk factors discussed briefly in

Section 1.8.5 - Strengthening Causal Inference for Putative Glioma Risk Factors using Mendelian

Randomisation, there was no overlap between variants associated with those risk factors and

gene expression and protein abundance levels. A phenome-wide search, which would expand

such a search to include more traits, could potentially help in elucidating relevant pathways and

mechanisms through which the SNP of interest influences glioma risk and would make for an

interesting project; this is discussed further Section 7.4 - Future Work and how such a strategy

could also be beneficial when applied to a drug discovery pipeline.

7.3.4 Sample Size

An issue inherent to working with a rare disease like glioma is limited sample size. Although

analyses in Chapter 5 had access to the largest meta-analysis of glioma GWAS, the sample size

is still fairly low at 12,496 cases and 18,190 controls. Furthermore, only a subset of this dataset

were used for analyses in Chapter 4 due to data sharing agreements which limited an already

small sample size further to 7,400 cases and 8,257 controls. The exposure datasets were also

of small sample sizes as GWAS of molecular data tend to be, though attempts were made to

overcome this by, where possible, using meta-analysis of studies. As sample sizes increase, either

due to larger studies or more studies available for meta-analysis, this will lead to an increase in

statistical power for MR studies.

In Chapter 6, analyses used case-control and cohort study designs that were well suited for

the study of rare diseases; however, steps were taken at the study design stage to minimise the

influence of bias and confounding inherently meant reduced sample sizes, e.g., by ensuring that

all participants must have been prescribed any medication used to treat hyperlipidaemia or type

2 diabetes so that the risk of confounding by indication was reduced.

Altogether, despite using some of the largest and most comprehensive datasets currently

available, inferences were still limited due to small sample sizes which may not have allowed for

powerful enough analysis to detect effects; however, as sample sizes increase due to more data

collection then low power to detect effects will become less of a limitation on analyses.

7.4 Future Work

7.4.1 Extensions to my Thesis Work

Within this thesis, Chapters 4 and 5 are hypothesis generating and so lend themselves well to

informing on further analyses. To start with, there are new methodologies that are being derived

that can aid analytical drug discovery pipelines. For example, a recently published paper detailed

one such method called MR joint tissue imputation (MR-JTI) which integrated multi-tissue
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Table 7.2: List of eQTL studies that could be potentially included in a new brain eQTL meta-
analysis. Estimated effective n = 3,217. Studies are non-exhaustive; identification of study
inclusion is on-going.

Study Data Available Sample Size

GTEx v8 [3] 13 regions; described in Table 3.3. 114 to 209, depending on
tissue

Braineac (UKBEC) [280] 10 regions: cerebellar cortex, frontal
cortex, hippocampus, inferior olivary
nucleus, occipital cortex, putamen,
substantia nigra, temporal cortex,
thalamus and intralobular white
matter

134

BrainSeq phase 2 [62] Hippocampus and dorsolateral pre-
frontal cortex

551 (286 with
schizophrenia)

PsychENCODE [365] Prefrontal and temporal cortices and
cerebellum

1,362 (including samples
with schizophrenia, bipo-
lar disorder and autism
spectrum disorder)

Religious order study
and memory and ageing
project (ROSMAP) [234]

Cortex 467 (some samples with
dementia)

CommonMind Consor-
tium (CMC) [106]

Dorsolateral prefrontal cortex 494 (258 with
schizophrenia)

eQTLs to increase power and strengthen causal inferences in transcriptome MR studies [402].

There are also increasingly numerous studies that have derived eQTL data in many different

tissues types which could also be analysed using this new MR-JTI methodology. The brain-derived

eQTL meta-analysis conducted by Qi, et al. in 2018 that was used in Chapter 4 has a markedly

larger sample size than any single eQTL study (estimated effective n = 1,194) [276]. One ongoing

project that I am currently leading will seek to meta-analysis these new eQTL studies with the

aim to create a new brain eQTL meta-analysis that almost triples the estimated effective sample

size (n = 3,217) compared to the Qi, et al. resource. As of January 2021, this project is currently at

the data collation stage where Table 7.2 shows a list of studies for which data request applications

have been accepted or are undergoing review.

Whilst the work in Chapters 4 and 5 focused on drug target discovery and identification, the

analyses in these Chapters could be expanded to also inform on drug safety profiles through what

is called a phenome-wide association study (PheWAS). PheWAS seek to determine if an exposure

is associated with many different outcomes or vice versa. For example, if a SNP associated with

protein abundance levels in the proteomics analysis was associated with glioma risk, analyses
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Table 7.3: Results from the exploratory MR analysis investigating the effects of SNPs in PPAR-α
and -γ associated with lipid levels affected glioma risk (12,496 cases and 18,190 controls). Results
are shown for lipid measurements where these proteins could be instrumented: low-density
lipoprotein cholesterol (LDLc), triglycerides and total cholesterol.

Protein Associated lipid Subtype SNPs OR (95% CI) P

PPAR-α LDLc
All glioma 1 0.80 (0.13, 4.81) 0.81
GBM 1 0.58 (0.06, 5.28) 0.63
Non-GBM 1 1.24 (0.12, 12.97) 0.86

PPAR-γ

LDLc
All glioma 2 2.45 (0.89, 6.76) 0.08
GBM 2 1.74 (0.50, 6.04) 0.38
Non-GBM 2 3.52 (0.93, 13.39) 0.06

Triglycerides
All glioma 2 1.41 (0.23, 8.67) 0.71
GBM 2 1.04 (0.18, 6.04) 0.96
Non-GBM 2 1.84 (0.43, 7.95) 0.41

Total cholesterol
All glioma 5 1.66 (0.84, 3.28) 0.14
GBM 5 1.53 (0.64, 3.65) 0.34
Non-GBM 5 1.78 (0.78, 4.02) 0.17

could leverage a PheWAS to identify other potential pathways, traits or diseases which could be

impacted (if combined with MR in an MR-PheWAS framework) were this target to be drugged.

These associations may be taken into consideration before clinical trials and inform on whether a

drug would have a tolerable safety profile.

The MR analysis pipeline used in Chapters 4 and 5 was also directly applicable to the

pharmaco-epidemiological study in Chapter 6. GWAS summary-level data were obtained from

the Global Lipids Genetics Consortium [385] for this exploratory analysis, the rationale being

to determine whether the mechanism of reduced risk from exposure to fibrates and glitazones

occurd through lipid-related pathways. Therefore, instruments were constructed for both PPAR-α

and -γ genes, whose protein products are the targets for fibrates and glitazones respectively. The

exploratory MR analysis appeared to be underpowered (evidenced by the wide CI) but indicated

SNPs in PPAR-γ associated with increased low-density lipoprotein cholesterol (LDLc) levels may

increase risk of glioma (Table 7.3); however, given the overall wide confidence intervals and large

P values, it appears that the MR analysis did not have sufficient power (e.g., 12% empirical power

for PPAR-γ and LDLc, calculated using Burgess’ method [47]). This makes for an interesting

avenue of follow-up that could provide evidence for genetic variants associated with lipid-related

pathways being implicated in glioma risk.

7.4.2 Future Directions

Beyond extensions directly applicable to the work presented in this thesis, there are also ways in

which to expand the scope of the work to better improve the drug discovery pipeline by integration
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of either new methods or more molecular data.

Such methods include two-step or multivariable MR, originally proposed as a strategy to

better understand and explore the causal role of the epigenome in mediating exposure-outcome

associations and to highlight causal pathways in disease risk [283]. Leveraging two-step MR, for

example, could elucidate on how specific pathways mediated through a drug target of interest

affects the disease of interest. Likewise, the colocalisation analyses could be expanded to integrate

multiple sources of data and determine if these all colocalise within the region of interest, in what

is called multi-trait colocalisation (moloc) [114]. Originally applied to a multi-omics analysis of

expression and methylation QTLs (mQTLs), this could also be expanded to other molecular data,

including pQTLs.

Finally, integrating more sources of molecular data could help determine potentially causal

variants for glioma risk and therefore elucidate on putative drug targets. This could mean

inclusion of the aforementioned mQTLs, which would elucidate on potential epigenetic pathways

of interest. There also exist splicing QTLs (sQTLs), which are genetic variants associated with

alternative splicing, a key function that increases transcript variation and proteome diversity and

is frequently observed to be aberrant in cancer. To show how fast the field is moving, there are also

newly derived cell-type interaction expression and splicing QTLs (ie/isQTLs), which are eQTLs

and sQTLs that map to specific cell types [177]. These are only some of the different types of

molecular data that could be integrated into a drug discovery pipeline; there are ever-expanding

amounts of QTL datasets being derived that may be relevant to drug discovery efforts [401].

7.5 Summary

The results presented in this thesis indicated putatively causal variants associated with altered

expression and abundance levels of oncogenes and oncoproteins for glioma risk. Analyses provided

evidence for three novel genes RETREG2, FAM178B and MVB12B, and validated known genes

so far associated with glioma through GWAS and other observational studies. These results also

informed potential druggable targets for glioma prevention as highlighted by evidence from a

literature search. There was also evidence that agents for these targets were generally tolerable

for glioma patients and may inform future studies to determine whether these agents could be

re-purposed for glioma chemopreventive therapies. Results from the pharmaco-epidemiological

studies provided evidence that glitazones, an anti-type 2 diabetic medication, may also be re-

purposed to reduce risk of primary and secondary BT, should these results be validated in further

studies. Altogether, analyses in this thesis were combined to form a pipeline for the identification,

prioritisation and re-purposing of drug targets with the aim of improving patients outcomes in

the clinic. Future work conducting analyses in larger sample sizes, and with integration of more

datasets, will lead to improved power that will enable deeper exploration into how molecular

phenotypes affect glioma risk and increased ability to highlight potentially translatable drug
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targets to improve glioma patient outcomes.
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A ll Mendelian randomisation results for all three glioma subtypes for the risk factors

analysis presented in Chapter 1, Table 1.3. Odds ratios (OR) and 95% confidence intervals

(CI) are presented for the MR analysis results.

Risk Factor Subtype OR (95% CI) P

Alcohol consumption
All 4.42 (1.07, 18.30) 0.04
GBM 8.37 (1.69, 41.54) 0.009
Non-GBM 1.39 (0.18, 10.71) 0.75

Allergic disease
All 1.23 (0.98, 1.54) 0.079
GBM 1.29 (1.00, 1.67) 0.048
Non-GBM 1.13 (0.88, 1.47) 0.34

LDLc
All 0.98 (0.82, 1.17) 0.84
GBM 1.08 (0.88, 1.33) 0.47
Non-GBM 0.79 (0.63, 0.99) 0.04

Obesity (childhood extreme)
All 1.11 (1.02, 1.21) 0.016
GBM 1.12 (1.02, 1.22) 0.021
Non-GBM 1.09 (0.97, 1.22) 0.13

Telomere length
All 4.09 (1.13, 14.86) 0.032
GBM 4.39 (0.87, 22.22) 0.074
Non-GBM 4.05 (1.72, 9.56) 0.001

Triglycerides
All 1.00 (0.83, 1.21) 0.99
GBM 1.13 (0.91, 1.39) 0.27
Non-GBM 0.77 (0.59, 1.00) 0.049
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APPENDIX B

Results for all genes which passed at least the suggestive P value threshold in the

Mendelian randomisation (MR) analyses presented in Chapter 4, including in subtypes

and tissues which did not meet that threshold. Odds ratios (OR) and corresponding

95% confidence intervals (CI) are presented for the MR analysis results. For the colocalisation

analyses, the number of SNPs included in the analysis and the corresponding H4 % are given. For

the Steiger filtering analysis, the direction of effect is given (a check mark signifies the correct

direction, from exposure to outcome), corresponding P value and a flag signifying whether that

analysis supported the MR analysis results: i) a check mark shows the correct direction of effect

with P < 0.05; ii) a cross mark shows the wrong direction of effect with P < 0.05; iii) a question

mark if P ≥ 0.05. Finally, a check or cross mark shows whether that results passed all analyses

or failed at any stage, respectively.
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Mendelian randomisation Coloc Steiger filtering

Gene Subtype Tissue SNPs P OR (95% CI) SNPs H4 (%) Dir P Flag Pass All?

ABCB6

All Brain 1 2.20×10−5 0.57 (0.44, 0.74) 1521 97 3 7.41×10−6 3 3

GBM Brain 1 1.53×10−4 0.57 (0.43, 0.76) 1518 91 3 7.95×10−6 3 7

Non-GBM Brain 1 1.31×10−3 0.57 (0.41, 0.80) 1519 69 3 7.58×10−6 3 7

BAIAP2L2

All Brain 1 1.62×10−6 0.65 (0.55, 0.78) 1809 96 3 2.36×10−10 3 3

GBM Brain 1 2.85×10−7 0.60 (0.49, 0.73) 1808 81 3 1.25×10−9 3 3

Non-GBM Brain 1 1.82×10−2 0.76 (0.60, 0.95) 1808 18 3 1.18×10−11 3 7

CDKN2B

All Brain 1 3.31×10−11 0.38 (0.29, 0.51) 2225 40 3 2.30×10−3 3 7

GBM Brain 1 1.92×10−12 0.32 (0.23, 0.44) 2222 39 3 7.16×10−3 3 7

Non-GBM Brain 1 6.81×10−5 0.47 (0.32, 0.68) 2222 49 3 6.19×10−4 3 7

DLGAP5

All Blood 1 6.96×10−5 0.23 (0.11, 0.48) 3878 5 3 1.54×10−1 ? 7

GBM Blood 1 1.69×10−2 0.30 (0.11, 0.80) 3855 10 3 5.75×10−2 ? 7

Non-GBM Blood 1 1.27×10−1 0.40 (0.13, 1.29) 3852 4 3 1.92×10−2 3 7

EGFR

All Brain 2 2.58×10−14 0.52 (0.43, 0.61) 3136 80 3 6.46×10−7 3 7

GBM Brain 2 9.99×10−20 0.45 (0.38, 0.53) 2798 81 3 3.53×10−6 3 3

Non-GBM Brain 2 2.75×10−4 0.69 (0.57, 0.84) 2798 20 3 1.18×10−8 3 7

FAM178B

All Brain 1 3.59×10−5 1.47 (1.23, 1.77) 904 94 3 1.97×10−16 3 3

GBM Brain 1 1.83×10−4 1.48 (1.21, 1.82) 904 85 3 2.47×10−16 3 7

Non-GBM Brain 1 5.69×10−3 1.40 (1.10, 1.78) 904 46 3 6.16×10−17 3 7

GMEB2

All Blood 1 2.42×10−11 0.37 (0.27, 0.49) 4667 0 3 1.91×10−12 3 7

GBM Blood 1 1.68×10−11 0.32 (0.23, 0.45) 4643 0 3 2.59×10−15 3 7

Non-GBM Blood 1 4.77×10−5 0.45 (0.31, 0.66) 4647 62 3 1.27×10−10 3 7
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All Blood 1 5.31×10−5 0.34 (0.20, 0.57) 4628 0 3 6.75×10−5 3 7

GBM Blood 1 3.94×10−6 0.25 (0.14, 0.45) 4604 0 3 9.29×10−4 3 7

Non-GBM Blood 1 1.53×10−2 0.41 (0.20, 0.84) 4609 1 3 8.42×10−6 3 7

JAK1

All Blood 1 1.71×10−5 5.27 (2.47, 11.23) 3168 38 3 8.28×10−2 ? 7

GBM Blood 1 3.54×10−7 9.25 (3.93, 21.77) 3145 75 3 4.41×10−1 ? 7

Non-GBM Blood 1 2.58×10−1 1.77 (0.66, 4.75) 3118 4 3 3.59×10−4 3 7

All Brain 1 6.95×10−8 1.21 (1.13, 1.29) 2064 81 3 6.89×10−139 3 3

GBM Brain 1 1.56×10−9 1.27 (1.17, 1.37) 2063 95 3 1.84×10−134 3 3

Non-GBM Brain 1 4.57×10−2 1.10 (1.00, 1.20) 2063 11 3 2.57×10−147 3 7

MVB12B

All Brain 1 5.27×10−5 1.24 (1.12, 1.38) 2400 97 3 2.53×10−23 3 3

GBM Brain 1 1.28×10−3 1.27 (1.10, 1.47) 2400 69 3 6.05×10−23 3 7

Non-GBM Brain 1 3.30×10−3 1.29 (1.09, 1.52) 2400 43 3 1.04×10−22 3 7

PANK4

All Blood 1 4.30×10−5 0.46 (0.32, 0.67) 4175 97 3 4.62×10−10 3 3

GBM Blood 1 6.17×10−4 0.48 (0.32, 0.73) 4134 80 3 1.13×10−9 3 7

Non-GBM Blood 1 2.21×10−3 0.47 (0.29, 0.76) 4155 59 3 9.44×10−10 3 7

PICK1

All Brain 1 8.82×10−7 1.72 (1.39, 2.14) 1865 97 3 4.34×10−7 3 3

GBM Brain 1 6.60×10−8 1.96 (1.54, 2.51) 1864 92 3 2.13×10−6 3 3

Non-GBM Brain 1 1.97×10−2 1.41 (1.06, 1.88) 1864 18 3 2.94×10−8 3 7

PRLR

All Brain 1 9.33×10−5 0.66 (0.54, 0.82) 2090 91 3 1.13×10−7 3 3

GBM Brain 1 2.72×10−4 0.65 (0.51, 0.82) 2088 89 3 1.55×10−7 3 7

Non-GBM Brain 1 8.32×10−4 0.62 (0.47, 0.82) 2088 74 3 2.41×10−7 3 7

RAVER2

All Brain 1 7.78×10−6 1.16 (1.09, 1.24) 2058 4 3 5.17×10−129 3 7

GBM Brain 1 1.80×10−7 1.22 (1.13, 1.31) 2057 29 3 5.58×10−125 3 7

Non-GBM Brain 1 8.53×10−2 1.08 (0.99, 1.18) 2057 6 3 2.53×10−135 3 7

RETREG2

All Brain 1 9.54×10−6 0.68 (0.57, 0.80) 1511 98 3 7.90×10−11 3 3
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GBM Brain 1 6.13×10−5 0.67 (0.55, 0.81) 1508 95 3 9.91×10−11 3 3

Non-GBM Brain 1 1.83×10−3 0.69 (0.55, 0.87) 1509 62 3 4.46×10−11 3 7

STMN3

All Brain 1 1.44×10−16 0.36 (0.29, 0.46) 3119 96 3 1.50×10−3 3 3

GBM Brain 1 4.55×10−19 0.29 (0.22, 0.38) 3116 97 3 7.88×10−3 3 3

Non-GBM Brain 1 1.61×10−5 0.51 (0.37, 0.69) 3116 77 3 9.41×10−5 3 7

TP53

All Blood 1 1.12×10−13 0.16 (0.10, 0.26) 3733 98 3 6.36×10−2 ? 7

GBM Blood 1 9.87×10−13 0.13 (0.07, 0.22) 3712 99 3 1.19×10−1 ? 7

Non-GBM Blood 1 9.61×10−8 0.17 (0.09, 0.32) 3713 98 3 3.35×10−2 3 3
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APPENDIX C

Full results from the colocalisation analyses presented in Appendix B and Chapter 4.

LocusZoom regional plots of these regions are provided in the Online Appendix.

Gene Subtype Tissue SNPs H0 H1 H2 H3 H4

ABCB6

All Glioma Brain 1521 0.04% 0.93% 0.09% 2.12% 96.82%

GBM Brain 1518 0.17% 4.36% 0.18% 4.42% 90.86%

Non-GBM Brain 1519 1.00% 25.09% 0.18% 4.51% 69.22%

BAIAP2L2

All Glioma Brain 1809 0.00% 0.11% 0.00% 3.89% 96.01%

GBM Brain 1808 0.00% 0.01% 0.00% 18.68% 81.31%

Non-GBM Brain 1808 0.00% 69.24% 0.00% 13.07% 17.69%

CDKN2B

All Glioma Brain 2225 0.00% 0.00% 0.20% 60.03% 39.77%

GBM Brain 2222 0.00% 0.00% 0.21% 61.17% 38.62%

Non-GBM Brain 2222 0.00% 0.02% 0.18% 51.40% 48.40%

DLGAP5

All Glioma Brain 3878 0.00% 1.23% 0.00% 93.91% 4.86%

GBM Brain 3855 0.00% 34.40% 0.00% 56.05% 9.54%

Non-GBM Brain 3852 0.00% 62.17% 0.00% 34.00% 3.83%

EGFR

All Glioma Brain 3136 0.00% 0.00% 0.00% 19.87% 80.13%

GBM Brain 2798 0.00% 0.00% 0.00% 19.10% 80.90%

Non-GBM Brain 2798 0.00% 64.75% 0.00% 14.90% 20.35%
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FAM178B

All Glioma Brain 904 0.00% 1.29% 0.00% 4.59% 94.12%

GBM Brain 904 0.00% 4.42% 0.00% 10.16% 85.42%

Non-GBM Brain 904 0.00% 48.50% 0.00% 5.34% 46.16%

GMEB2

All Glioma Blood 4667 0.00% 0.00% 0.00% 99.98% 0.02%

GBM Blood 4643 0.00% 0.00% 0.00% 100.00% 0.00%

Non-GBM Blood 4647 0.00% 0.99% 0.00% 37.50% 61.51%

HELZ2

All Glioma Blood 4628 0.00% 0.00% 0.00% 100.00% 0.00%

GBM Blood 4604 0.00% 0.00% 0.00% 100.00% 0.00%

Non-GBM Blood 4609 0.00% 2.54% 0.00% 96.35% 1.11%

JAK1

All Glioma Blood 3168 0.00% 0.02% 0.00% 62.01% 37.97%

GBM Blood 3145 0.00% 0.00% 0.00% 24.97% 75.03%

Non-GBM Blood 3118 0.00% 71.26% 0.00% 24.60% 4.14%

All Glioma Brain 2064 0.00% 0.01% 0.00% 19.05% 80.95%

GBM Brain 2063 0.00% 0.00% 0.00% 4.89% 95.11%

Non-GBM Brain 2063 0.00% 71.98% 0.00% 16.70% 11.32%

MVB12B

All Glioma Brain 2400 0.00% 2.47% 0.00% 0.74% 96.79%

GBM Brain 2400 0.00% 26.29% 0.00% 4.40% 69.31%

Non-GBM Brain 2400 0.00% 33.96% 0.00% 23.29% 42.74%

PANK4

All Glioma Blood 4175 0.00% 1.67% 0.00% 1.39% 96.93%

GBM Blood 4134 0.00% 14.53% 0.00% 5.99% 79.48%

Non-GBM Blood 4155 0.00% 30.46% 0.00% 11.07% 58.47%

PICK1

All Glioma Brain 1865 0.00% 0.07% 0.00% 2.59% 97.34%

GBM Brain 1864 0.00% 0.01% 0.00% 8.52% 91.47%

Non-GBM Brain 1864 0.00% 69.13% 0.00% 13.32% 17.56%

PRLR

All Glioma Brain 2090 0.00% 2.72% 0.00% 6.79% 90.49%

GBM Brain 2088 0.00% 5.22% 0.00% 6.20% 88.58%

Non-GBM Brain 2088 0.00% 18.62% 0.00% 7.29% 74.09%

RAVER2

All Glioma Brain 2058 0.00% 0.03% 0.00% 95.69% 4.28%

GBM Brain 2057 0.00% 0.00% 0.00% 71.74% 28.26%

Non-GBM Brain 2057 0.00% 76.49% 0.00% 17.73% 5.79%

RETREG2

All Glioma Brain 1511 0.00% 0.53% 0.00% 1.17% 98.30%

GBM Brain 1508 0.00% 2.60% 0.00% 2.59% 94.81%

Non-GBM Brain 1509 0.00% 32.60% 0.00% 5.87% 61.53%

STMN3

All Glioma Brain 3119 0.00% 0.00% 0.00% 3.62% 96.38%

GBM Brain 3116 0.00% 0.00% 0.00% 3.57% 96.43%
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Non-GBM Brain 3116 0.00% 0.58% 0.00% 21.98% 77.44%

TP53

All Glioma Blood 3733 0.00% 0.00% 0.00% 2.50% 97.50%

GBM Blood 3712 0.00% 0.00% 0.00% 0.41% 99.59%

Non-GBM Blood 3713 0.00% 0.04% 0.00% 2.15% 97.81%
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Results for the proteomic Mendelian randomisation analyses presented in Chapter 5. Odds

ratios (OR) presented herein are usncaled, whereas the OR presented in the main body

of this thesis are scaled by one SD of that dataset.
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Mendelian randomisation Coloc Steiger filtering

Protein Subtype Tissue SNPs P OR (95% CI) SNPs H4 Dir P Flag Pass All?

EGFR

All glioma Brain 1 1.43×10−10 6.29×10−9

(1.96×10−11,

2.02×10−6)

- 0.50 a 3 0.80 ? 7

GBM Brain 1 3.07×10−13 4.24×10−12

(3.72×10−15,

4.84×10−9)

- 0.50 a 3 0.91 ? 7

Non-GBM Brain 1 0.005 1.50×10−5

(6.50×10−9, 0.03)

- 0.50 a 3 0.68 ? 7

MON1B

All glioma Brain 1 6.96×10−5 1.70×10−5

(7.39×10−8, 0.004)

- 0.76 a 3 0.66 ? 7

GBM Brain 1 9.21×10−4 1.26×10−5

(1.58×10−8, 0.01)

- 0.83 a 3 0.67 ? 7

Non-GBM Brain 1 0.008 6.14×10−5

(4.62×10−8, 0.08)

- 0.76 a 3 0.74 ? 7

TAGLN

All glioma Brain 1 0.06 4.80 (0.93, 24.64) - 0.002 a 3 0.01 3 7

GBM Brain 1 0.80 1.29 (0.18, 9.31) - 0.01 a 3 0.01 3 7

Non-GBM Brain 1 0.001 34.84 (4.24, 286.39) - 0.40 a 3 0.02 3 3

TGFBI

All glioma Blood 1 0.0008 0.87 (0.80, 0.94) 2687 82% 3 8.69×10−64 3

GBM Blood 1 0.004 0.86 (0.78, 0.95) 2585 37% 3 1.76×10−63 3 7

Non-GBM Blood 1 0.014 0.87 (0.78, 0.97) 2519 18% 3 4.74×10−64 3 7

a Approximate colocalisation method was used to generate these results.
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L ist of Read codes and Clinical Practice Research Datalink (CPRD) descriptions used to

define cases for analyses in Chapter 6.

Read Code Description CPRD
Medical
Code

CPRD Description

B506.00 Malignant neoplasm of

choroid

15991 Malignant neoplasm of choroid

B51..00 Malignant neoplasm of

brain

18617 Malignant neoplasm of brain

B51..11 Cerebral tumour - malig-

nant

10851 Cerebral tumour - malignant

B510.00 Malignant neoplasm

cerebrum (excluding

lobes and ventricles)

15711 Malignant neoplasm cerebrum (ex-

cluding lobes and ventricles)

B510000 Malignant neoplasm of

basal ganglia

48073 Malignant neoplasm of basal ganglia

B510100 Malignant neoplasm of

cerebral cortex

61399 Malignant neoplasm of cerebral cor-

tex

B510300 [Not provided] 99913 Malignant neoplasm of globus pal-

lidus

B510400 Malignant neoplasm of

hypothalamus

70942 Malignant neoplasm of hypothala-

mus
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B510500 Malignant neoplasm of

thalamus

62126 Malignant neoplasm of thalamus

B510z00 Malignant neoplasm of

cerebrum NOS

54133 Malignant neoplasm of cerebrum

NOS

B511.00 Malignant neoplasm of

frontal lobe

42426 Malignant neoplasm of frontal lobe

B512.00 Malignant neoplasm of

temporal lobe

46792 Malignant neoplasm of temporal lobe

B512000 Malignant neoplasm of

hippocampus

67236 Malignant neoplasm of hippocampus

B512z00 Malignant neoplasm of

temporal lobe NOS

47556 Malignant neoplasm of temporal lobe

NOS

B513.00 Malignant neoplasm of

parietal lobe

19226 Malignant neoplasm of parietal lobe

B514.00 Malignant neoplasm of

occipital lobe

39088 Malignant neoplasm of occipital lobe

B515.00 Malignant neoplasm of

cerebral ventricles

52511 Malignant neoplasm of cerebral ven-

tricles

B515000 Malignant neoplasm of

choroid plexus

46789 Malignant neoplasm of choroid

plexus

B516.00 Malignant neoplasm of

cerebellum

45154 Malignant neoplasm of cerebellum

B517.00 Malignant neoplasm of

brain stem

44089 Malignant neoplasm of brain stem

B517000 Malignant neoplasm of

cerebral peduncle

64557 Malignant neoplasm of cerebral pe-

duncle

B517100 Malignant neoplasm of

medulla oblongata

49132 Malignant neoplasm of medulla ob-

longata

B517200 Malignant neoplasm of

midbrain

93537 Malignant neoplasm of midbrain

B517300 Malignant neoplasm of

pons

91240 Malignant neoplasm of pons

B517z00 Malignant neoplasm of

brain stem NOS

68641 Malignant neoplasm of brain stem

NOS

B51y.00 Malignant neoplasm of

other parts of brain

71139 Malignant neoplasm of other parts of

brain

B51y000 Malignant neoplasm of

corpus callosum

59170 Malignant neoplasm of corpus callo-

sum
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B51y200 Malignant neoplasm,

overlapping lesion of

brain

65241 Malignant neoplasm, overlapping le-

sion of brain

B51yz00 [Not provided] 100733 Malignant neoplasm of other part of

brain NOS

B51z.00 Malignant neoplasm of

brain NOS

41520 Malignant neoplasm of brain NOS

B521.00 Malignant neoplasm of

cerebral meninges

28919 Malignant neoplasm of cerebral

meninges

B521200 [Not provided] 109473 Malignant neoplasm of cerebral pia

mater

B521z00 Malignant neoplasm of

cerebral meninges NOS

70104 Malignant neoplasm of cerebral

meninges NOS

B52X.00 Malignant neoplasm of

meninges, unspecified

49875 Malignant neoplasm of meninges, un-

specified

B542.00 Malignant neoplasm pi-

tuitary gland and cranio-

pharyngeal duct

59823 Malignant neoplasm pituitary gland

and craniopharyngeal duct

B542000 Malignant neoplasm of

pituitary gland

8550 Malignant neoplasm of pituitary

gland

B542z00 Malig neop pituitary

gland or craniopharyn-

geal duct NOS

59718 Malig neop pituitary gland or cranio-

pharyngeal duct NOS

B543.00 Malignant neoplasm of

pineal gland

42460 Malignant neoplasm of pineal gland

B583.00 Secondary malignant

neoplasm of brain and

spinal cord

33843 Secondary malignant neoplasm of

brain and spinal cord

B583000 Secondary malignant

neoplasm of brain

5198 Secondary malignant neoplasm of

brain

B583200 Cerebral metastasis 5199 Cerebral metastasis

B583z00 Secondary malignant

neoplasm of brain or

spinal cord NOS

59375 Secondary malignant neoplasm of

brain or spinal cord NOS

B8yy300 Carcinoma in situ of pi-

tuitary gland

45909 Carcinoma in situ of pituitary gland

BA06.00 Neoplasm of unspecified

nature of brain

1044 Neoplasm of unspecified nature of

brain
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BB9G.00 [M]Infiltrating ductular

carcinoma

7319 [M]Infiltrating ductular carcinoma

BBa3.00 [M]Pineoblastoma 50151 [M]Pineoblastoma

BBb..00 [M]Gliomas 12309 [M]Gliomas

BBb0.00 [M]Glioma, malignant 31574 [M]Glioma, malignant

BBb0.11 [M]Glioma NOS 8523 [M]Glioma NOS

BBb0.12 [M]Gliosarcoma 34252 [M]Gliosarcoma

BBb1.00 [M]Gliomatosis cerebri 38551 [M]Gliomatosis cerebri

BBb2.00 [M]Mixed glioma 68808 [M]Mixed glioma

BBb2.11 [M]Mixed glioma 39386 [M]Mixed glioma

BBb3.00 [M]Subependymal

glioma

94267 [M]Subependymal glioma

BBb3.11 [M]Subependymal astro-

cytoma NOS

90487 [M]Subependymal astrocytoma NOS

BBb3.12 [M]Subependymal astro-

cytoma NOS

28344 [M]Subependymal astrocytoma NOS

BBb4.00 [M]Subependymal giant

cell astrocytoma

49168 [M]Subependymal giant cell astrocy-

toma

BBb8.00 [M]Ependymoma,

anaplastic type

52751 [M]Ependymoma, anaplastic type

BBb8.11 [M]Ependymoblastoma 46769 [M]Ependymoblastoma

BBbA.00 [M]Myxopapillary

ependymoma

43114 [M]Myxopapillary ependymoma

BBbB.00 [M]Astrocytoma NOS 8547 [M]Astrocytoma NOS

BBbB.11 [M]Astrocytic glioma 27748 [M]Astrocytic glioma

BBbC.00 [M]Astrocytoma,

anaplastic type

8328 [M]Astrocytoma, anaplastic type

BBbE.00 [M]Gemistocytic astrocy-

toma

45531 [M]Gemistocytic astrocytoma

BBbF.00 [M]Fibrillary astrocy-

toma

27846 [M]Fibrillary astrocytoma

BBbG.00 [M]Pilocytic astrocy-

toma

30273 [M]Pilocytic astrocytoma

BBbG.11 [M]Juvenile astrocy-

toma

61783 [M]Juvenile astrocytoma

BBbG.12 [M]Piloid astrocytoma 98800 [M]Piloid astrocytoma

BBbH.00 [Not provided] 103047 [M]Spongioblastoma NOS

BBbK.00 [M]Astroblastoma 50235 [M]Astroblastoma
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BBbL.00 [M]Glioblastoma NOS 23083 [M]Glioblastoma NOS

BBbL.11 [M]Glioblastoma multi-

forme

9575 [M]Glioblastoma multiforme

BBbM.00 [M]Giant cell glioblas-

toma

66064 [M]Giant cell glioblastoma

BBbQ.00 [M]Oligodendroglioma

NOS

27744 [M]Oligodendroglioma NOS

BBbR.00 [M]Oligodendroglioma,

anaplastic type

49186 [M]Oligodendroglioma, anaplastic

type

BBbS.00 [M]Oligodendroblastoma 46404 [M]Oligodendroblastoma

BBbT.00 [M]Medulloblastoma

NOS

34763 [M]Medulloblastoma NOS

BBbU.00 [M]Desmoplastic medul-

loblastoma

65952 [M]Desmoplastic medulloblastoma

BBbV.00 [M]Medullomyoblastoma 31767 [M]Medullomyoblastoma

BBbW.00 [M]Cerebellar sarcoma

NOS

37473 [M]Cerebellar sarcoma NOS

BBbZ.00 [M]Pleomorphic xan-

thoastrocytoma

67587 [M]Pleomorphic xanthoastrocytoma

BBba.00 [M]Primitive neuroecto-

dermal tumour

41695 [M]Primitive neuroectodermal tu-

mour

BBbz.00 [M]Glioma NOS 27653 [M]Glioma NOS

BBc6.00 [M]Ganglioglioma 31629 [M]Ganglioglioma

BBc7.11 [M]Neuroastrocytoma 68479 [M]Neuroastrocytoma

BBd1.00 [M]Meningiomatosis

NOS

98677 [M]Meningiomatosis NOS

BBd1.11 [M]Diffuse menin-

giomatosis

95108 [M]Diffuse meningiomatosis

BBd2.00 [M]Meningioma, malig-

nant

27363 [M]Meningioma, malignant

BBd2.11 [M]Leptomeningeal sar-

coma

60347 [M]Leptomeningeal sarcoma

BBd2.12 [M]Meningothelial sar-

coma

96798 [M]Meningothelial sarcoma

BBd5.00 [M]Psammomatous

meningioma

38870 [M]Psammomatous meningioma

BBd7.11 [M]Angioblastic menin-

gioma

46490 [M]Angioblastic meningioma
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BBdB.00 [Not provided] 106134 [M]Meningeal sarcomatosis

BBdz.00 [M]Meningioma NOS 47848 [M]Meningioma NOS

BBm0.00 [M]Microglioma 63973 [M]Microglioma

ByuA200 [X]Malignant neoplasm

of meninges, unspecified

63925 [X]Malignant neoplasm of meninges,

unspecified

ByuA300 [X]Malig neopl, overlap

lesion brain & other part

of CNS

47633 [X]Malig neopl, overlap lesion brain

& other part of CNS
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L ist of product codes and names used to treat hyperlipidaemia. Used in the fibrate analyses

in Chapter 6.

Product
Code

Product Name PPAR-α
Targeting?

25 Simvastatin 20mg tablets No

28 Atorvastatin 10mg tablets No

42 Simvastatin 10mg tablets No

51 Simvastatin 40mg tablets No

75 Atorvastatin 20mg tablets No

184 Bezafibrate 200mg tablets Yes

379 Fluvastatin 20mg capsules No

490 Pravastatin 10mg tablets No

602 Bezafibrate 400mg modified-release tablets Yes

644 Colestyramine 4g oral powder sachets No

653 Ezetimibe 10mg tablets No

713 Rosuvastatin 10mg tablets No

730 Pravastatin 20mg tablets No

745 Atorvastatin 40mg tablets No

802 Simvador 40mg tablets (Discovery Pharmaceuticals) No

818 Simvastatin 20mg/5ml oral solution sugar free No

1212 Colestipol 5g granules sachets sugar free No

1214 Bezalip 400mg Tablet (Roche Products Ltd) Yes
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1215 Fenofibrate 100mg Capsule Yes

1217 Lipantil micro 200 200mg Capsule (Fournier Pharma-

ceuticals Ltd)

Yes

1219 Pravastatin 40mg tablets No

1221 Lipostat 10mg tablets (Bristol-Myers Squibb Pharma-

ceuticals Ltd)

No

1223 Lipostat 40mg tablets (Bristol-Myers Squibb Pharma-

ceuticals Ltd)

No

1322 Clofibrate 500mg capsules Yes

1324 Bezalip 200mg Tablet (Roche Products Ltd) Yes

1477 Atromid -s 500mg Capsule (AstraZeneca UK Ltd) Yes

1716 Questran 4g oral powder sachets (Bristol-Myers Squibb

Pharmaceuticals Ltd)

No

1764 Questran Light 4g oral powder sachets (Bristol-Myers

Squibb Pharmaceuticals Ltd)

No

2137 Fluvastatin 40mg capsules No

2215 Lopid 300mg capsules (Pfizer Ltd) Yes

2435 Lipantil 100mg Capsule (Fournier Pharmaceuticals

Ltd)

Yes

2718 Zocor 10mg tablets (Merck Sharp & Dohme Ltd) No

2955 Lipitor 40mg tablets (Pfizer Ltd) No

3089 Ciprofibrate 100mg tablets Yes

3159 Fenofibrate 200mg capsules Yes

3318 Gemfibrozil 300mg capsules Yes

3411 Lipitor 10mg tablets (Pfizer Ltd) No

3690 Lipostat 20mg tablets (Bristol-Myers Squibb Pharma-

ceuticals Ltd)

No

4062 Lopid 600mg tablets (Pfizer Ltd) Yes

4067 Olbetam 250mg capsules (Pfizer Ltd) No

4920 Fenofibrate micronised 200mg capsules Yes

4928 Lipantil Micro 200 capsules (BGP Products Ltd) Yes

5148 Simvastatin 80mg tablets No

5216 Bezalip mono 400mg Modified-release tablet (Roche

Products Ltd)

Yes

5390 Fenofibrate micronised 267mg capsules Yes

5564 Colestid Orange sachets (Pharmacia Ltd) No

5775 Atorvastatin 80mg tablets No
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5985 Lescol XL 80mg tablets (Novartis Pharmaceuticals UK

Ltd)

No

6120 Ezetrol 10mg tablets (Merck Sharp & Dohme Ltd) No

6155 Colestyramine with aspartame 4g sugar free powder No

6168 Zocor 40mg tablets (Merck Sharp & Dohme Ltd) No

6213 Rosuvastatin 20mg tablets No

6365 Colestid 5g granules sachets plain (Pfizer Ltd) No

7196 Zocor 20mg tablets (Merck Sharp & Dohme Ltd) No

7347 Crestor 10mg tablets (AstraZeneca UK Ltd) No

7374 Lipitor 20mg tablets (Pfizer Ltd) No

7540 Lipantil Micro 267 capsules (BGP Products Ltd) Yes

7544 Niaspan 750mg modified-release tablets (Abbott Labo-

ratories Ltd)

No

7551 Niaspan 1g modified-release tablets (Abbott Laborato-

ries Ltd)

No

7552 Simvastatin 20mg / Ezetimibe 10mg tablets No

7554 Rosuvastatin 5mg tablets No

8082 Gemfibrozil 600mg tablets Yes

8104 Acipimox 250mg capsules No

8380 Lescol 20mg capsules (Novartis Pharmaceuticals UK

Ltd)

No

8706 Modalim 100mg tablets (Sanofi) Yes

9153 Lescol 40mg capsules (Novartis Pharmaceuticals UK

Ltd)

No

9491 Fenofibrate micronised 67mg capsules Yes

9639 Fenofibrate micronised 160mg tablets Yes

9716 Supralip 160mg tablets (BGP Products Ltd) Yes

9897 Rosuvastatin 40mg tablets No

9920 Simvador 20mg tablets (Discovery Pharmaceuticals) No

9930 Crestor 40mg tablets (AstraZeneca UK Ltd) No

10172 Simvastatin 40mg / Ezetimibe 10mg tablets No

10183 Simvastatin 40mg with ezetimibe 10mg tablet No

10206 Simvastatin 80mg with ezetimibe 10mg tablet No

11627 Fluvastatin 80mg modified-release tablets No

11785 Colestyramine 4g oral powder sachets sugar free No

11815 Simvastatin 20mg with ezetimibe 10mg tablet No
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11976 Niaspan 500mg modified-release tablets (Abbott Labo-

ratories Ltd)

No

12211 Nicotinic acid 50mg tablets No

13041 Simvador 10mg tablets (Discovery Pharmaceuticals) No

14219 Simvastatin 80mg / Ezetimibe 10mg tablets No

14379 Lipantil Micro 67 capsules (BGP Products Ltd) Yes

14963 Nicotinic acid 500mg modified-release tablets No

15252 Crestor 20mg tablets (AstraZeneca UK Ltd) No

16186 Inegy 10mg/80mg tablets (Merck Sharp & Dohme Ltd) No

17059 Inegy 10mg/40mg tablets (Merck Sharp & Dohme Ltd) No

17614 Zimbacol XL 400mg tablets (Archimedes Pharma UK

Ltd)

Yes

17683 Lipitor 80mg tablets (Pfizer Ltd) No

17688 Crestor 5mg tablets (AstraZeneca UK Ltd) No

17813 Nicotinic acid 100mg Tablet No

17824 Nicotinic acid 25mg Tablet No

18081 Colestid Orange 5g granules sachets (Pfizer Ltd) No

18098 Nicotinic acid 375mg + 500mg + 750mg Modified-

release tablet

No

18126 Nicotinic acid 1g modified-release tablets No

19938 Colestipol with aspartame granules No

21020 Inegy 10mg/20mg tablets (Merck Sharp & Dohme Ltd) No

22579 Zocor 80mg tablets (Merck Sharp & Dohme Ltd) No

23153 Liparol 400 XL tablets (Ashbourne Pharmaceuticals

Ltd)

Yes

23153 Liparol 400 XL tablets (Ashbourne Pharmaceuticals

Ltd)

No

23634 GEMFIBROZIL Yes

24009 NICOTINIC ACID 500 MG TAB No

24084 Colestyramine 4g oral powder sachets sugar free

(PLIVA Pharma Ltd)

No

24509 SIMVASTATIN No

24583 Nicotinic acid 750mg modified-release tablets No

25018 BEZAFIBRATE Yes

29213 Bezagen XL 400mg tablets (Mylan Ltd) Yes

29328 Bezafibrate 200mg tablets (A A H Pharmaceuticals Ltd) Yes

29438 SIMVASTATIN No

31221 Bezafibrate 200mg tablets (Mylan Ltd) Yes
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31783 Fenogal 200mg capsules (Genus Pharmaceuticals Ltd) Yes

31930 Zocor heart-pro 10mg Tablet (McNeil Products Ltd) No

32110 Colestyramine 4g Sachets (Dominion Pharma) No

32909 Simvastatin 80mg tablets (A A H Pharmaceuticals Ltd) No

32921 Pravastatin 10mg Tablet (Dr Reddy’s Laboratories (UK)

Ltd)

No

33082 Simvastatin 20mg tablets (A A H Pharmaceuticals Ltd) No

33603 Fibrazate XL 400mg tablets (Sandoz Ltd) Yes

33944 Bezafibrate 200mg tablets (Teva UK Ltd) Yes

34181 Bezafibrate 400mg Modified-release tablet (Hillcross

Pharmaceuticals Ltd)

Yes

34201 Colestyramine 4g oral powder sachets sugar free (Ac-

tavis UK Ltd)

No

34277 Gemfibrozil 600mg tablets (Teva UK Ltd) Yes

34312 Simvastatin 20mg tablets (Mylan Ltd) No

34316 Simvastatin 20mg tablets (Teva UK Ltd) No

34353 Simvastatin 40mg tablets (Mylan Ltd) No

34366 Simvastatin 20mg tablets (IVAX Pharmaceuticals UK

Ltd)

No

34376 Simvastatin 40mg tablets (Teva UK Ltd) No

34381 Simvastatin 40mg tablets (IVAX Pharmaceuticals UK

Ltd)

No

34476 Simvastatin 20mg Tablet (Ratiopharm UK Ltd) No

34481 Simvastatin 10mg tablets (IVAX Pharmaceuticals UK

Ltd)

No

34502 Simvastatin 40mg tablets (A A H Pharmaceuticals Ltd) No

34535 Simvastatin 10mg tablets (Mylan Ltd) No

34545 Simvastatin 40mg Tablet (Ratiopharm UK Ltd) No

34560 Simvastatin 10mg Tablet (Ratiopharm UK Ltd) No

34746 Simvastatin 20mg Tablet (Niche Generics Ltd) No

34814 Simvastatin 20mg tablets (Wockhardt UK Ltd) No

34820 Pravastatin 40mg tablets (A A H Pharmaceuticals Ltd) No

34879 Simvastatin 40mg Tablet (Niche Generics Ltd) No

34891 Simvastatin 20mg tablets (Kent Pharmaceuticals Ltd) No

34907 Simvastatin 40mg tablets (Wockhardt UK Ltd) No

34955 Simvastatin 10mg tablets (A A H Pharmaceuticals Ltd) No

34969 Simvastatin 40mg tablets (Actavis UK Ltd) No

36377 Pravastatin 20mg tablets (Teva UK Ltd) No
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37266 Colesevelam 625mg tablets No

37434 Simvastatin 40mg tablets (Sandoz Ltd) No

37953 Cholestagel 625mg tablets (Sanofi) No

39060 Simvastatin 20mg tablets (Dexcel-Pharma Ltd) No

39420 Bezalip Mono 400mg modified-release tablets (Teva UK

Ltd)

Yes

39576 Bezalip 200mg tablets (Teva UK Ltd) Yes

39652 Simvastatin 40mg/5ml oral solution sugar free No

39675 Simvastatin 20mg/5ml Oral suspension (Martindale

Pharmaceuticals Ltd)

No

39870 Simvador 80mg tablets (Discovery Pharmaceuticals) No

40340 Simvastatin 10mg tablets (Teva UK Ltd) No

40382 Pravastatin 20mg tablets (A A H Pharmaceuticals Ltd) No

40601 Simvastatin 20mg tablets (Ranbaxy (UK) Ltd) No

40729 Tredaptive 1000mg/20mg modified-release tablets

(Merck Sharp & Dohme Ltd)

No

40885 Nicotinic acid 1g / Laropiprant 20mg modified-release

tablets

No

41396 Fenofibrate micronised 200mg capsules (A A H Phar-

maceuticals Ltd)

Yes

41657 Simvastatin 80mg tablets (Teva UK Ltd) No

42801 Bezafibrate xl 400mg Modified-release tablet (Generics

(UK) Ltd)

Yes

43218 Pravastatin 10mg tablets (Teva UK Ltd) No

44528 Simvastatin 20mg/5ml oral suspension sugar free (Rose-

mont Pharmaceuticals Ltd)

No

44650 Simvastatin 40mg tablets (Dexcel-Pharma Ltd) No

44878 Ranzolont 10mg tablets (Ranbaxy (UK) Ltd) No

45219 Simvastatin 40mg tablets (Kent Pharmaceuticals Ltd) No

45235 Simvastatin 20mg tablets (Sandoz Ltd) No

45245 Simvastatin 20mg tablets (Actavis UK Ltd) No

45346 Simvastatin 40mg tablets (Arrow Generics Ltd) No

46878 Simvastatin 40mg tablets (Almus Pharmaceuticals Ltd) No

46956 Simvastatin 80mg tablets (Arrow Generics Ltd) No

47023 Omega-3 fish oil with glycerol Emulsion for infusion No

47065 Atorvastatin 20mg chewable tablets sugar free No

47090 Atorvastatin 10mg chewable tablets sugar free No

47630 Lipitor 20mg chewable tablets (Pfizer Ltd) No
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47721 Lipitor 10mg chewable tablets (Pfizer Ltd) No

47774 Simvastatin 10mg tablets (Arrow Generics Ltd) No

47935 Fenofibrate 200mg Capsule (Teva UK Ltd) Yes

47948 Simvastatin 10mg tablets (Tillomed Laboratories Ltd) No

47988 Pravastatin 40mg tablets (Mylan Ltd) No

48018 Simvastatin 20mg tablets (Arrow Generics Ltd) No

48051 Simvastatin 10mg tablets (Kent Pharmaceuticals Ltd) No

48058 Simvastatin 10mg tablets (Ranbaxy (UK) Ltd) No

48078 Simvastatin 10mg tablets (Actavis UK Ltd) No

48097 Pravastatin 40mg tablets (Teva UK Ltd) No

48221 Simvastatin 20mg/5ml oral suspension sugar free No

48346 Atorvastatin 60mg tablets No

48431 Simvastatin 40mg/5ml oral suspension sugar free No

48518 Atorvastatin 10mg/5ml oral solution No

48585 Nicotinic acid 500mg capsules No

48867 Simvastatin 40mg tablets (Alliance Healthcare (Distri-

bution) Ltd)

No

48973 Atorvastatin 30mg tablets No

49061 Simvastatin 40mg tablets (Bristol Laboratories Ltd) No

49062 Simvastatin 20mg tablets (Alliance Healthcare (Distri-

bution) Ltd)

No

49558 Atorvastatin 20mg tablets (A A H Pharmaceuticals Ltd) No

49587 Simvastatin 80mg tablets (Almus Pharmaceuticals Ltd) No

49609 Bezafibrate 400mg Modified-release tablet (Sandoz Ltd) Yes

49751 Atorvastatin 40mg tablets (Alliance Healthcare (Distri-

bution) Ltd)

No

50071 Fenofibrate 160mg Tablet (Teva UK Ltd) Yes

50236 Atorvastatin 10mg tablets (Zentiva) No

50272 Atorvastatin 40mg tablets (Pfizer Ltd) No

50483 Simvastatin 40mg tablets (Relonchem Ltd) No

50564 Simvastatin 20mg tablets (Relonchem Ltd) No

50670 Simvastatin 40mg tablets (Aurobindo Pharma Ltd) No

50703 Simvastatin 40mg tablets (Accord Healthcare Ltd) No

50754 Simvastatin 20mg tablets (Medreich Plc) No

50788 Atorvastatin 20mg tablets (Pfizer Ltd) No

50790 Atorvastatin 20mg tablets (Dexcel-Pharma Ltd) No

50882 Simvastatin 40mg tablets (Somex Pharma) No

50925 Pravastatin 10mg tablets (Sigma Pharmaceuticals Plc) No
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50963 Atorvastatin 40mg tablets (Teva UK Ltd) No

51085 Simvastatin 10mg tablets (Medreich Plc) No

51134 Atorvastatin 10mg tablets (A A H Pharmaceuticals Ltd) No

51155 Natures Aid Omega-3 Fish Oil 1000mg softgels capsules

(Natures Aid Ltd)

No

51166 Simvastatin 40mg tablets (Medreich Plc) No

51200 Atorvastatin 40mg tablets (Arrow Generics Ltd) No

51233 Simvastatin 10mg tablets (Alliance Healthcare (Distri-

bution) Ltd)

No

51359 Atorvastatin 20mg tablets (Arrow Generics Ltd) No

51483 Simvastatin 20mg tablets (Aurobindo Pharma Ltd) No

51622 Atorvastatin 20mg tablets (Consilient Health Ltd) No

51676 Pravastatin 40mg tablets (Medreich Plc) No

51715 Simvastatin 10mg tablets (Sigma Pharmaceuticals Plc) No

51822 Natures Aid Omega-3 Fish Oil 500mg capsules (Natures

Aid Ltd)

No

51876 Atorvastatin 40mg tablets (Consilient Health Ltd) No

51890 Pravastatin 20mg tablets (Medreich Plc) No

52097 Atorvastatin 40mg tablets (Wockhardt UK Ltd) No

52098 Simvastatin 40mg tablets (Ranbaxy (UK) Ltd) No

52168 Atorvastatin 20mg tablets (Aspire Pharma Ltd) No

52211 Atorvastatin 20mg tablets (Actavis UK Ltd) No

52257 Simvastatin 20mg tablets (Accord Healthcare Ltd) No

52397 Atorvastatin 40mg tablets (Dr Reddy’s Laboratories

(UK) Ltd)

No

52398 Atorvastatin 40mg tablets (A A H Pharmaceuticals Ltd) No

52459 Atorvastatin 80mg tablets (Actavis UK Ltd) No

52460 Atorvastatin 40mg tablets (Aspire Pharma Ltd) No

52625 Simvastatin 10mg tablets (Wockhardt UK Ltd) No

52676 Simvastatin 10mg/5ml oral suspension No

52755 Pravastatin 20mg tablets (Alliance Healthcare (Distri-

bution) Ltd)

No

52812 Simvastatin 20mg tablets (Sigma Pharmaceuticals Plc) No

52814 Bezafibrate 400mg modified-release tablets (Alliance

Healthcare (Distribution) Ltd)

Yes

52821 Atorvastatin 80mg tablets (Dr Reddy’s Laboratories

(UK) Ltd)

No
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52953 Simvastatin 20mg tablets (Bristol Laboratories Ltd) No

52962 Simvastatin 80mg tablets (Medreich Plc) No

53087 Simvastatin 20mg tablets (Somex Pharma) No

53250 Modalim 100mg tablets (Lexon (UK) Ltd) Yes

53340 Zocor 40mg tablets (Lexon (UK) Ltd) No

53415 Simvastatin 10mg tablets (Aurobindo Pharma Ltd) No

53460 Crestor 10mg tablets (DE Pharmaceuticals) No

53594 Lipitor 80mg tablets (Mawdsley-Brooks & Company

Ltd)

No

53676 Simvastatin 20mg tablets (Tillomed Laboratories Ltd) No

53770 Fluvastatin 40mg capsules (A A H Pharmaceuticals

Ltd)

No

53772 Atorvastatin 80mg tablets (Alliance Healthcare (Distri-

bution) Ltd)

No

53822 Simvastatin 10mg tablets (Bristol Laboratories Ltd) No

53887 Atorvastatin 40mg tablets (Actavis UK Ltd) No

53890 Atorvastatin 80mg tablets (Pfizer Ltd) No

53908 Simvastatin 10mg tablets (Dexcel-Pharma Ltd) No

53966 Simvastatin 40mg tablets (Phoenix Healthcare Distri-

bution Ltd)

No

54240 Simvastatin 40mg tablets (Sigma Pharmaceuticals Plc) No

54266 Simvastatin 20mg/5ml oral suspension No

54435 Pravastatin 40mg tablets (Almus Pharmaceuticals Ltd) No

54493 Simvastatin 10mg tablets (Relonchem Ltd) No

54535 Atorvastatin 10mg tablets (Pfizer Ltd) No

54606 Simvastatin 20mg/5ml oral suspension sugar free (A A

H Pharmaceuticals Ltd)

No

54607 Pravastatin 20mg tablets (Almus Pharmaceuticals Ltd) No

54655 Simvastatin 10mg tablets (Accord Healthcare Ltd) No

54819 Simvastatin 40mg/5ml oral suspension sugar free (Rose-

mont Pharmaceuticals Ltd)

No

54947 Simvastatin 20mg tablets (Almus Pharmaceuticals Ltd) No

54976 Simvastatin 10mg tablets (Somex Pharma) No

54985 Simvastatin 40mg/5ml oral suspension No

54992 Atorvastatin 10mg/5ml oral suspension No

55032 Atorvastatin 10mg tablets (Dexcel-Pharma Ltd) No

55034 Atorvastatin 40mg/5ml oral suspension No

55444 Atorvastatin 40mg tablets (Zentiva) No
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55452 Simvastatin 20mg tablets (Phoenix Healthcare Distri-

bution Ltd)

No

55727 Atorvastatin 10mg tablets (Actavis UK Ltd) No

55912 Pravastatin 40mg tablets (Alliance Healthcare (Distri-

bution) Ltd)

No

56065 Simvastatin 20mg/5ml oral suspension sugar free (Way-

made Healthcare Plc)

No

56097 Atorvastatin 10mg chewable tablets sugar free No

56146 Pravastatin 10mg tablets (Waymade Healthcare Plc) No

56165 Atorvastatin 20mg chewable tablets sugar free No

56182 Atorvastatin 80mg tablets (Zentiva) No

56248 Atorvastatin 20mg tablets (Sigma Pharmaceuticals Plc) No

56481 Zocor 10mg tablets (Sigma Pharmaceuticals Plc) No

56494 Zocor 20mg tablets (Sigma Pharmaceuticals Plc) No

56564 Atorvastatin 20mg tablets (Almus Pharmaceuticals

Ltd)

No

56607 Pravastatin 20mg tablets (Waymade Healthcare Plc) No

56735 Pravastatin 20mg tablets (Mylan Ltd) No

56841 Atorvastatin 40mg tablets (Dexcel-Pharma Ltd) No

56893 Pravastatin 40mg tablets (Accord Healthcare Ltd) No

56916 Pravastatin 40mg tablets (PLIVA Pharma Ltd) No

57108 Pravastatin 40mg tablets (Waymade Healthcare Plc) No

57117 Atorvastatin 80mg tablets (Waymade Healthcare Plc) No

57137 Pravastatin 10mg tablets (Almus Pharmaceuticals Ltd) No

57219 Fenofibrate micronised 200mg capsules (Sandoz Ltd) Yes

57296 Pravastatin 20mg tablets (Phoenix Healthcare Distri-

bution Ltd)

No

57329 Simvastatin 25mg/5ml oral suspension No

57348 Atorvastatin 10mg tablets (Consilient Health Ltd) No

57397 Pravastatin 10mg tablets (Accord Healthcare Ltd) No

57489 Ciprofibrate 100mg tablets (Zentiva) Yes

57568 Zocor 10mg tablets (Lexon (UK) Ltd) No

57763 Rosuvastatin 10mg tablets (Waymade Healthcare Plc) No

57834 Atorvastatin 40mg tablets (DE Pharmaceuticals) No

57836 Atorvastatin 80mg tablets (Teva UK Ltd) No

57999 Crestor 40mg tablets (Lexon (UK) Ltd) No

58041 Atorvastatin 20mg tablets (Teva UK Ltd) No

58110 Atorvastatin 20mg tablets (Zentiva) No
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58315 Simvastatin 20mg tablets (Waymade Healthcare Plc) No

58394 Atorvastatin 20mg tablets (Alliance Healthcare (Distri-

bution) Ltd)

No

58418 Atorvastatin 80mg tablets (A A H Pharmaceuticals Ltd) No

58617 Rosuvastatin 20mg/5ml oral suspension No

58635 Bezalip Mono 400mg modified-release tablets (DE Phar-

maceuticals)

Yes

58742 Atorvastatin 80mg tablets (Arrow Generics Ltd) No

58755 Simvastatin 10mg tablets (Phoenix Healthcare Distri-

bution Ltd)

No

58834 Atorvastatin 10mg tablets (DE Pharmaceuticals) No

58868 Atorvastatin 10mg tablets (Sigma Pharmaceuticals Plc) No

59002 Bezafibrate 400mg modified-release tablets (DE Phar-

maceuticals)

Yes

59272 Atorvastatin 20mg tablets (Waymade Healthcare Plc) No

59278 Fluvastatin 20mg capsules (Zentiva) No

59331 Lipitor 10mg tablets (DE Pharmaceuticals) No

59357 Atorvastatin 10mg tablets (Ranbaxy (UK) Ltd) No

59446 Atorvastatin 40mg tablets (Almus Pharmaceuticals

Ltd)

No

59447 Crestor 20mg tablets (Waymade Healthcare Plc) No

59452 Rosuvastatin 5mg tablets (Waymade Healthcare Plc) No

59508 Pravastatin 20mg tablets (Accord Healthcare Ltd) No

59776 Atorvastatin 80mg tablets (Aspire Pharma Ltd) No

59859 Atorvastatin 10mg tablets (Teva UK Ltd) No

60101 Colestyramine 4g oral powder sachets sugar free (Teva

UK Ltd)

No

60160 Rosuvastatin 5mg tablets (Mawdsley-Brooks & Com-

pany Ltd)

No

60251 Pravastatin 10mg tablets (Sandoz Ltd) No

60342 Berocca effervescent tablets tropical (Bayer Plc) No

60385 Bezalip Mono 400mg modified-release tablets (Lexon

(UK) Ltd)

Yes

60464 Atorvastatin 20mg/5ml oral suspension No

60511 Atorvastatin 40mg tablets (Ranbaxy (UK) Ltd) No

60607 Atorvastatin 80mg tablets (DE Pharmaceuticals) No

60788 Fenofibrate micronised 267mg capsules (Zentiva) Yes
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60989 Atorvastatin 80mg tablets (Phoenix Healthcare Distri-

bution Ltd)

No

61087 Questran Light 4g oral powder sachets (Mawdsley-

Brooks & Company Ltd)

No

61134 Pravastatin 20mg tablets (Sigma Pharmaceuticals Plc) No

61149 Atorvastatin 10mg tablets (Waymade Healthcare Plc) No

61155 Simvastatin 40mg/5ml oral suspension sugar free (A A

H Pharmaceuticals Ltd)

No

61321 Simvastatin 10mg tablets (Sandoz Ltd) No

61360 Simvastatin 10mg tablets (Almus Pharmaceuticals Ltd) No

61665 Simvastatin 10mg tablets (Waymade Healthcare Plc) No

62137 Simvastatin 40mg tablets (Waymade Healthcare Plc) No

62148 Fluvastatin 20mg capsules (Actavis UK Ltd) No

62219 Atorvastatin 20mg tablets (DE Pharmaceuticals) No

62429 Atorvastatin 20mg tablets (DE Pharmaceuticals) No

62476 Atorvastatin 80mg tablets (Almus Pharmaceuticals

Ltd)

No

62979 Pravastatin 40mg tablets (Kent Pharmaceuticals Ltd) No

63074 Pravastatin 20mg tablets (PLIVA Pharma Ltd) No

63140 Atorvastatin 10mg tablets (Alliance Healthcare (Distri-

bution) Ltd)

No

63249 Atorvastatin 80mg tablets (Consilient Health Ltd) No

63343 Generic Crampex tablets No

63469 Atorvastatin 30mg tablets (Consilient Health Ltd) No

63737 Fenofibrate micronised 267mg capsules (Sigma Phar-

maceuticals Plc)

Yes

63787 Pravastatin 10mg tablets (Tillomed Laboratories Ltd) No

64067 Atorvastatin 20mg/5ml oral solution No

64104 Simvastatin 20mg tablets (Crescent Pharma Ltd) No

64180 Simvastatin 10mg tablets (Crescent Pharma Ltd) No

64307 Simvastatin 40mg tablets (Crescent Pharma Ltd) No

64503 Bezalip Mono 400mg modified-release tablets (Way-

made Healthcare Plc)

Yes

64702 Atorvastatin 30mg tablets (A A H Pharmaceuticals Ltd) No

64810 Atorvastatin 40mg tablets (Phoenix Healthcare Distri-

bution Ltd)

No

64825 Atorvastatin 10mg tablets (Phoenix Healthcare Distri-

bution Ltd)

No
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64868 Atorvastatin 40mg tablets (Sigma Pharmaceuticals Plc) No

64933 Fenofibrate micronised 267mg capsules (Ranbaxy (UK)

Ltd)

Yes

64968 Simvastatin 10mg tablets (DE Pharmaceuticals) No

64984 Fenofibrate micronised 160mg tablets (Phoenix Health-

care Distribution Ltd)

Yes

65181 Simvastatin 40mg tablets (DE Pharmaceuticals) No

65193 Atorvastatin 20mg tablets (Ranbaxy (UK) Ltd) No

65572 Fenofibrate micronised 160mg tablets (Genus Pharma-

ceuticals Ltd)

Yes

65679 Simvastatin 20mg tablets (DE Pharmaceuticals) No

65901 Simvastatin 40mg tablets (Zentiva) No

65925 Simvastatin 20mg/5ml oral suspension sugar free (Al-

liance Healthcare (Distribution) Ltd)

No

66087 Modalim 100mg tablets (Mawdsley-Brooks & Company

Ltd)

Yes

66425 Bezafibrate 400mg modified-release tablets (A A H

Pharmaceuticals Ltd)

Yes

66505 Fenofibrate 145mg / Simvastatin 40mg tablets Yes

66564 Bezafibrate 400mg modified-release tablets (Phoenix

Healthcare Distribution Ltd)

Yes

66780 Fenofibrate 145mg / Simvastatin 20mg tablets Yes

66963 Atorvastatin 80mg tablets (Sigma Pharmaceuticals Plc) No

67098 Simvastatin 10mg tablets (Brown & Burk UK Ltd) No

67157 Fenofibrate micronised 200mg capsules (Phoenix

Healthcare Distribution Ltd)

Yes

67328 Lescol XL 80mg tablets (Mawdsley-Brooks & Company

Ltd)

No

67329 Lipantil Micro 267 capsules (DE Pharmaceuticals) Yes

67402 Atorvastatin 40mg tablets (Kent Pharmaceuticals Ltd) No

67573 Atorvastatin 10mg tablets (DE Pharmaceuticals) No

67660 Atorvastatin 80mg tablets (Ranbaxy (UK) Ltd) No

67745 Simvastatin 10mg tablets (Zentiva) No

67773 Simvastatin 20mg tablets (Zentiva) No

67829 Pravastatin 20mg tablets (Sandoz Ltd) No

67846 Atorvastatin 10mg tablets (Almus Pharmaceuticals

Ltd)

No

67883 Lomitapide 5mg capsules No
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68023 Atorvastatin 10mg tablets (Aspire Pharma Ltd) No

68048 Atorvastatin 20mg tablets (Phoenix Healthcare Distri-

bution Ltd)

No

68156 Pravastatin 10mg tablets (A A H Pharmaceuticals Ltd) No

68386 Colestyramine 4g oral powder sachets (J M McGill Ltd) No

68467 Atorvastatin 20mg tablets (Kent Pharmaceuticals Ltd) No

68563 Simvastatin 40mg tablets (Brown & Burk UK Ltd) No

68686 Simvastatin 20mg tablets (Genesis Pharmaceuticals

Ltd)

No

68785 Atorvastatin 10mg tablets (Mylan Ltd) No

68827 Atorvastatin 20mg tablets (Mylan Ltd) No

69093 Atorvastatin 80mg tablets (Wockhardt UK Ltd) No

69413 Simvastatin 20mg tablets (Brown & Burk UK Ltd) No

69427 Atorvastatin 40mg tablets (Mylan Ltd) No
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APPENDIX G

L ist of product codes and names used to treat type II diabetes (oral medications only). Used

in the glitazone analyses in Chapter 6.

Product
Code

Product Name PPAR-γ
Targeting?

23 Metformin 500mg tablets No

32 Gliclazide 80mg tablets No

93 Metformin 850mg tablets No

240 Rifampicin 150mg capsules No

469 Rosiglitazone 4mg tablets Yes

479 Acarbose 50mg tablets No

547 Glipizide 2.5mg tablets No

548 Pioglitazone 15mg tablets Yes

735 Metformin 100mg/ml Oral solution No

1254 Glibenclamide 5mg tablets No

1964 Diamicron 80mg tablets (Servier Laboratories Ltd) No

1965 Tolbutamide 500mg tablets No

2219 Glibenclamide 2.5mg tablets No

4862 Diabetamide 2.5mg tablets (Ashbourne Pharmaceuti-

cals Ltd)

No

5174 Acarbose 100mg tablets No

5227 Rosiglitazone 8mg tablets Yes

5276 Glimepiride 1mg tablets No
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5316 Glimepiride 4mg tablets No

5353 Glimepiride 2mg tablets No

5621 Glucobay 50mg tablets (Bayer Plc) No

5627 Gliclazide 30mg modified-release tablets No

5636 Glipizide 5mg tablets No

5678 Nateglinide 120mg tablets No

5989 Nateglinide 180mg tablets No

6337 Glimepiride 3mg tablets No

6855 Avandamet 2mg/500mg tablets (GlaxoSmithKline UK

Ltd)

Yes

7048 Metformin 500mg modified-release tablets No

7166 Glucophage 500mg tablets (Merck Serono Ltd) No

7284 Amaryl 2mg tablets (Zentiva) No

7325 Avandamet 4mg/1000mg tablets (GlaxoSmithKline UK

Ltd)

Yes

7332 Amaryl 1mg tablets (Zentiva) No

7375 Rosiglitazone 4mg / Metformin 1g tablets Yes

7409 Amaryl 3mg tablets (Zentiva) No

7610 Glucophage 850mg tablets (Merck Serono Ltd) No

7744 Daonil 5mg tablets (Sanofi) No

7818 Rifater tablets (Sanofi) No

7912 Semi-Daonil 2.5mg tablets (Sanofi) No

8976 Euglucon 2.5mg tablets (Aventis Pharma) No

9105 Glucobay 100mg tablets (Bayer Plc) No

9662 Avandia 4mg tablets (GlaxoSmithKline UK Ltd) Yes

9691 Rifampicin with isoniazid & pyrazinamide tablet No

9699 Pioglitazone 30mg tablets Yes

9707 Repaglinide 1mg tablets No

9748 Repaglinide 2mg tablets No

9865 Repaglinide 500microgram tablets No

10051 Pioglitazone 45mg tablets Yes

11284 Amaryl 4mg tablets (Zentiva) No

11316 NovoNorm 500microgram tablets (Novo Nordisk Ltd) No

11321 NovoNorm 1mg tablets (Novo Nordisk Ltd) No

11366 NovoNorm 2mg tablets (Novo Nordisk Ltd) No

11483 Nateglinide 60mg tablets No

11601 Rosiglitazone 2mg / Metformin 500mg tablets Yes

11604 Rosiglitazone 1mg / Metformin 500mg tablets Yes
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11609 Metformin with rosiglitazone 500mg + 1mg Tablet Yes

11610 Metformin with rosiglitazone 500mg + 2mg Tablet Yes

11695 Diamicron 30mg MR tablets (Servier Laboratories Ltd) No

11717 Rosiglitazone 2mg / Metformin 1g tablets Yes

11737 Metformin with rosiglitazone 1000mg + 4mg Tablet Yes

11760 Metformin with rosiglitazone 1000mg + 2mg Tablet Yes

11946 Tolbutamide 50mg/ml Injection No

11990 Metformin 500mg/5ml oral solution sugar free No

12455 Rastinon 500mg Tablet (Hoechst Marion Roussel) No

12513 Glibenese 5mg tablets (Pfizer Ltd) No

13331 Euglucon 5mg tablets (Sanofi) No

13628 Romozin 400mg Tablet (Glaxo Wellcome UK Ltd) Yes

14164 Avandamet 2mg/1000mg tablets (GlaxoSmithKline UK

Ltd)

Yes

15232 Avandia 8mg tablets (GlaxoSmithKline UK Ltd) Yes

15374 Gliclazide 40mg/5ml oral suspension No

15955 Starlix 120mg tablets (Novartis Pharmaceuticals UK

Ltd)

No

16044 Glucophage SR 500mg tablets (Merck Serono Ltd) No

16602 Calabren 2.5mg Tablet (Berk Pharmaceuticals Ltd) No

17343 Gliclazide 80mg tablets (A A H Pharmaceuticals Ltd) No

17580 Avandamet 1mg/500mg tablets (GlaxoSmithKline UK

Ltd)

Yes

17698 Minodiab 5mg tablets (Pfizer Ltd) No

17706 Minodiab 2.5mg tablets (Pfizer Ltd) No

17770 Glucagon novo 10mg Injection (Novo Nordisk Ltd) No

18220 Pioglitazone 15mg / Metformin 850mg tablets Yes

19472 Actos 45mg tablets (Takeda UK Ltd) Yes

20287 Actos 15mg tablets (Takeda UK Ltd) Yes

20889 Actos 30mg tablets (Takeda UK Ltd) Yes

21424 Glibenclamide 5mg/5ml oral suspension No

21564 Gliclazide 80mg tablets (Wockhardt UK Ltd) No

21832 Diabetamide 5mg tablets (Ashbourne Pharmaceuticals

Ltd)

No

21892 Diaglyk 80mg tablets (Ashbourne Pharmaceuticals Ltd) No

22239 Glucagon lilly 1mg Injection (Eli Lilly and Company

Ltd)

No
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23945 Starlix 60mg tablets (Novartis Pharmaceuticals UK

Ltd)

No

25636 Libanil 2.5mg Tablet (Approved Prescription Services

Ltd)

No

25678 Glucamet 500mg Tablet (Opus Pharmaceuticals Ltd) No

26218 Calabren 5mg Tablet (Berk Pharmaceuticals Ltd) No

26258 Glucamet 850mg Tablet (Opus Pharmaceuticals Ltd) No

27125 Starlix 180mg tablets (Novartis Pharmaceuticals UK

Ltd)

No

27501 Orabet 500mg Tablet (Lagap) No

28708 Malix 2.5mg Tablet (Lagap) No

29326 Glipizide 5mg tablets (Mylan Ltd) No

29939 Gliclazide 80mg tablets (Mylan Ltd) No

30316 Metformin with pioglitazone 850mg + 15mg Tablet Yes

30460 Malix 5mg Tablet (Lagap) No

31077 Competact 15mg/850mg tablets (Takeda UK Ltd) Yes

31146 Metsol 500mg/5ml oral solution (Kappin Ltd) No

31212 Gliclazide 80mg tablets (Actavis UK Ltd) No

31474 Libanil 5mg Tablet (Approved Prescription Services

Ltd)

No

33087 Metformin 500mg tablets (Actavis UK Ltd) No

33562 Duclazide 80mg Tablet (Dumex Ltd) No

33673 Tolbutamide 500mg tablets (Actavis UK Ltd) No

33674 Metformin 850mg tablets (A A H Pharmaceuticals Ltd) No

34004 Metformin 500mg tablets (IVAX Pharmaceuticals UK

Ltd)

No

34020 Metformin 850mg tablets (IVAX Pharmaceuticals UK

Ltd)

No

34135 Metformin 500mg Tablet (M & A Pharmachem Ltd) No

34323 Metformin 500mg tablets (A A H Pharmaceuticals Ltd) No

34399 Gliclazide 80mg tablets (IVAX Pharmaceuticals UK

Ltd)

No

34504 Metformin 500mg tablets (Wockhardt UK Ltd) No

34507 Glibenclamide 2.5mg tablets (Wockhardt UK Ltd) No

34563 Glibenclamide 5mg tablets (Wockhardt UK Ltd) No

34598 Metformin 500mg tablets (Mylan Ltd) No

34676 Glibenclamide 2.5mg tablets (A A H Pharmaceuticals

Ltd)

No
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34697 Metformin 850mg tablets (Wockhardt UK Ltd) No

34706 Glibenclamide 2.5mg tablets (IVAX Pharmaceuticals

UK Ltd)

No

34742 Metformin 850mg tablets (Teva UK Ltd) No

34802 Glipizide 5mg tablets (IVAX Pharmaceuticals UK Ltd) No

34836 Metformin 850mg tablets (Actavis UK Ltd) No

34917 Metformin 500mg tablets (Teva UK Ltd) No

34932 Gliclazide 80mg tablets (Genus Pharmaceuticals Ltd) No

34957 Tolbutamide 500mg tablets (A A H Pharmaceuticals

Ltd)

No

35022 Sitagliptin 100mg tablets No

35144 Byetta 5micrograms/0.02ml solution for injection 1.2ml

pre-filled disposable devices (AstraZeneca UK Ltd)

No

35149 Exenatide 10micrograms/0.04ml solution for injection

2.4ml pre-filled disposable devices

No

35150 Byetta 10micrograms/0.04ml solution for injection

2.4ml pre-filled disposable devices (AstraZeneca UK

Ltd)

No

35251 Exenatide 5micrograms/0.02ml solution for injection

1.2ml pre-filled disposable devices

No

35462 Januvia 100mg tablets (Merck Sharp & Dohme Ltd) No

35561 Prandin 2mg tablets (Novo Nordisk Ltd) No

36774 Prandin 1mg tablets (Novo Nordisk Ltd) No

36856 Gliclazide 80mg tablets (Sandoz Ltd) No

36948 Prandin 0.5mg tablets (Novo Nordisk Ltd) No

37617 Rosiglitazone 2mg tablet Yes

37874 Vildagliptin 50mg / Metformin 850mg tablets No

37875 Vildagliptin 50mg tablets No

37902 Vildagliptin 50mg / Metformin 1g tablets No

38355 Metformin 750mg modified-release tablets No

38400 Glucophage SR 750mg tablets (Merck Serono Ltd) No

38551 Eucreas 50mg/1000mg tablets (Novartis Pharmaceuti-

cals UK Ltd)

No

39149 Galvus 50mg tablets (Novartis Pharmaceuticals UK

Ltd)

No

39203 Eucreas 50mg/850mg tablets (Novartis Pharmaceuti-

cals UK Ltd)

No

39560 Bolamyn SR 500mg tablets (Teva UK Ltd) No
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39598 Metformin 1g modified-release tablets No

39729 Glucophage SR 1000mg tablets (Merck Serono Ltd) No

39988 Metformin 500mg oral powder sachets sugar free No

40007 Glucophage 1000mg oral powder sachets (Merck Serono

Ltd)

No

40110 Glucophage 500mg oral powder sachets (Merck Serono

Ltd)

No

40233 Metformin 1g oral powder sachets sugar free No

40365 Glimepiride 1mg tablets (Actavis UK Ltd) No

40425 Nazdol MR 30mg tablets (Teva UK Ltd) No

40642 Victoza 6mg/ml solution for injection 3ml pre-filled pen

(Novo Nordisk Ltd)

No

40693 Liraglutide 6mg/ml solution for injection 3ml pre-filled

disposable devices

No

41204 Saxagliptin 5mg tablets No

41431 Onglyza 5mg tablets (AstraZeneca UK Ltd) No

41558 Glibenclamide 5mg tablets (Teva UK Ltd) No

41559 Glibenclamide 5mg tablets (A A H Pharmaceuticals

Ltd)

No

41593 Glibenclamide 2.5mg tablets (Teva UK Ltd) No

42161 Orabet 500mg Tablet (Sandoz Ltd) No

42790 Gliclazide 80mg Tablet (Merck Generics (UK) Ltd) No

43065 Gliclazide 40mg tablets No

43270 Metformin 500mg/5ml oral solution sugar free (Rose-

mont Pharmaceuticals Ltd)

No

43465 Zicron 40mg tablets (Bristol Laboratories Ltd) No

43619 Metformin 1g / Sitagliptin 50mg tablets No

43684 Janumet 50mg/1000mg tablets (Merck Sharp & Dohme

Ltd)

No

44250 Metformin 500mg/5ml Oral solution (Hillcross Pharma-

ceuticals Ltd)

No

44304 Glyconon 500mg Tablet (DDSA Pharmaceuticals Ltd) No

44473 Edicil MR 30mg tablets (Teva UK Ltd) No

44738 Niddaryl 1mg tablets (Dee Pharmaceuticals Ltd) No

45215 Gliclazide 80mg Tablet (Neo Laboratories Ltd) No

45581 Metabet SR 500mg tablets (Morningside Healthcare

Ltd)

No

45775 Saxagliptin 2.5mg tablets No
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45821 Onglyza 2.5mg tablets (AstraZeneca UK Ltd) No

45831 Dacadis MR 30mg tablets (Mylan Ltd) No

46458 Exenatide 2mg powder and solvent for prolonged-

release suspension for injection vials

No

46469 Bydureon 2mg powder and solvent for prolonged-release

suspension for injection vials (AstraZeneca UK Ltd)

No

46665 Linagliptin 5mg tablets No

46716 Trajenta 5mg tablets (Boehringer Ingelheim Ltd) No

46927 Tolbutamide 500mg tablets (Teva UK Ltd) No

46989 Metabet SR 1000mg tablets (Morningside Healthcare

Ltd)

No

47074 Gliclazide 80mg/5ml oral suspension No

47894 Nazdol MR 30mg tablets (Consilient Health Ltd) No

47939 Glucient SR 500mg tablets (Consilient Health Ltd) No

48056 Gliclazide 80mg tablets (Sovereign Medical Ltd) No

48139 Pioglitazone 30mg tablets (A A H Pharmaceuticals Ltd) Yes

48149 Metformin 500mg tablets (Almus Pharmaceuticals Ltd) No

48401 Sitagliptin 50mg tablets No

48533 Sitagliptin 25mg tablets No

49502 Glucophage SR 500mg tablets (Mawdsley-Brooks &

Company Ltd)

No

49738 Metformin 1g modified-release tablets (A A H Pharma-

ceuticals Ltd)

No

50087 Januvia 50mg tablets (Merck Sharp & Dohme Ltd) No

50124 Januvia 25mg tablets (Merck Sharp & Dohme Ltd) No

50570 Glucophage SR 500mg tablets (Lexon (UK) Ltd) No

50821 Metformin 850mg tablets (Pfizer Ltd) No

50970 Metformin 500mg tablets (Bristol Laboratories Ltd) No

51080 Metabet SR 1000mg tablets (Actavis UK Ltd) No

51135 Metformin 500mg modified-release tablets (A A H Phar-

maceuticals Ltd)

No

51527 Metformin 500mg tablets (Boston Healthcare Ltd) No

51955 Gliclazide 80mg tablets (Accord Healthcare Ltd) No

52203 Enyglid 0.5mg tablets (Consilient Health Ltd) No

52221 Diagemet XL 500mg tablets (Genus Pharmaceuticals

Ltd)

No

52442 Metformin 500mg tablets (Pfizer Ltd) No

52634 Glucophage SR 500mg tablets (DE Pharmaceuticals) No
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53288 Gliclazide 30mg modified-release tablets (A A H Phar-

maceuticals Ltd)

No

53478 Metformin 500mg modified-release tablets (Kent Phar-

maceuticals Ltd)

No

53774 Metabet SR 500mg tablets (Actavis UK Ltd) No

53867 Metformin 500mg tablets (Zentiva) No

54150 Jentadueto 2.5mg/850mg tablets (Boehringer Ingelheim

Ltd)

No

54182 Dapagliflozin 10mg tablets No

54203 Forxiga 10mg tablets (AstraZeneca UK Ltd) No

54265 Dapagliflozin 5mg tablets No

54442 Metformin (roi) 1000mg Tablet No

54480 Forxiga 5mg tablets (AstraZeneca UK Ltd) No

54764 Gliclazide 80mg tablets (Arrow Generics Ltd) No

54891 Saxagliptin 2.5mg / Metformin 1g tablets No

54898 Metformin 850mg tablets (Almus Pharmaceuticals Ltd) No

55270 Duformin 500mg Tablet (Dumex Ltd) No

55711 Metformin 500mg tablets (Alliance Healthcare (Distri-

bution) Ltd)

No

55739 Metformin 500mg tablets (Tillomed Laboratories Ltd) No

55862 Gliclazide Oral solution No

56008 Gliclazide 80mg tablets (Almus Pharmaceuticals Ltd) No

56208 Pioglitazone 15mg tablets (A A H Pharmaceuticals Ltd) Yes

56376 Rosiglitazone 4mg with glimepiride 4mg tablet No

56437 Gliclazide 60mg modified-release tablets No

56965 Komboglyze 2.5mg/1000mg tablets (AstraZeneca UK

Ltd)

No

57147 Bolamyn SR 1000mg tablets (Teva UK Ltd) No

57457 Metformin 500mg tablets (Aurobindo Pharma Ltd) No

57601 Daonil 5mg tablets (Dowelhurst Ltd) No

57659 Pioglitazone 30mg tablets (Actavis UK Ltd) Yes

57830 Gliclazide 30mg modified-release tablets (Alliance

Healthcare (Distribution) Ltd)

No

58051 Metformin 500mg/5ml oral solution No

58607 Metformin 500mg/5ml oral solution sugar free (Zentiva) No

59620 Glucophage SR 500mg tablets (Waymade Healthcare

Plc)

No

59809 Alogliptin 6.25mg tablets No
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60012 Dapagliflozin 5mg / Metformin 1g tablets No

60074 Metformin 1g modified-release tablets (Waymade

Healthcare Plc)

No

60211 Canagliflozin 100mg tablets No

60286 Metformin 500mg/5ml oral suspension No

60430 Invokana 100mg tablets (Janssen-Cilag Ltd) No

60495 Gliclazide 80mg tablets (Teva UK Ltd) No

60643 Xigduo 5mg/1000mg tablets (AstraZeneca UK Ltd) No

60968 Metformin 500mg modified-release tablets (Actavis UK

Ltd)

No

61043 Sukkarto SR 1000mg tablets (Morningside Healthcare

Ltd)

No

61311 Glimepiride 4mg tablets (Sigma Pharmaceuticals Plc) No

61559 Sukkarto SR 500mg tablets (Morningside Healthcare

Ltd)

No

61925 NovoNorm 500microgram tablets (Waymade Health-

care Plc)

No

61957 Gliclazide 40mg tablets (A A H Pharmaceuticals Ltd) No

62014 Glimepiride 2mg tablets (Accord Healthcare Ltd) No

62034 Laaglyda MR 60mg tablets (Consilient Health Ltd) No

62144 Metformin 500mg modified-release tablets (DE Phar-

maceuticals)

No

62265 Metformin 500mg modified-release tablets (Mawdsley-

Brooks & Company Ltd)

No

62326 Vipidia 6.25mg tablets (Takeda UK Ltd) No

62426 Pioglitazone 30mg tablets (Accord Healthcare Ltd) Yes

62426 Pioglitazone 30mg tablets (Accord Healthcare Ltd) No

62605 Metformin 850mg tablets (Kent Pharmaceuticals Ltd) No

62661 Bydureon 2mg powder and solvent for prolonged-release

suspension for injection pre-filled pen (AstraZeneca UK

Ltd)

No

62824 Metformin 1g modified-release tablets (Actavis UK Ltd) No

63045 Metformin 850mg tablets (Relonchem Ltd) No

63046 Pioglitazone 45mg tablets (A A H Pharmaceuticals Ltd) Yes

63048 Gliclazide 80mg tablets (Alliance Healthcare (Distribu-

tion) Ltd)

No

63107 Pioglitazone 45mg tablets (Waymade Healthcare Plc) Yes
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63131 Ziclaseg 30mg modified-release tablets (Lupin (Europe)

Ltd)

No

63336 Trulicity 1.5mg/0.5ml solution for injection pre-filled

pen (Eli Lilly and Company Ltd)

No

63401 Trulicity 0.75mg/0.5ml solution for injection pre-filled

pen (Eli Lilly and Company Ltd)

No

63421 Pioglitazone 30mg tablets (Teva UK Ltd) Yes

63516 Forxiga 10mg tablets (Waymade Healthcare Plc) No

63785 Dulaglutide 0.75mg/0.5ml solution for injection pre-

filled disposable devices

No

63823 Dulaglutide 1.5mg/0.5ml solution for injection pre-filled

disposable devices

No

64217 Jardiance 25mg tablets (Boehringer Ingelheim Ltd) No

64900 Glidipion 30mg tablets (Actavis UK Ltd) Yes

64939 Glucient SR 1000mg tablets (Consilient Health Ltd) No

65083 Synjardy 5mg/1000mg tablets (Boehringer Ingelheim

Ltd)

No

65344 Empagliflozin 5mg / Metformin 850mg tablets No

65562 Pioglitazone 30mg tablets (Alliance Healthcare (Distri-

bution) Ltd)

Yes

65563 Pioglitazone 15mg tablets (Alliance Healthcare (Distri-

bution) Ltd)

Yes

65694 Metformin 500mg modified-release tablets (Waymade

Healthcare Plc)

No

65923 Metformin 1g modified-release tablets (Mawdsley-

Brooks & Company Ltd)

No

66008 Synjardy 12.5mg/1000mg tablets (Boehringer Ingel-

heim Ltd)

No

66136 Glucophage SR 1000mg tablets (Waymade Healthcare

Plc)

No

66399 Glimepiride 2mg tablets (A A H Pharmaceuticals Ltd) No

67056 Amaryl 1mg tablets (Lexon (UK) Ltd) No

67781 Gliclazide 80mg tablets (Milpharm Ltd) No

68203 Metformin 500mg modified-release tablets (Almus Phar-

maceuticals Ltd)

No

68214 Metformin 500mg/5ml oral solution sugar free (A A H

Pharmaceuticals Ltd)

No

68289 Glimepiride 4mg tablets (Waymade Healthcare Plc) No
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68389 Metformin 500mg/5ml oral solution sugar free

(Pinewood Healthcare)

No

68415 Gliclazide 30mg modified-release tablets (Phoenix

Healthcare Distribution Ltd)

No

68636 Metformin 850mg/5ml oral solution sugar free No

68675 Glimepiride 4mg tablets (Somex Pharma) No

68819 Gliclazide 80mg tablets (Bristol Laboratories Ltd) No
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APPENDIX H

Results from the sensitivity analyses investigating the assumption that missing HbA1c

levels should be coded in the well-controlled group. The first table shows how glitazone

and fibrate exposure associates with HbA1c levels. This analysis acted as a positive

control showing a positive association between worse-controlled diabetes, as proxied by HbA1c

level measurements, and glitazone exposure. For this analysis, all of the cases and controls in the

glitazone nested case-control study were used. Participants with missing HbA1c measurements

were dropped from this analysis. This analysis may have been biased because the data were

extracted to test the association between glitazone use and brain tumour risk and prognosis.

Therefore, extraction may have resulted in an artefactual relationship between these variables

which may have biased the analysis. Furthermore, more variables would need to be extracted

and included in the model for a more accurate result (e.g., measure of BMI or history of heart

conditions); however, these could not be extracted as these were not relevant to the initial proposal

accepted by CPRD. Despite this, the direction of effect showed that higher HbA1c levels were

positively associated with glitazone exposure in both the crude and adjusted models, though the

magnitude of the effect should be treated with caution.
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Exposed Unexposed Crude Adjusted a

Variable (%) (%) OR (95% CI) P OR (95% CI) P

Glitazone exposed vs unexposed
N = 265 N = 818

HbA1c b

1 110 (41.5%) 481 (58.8%) Referent - Referent -
2 102 (38.5%) 245 (30.0%) 1.82 (1.33, 2.48) 0.0002 1.70 (1.23, 2.35) 0.001
3 53 (20.0%) 92 (11.2%) 2.52 (1.69, 3.74) 0.00005 2.38 (1.56, 3.62) 0.00005

Fibrate exposed vs unexposed
N = 20 N = 1063

HbA1c b

1 9 (45.0%) 582 (54.8%) Referent -
2 10 (50.0%) 337 (31.7%) 1.92 (0.77, 4.77) 0.16 2.02 (0.78, 5.20) 0.15
3 1 (5.0%) 144 (13.5%) 0.45 (0.06, 3.57) 0.45 0.45 (0.06, 3.75) 0.47

a Adjusted for sex, age, IMD, retrospective prescription history and brain tumour case status.
b 1 represents well-controlled diabetes, 2 moderately controlled and 3 poorly controlled.
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Variable Cases (%) Controls (%) Crude OR (95% CI) P

Imputed HbA1c levels
N = 480 N = 1920

HbA1c a

1 290 (60.4%) 1075 (56.0%) Referent -
2 127 (28.6%) 600 (31.3%) 0.85 (0.68, 1.06) 0.22
3 53 (11.0%) 245 (12.8%) 0.95 (0.69, 1.32) 0.8

Complete case (missing HbA1c levels dropped)
N = 142 N = 941

HbA1c a

1 80 (56.3%) 511 (54.3%) Referent -
2 42 (29.6%) 305 (32.4%) 0.88 (0.59, 1.31) 0.52
3 20 (14.1%) 125 (13.3%) 1.02 (0.60, 1.73) 0.8

a 1 represents well-controlled diabetes, 2 moderately controlled and 3
poorly controlled.

The following tables show characteristics, crude and adjusted results from the follow-up

analyses which imputed missing HbA1c levels and used only complete cases (i.e., participants

with missing HbA1c levels were dropped from the analysis). Case-control numbers in the imputed

sensitivity analysis were given for one of the 55 generated datasets; however, OR were derived

from analyses which used all datasets and pooled the results. Variables used to generate the

imputed datasets were: case-control status, sex, age, IMD, retrospective prescription history,

glitazone exposure status and length of exposure, and number of consultations (defined as days

with at least one in-person consultation).
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Variable Cases (%) Controls (%) Adjusted OR (95% CI) a P

Imputed HbA1c levels
N = 480 N = 1920

Glitazone exposure status
Exposed 97 (20.2%) 460 (24.0%) 0.81 (0.66, 1.00) 0.11
Unexposed 383 (79.8%) 1460 (76.0%) Referent -

Mean glitazone exposure
duration (longest), days
(SD)

607 (583) 872 (760) 0.87 (0.82, 0.93) b 0.001

Mean glitazone exposure
duration (total), days (SD)

604 (720) 1002 (823) 0.85 (0.79, 0.91) b 0.00005

Complete case (Missing HbA1c levels dropped)
N = 142 N = 941

Glitazone exposure status
Exposed 32 (22.5%) 708 (24.8%) 0.91 (0.59, 1.40) 0.67
Unexposed 110 (77.5%) 223 (75.2%) Referent -

Mean glitazone exposure
duration (longest), days
(SD)

797 (635) 874 (752) 0.96 (0.85, 1.08) b 0.5

Mean glitazone exposure
duration (total), days (SD)

833 (838) 1026 (822) 0.93 (0.83, 1.05) b 0.23

No HbA1c adjustment
N = 480 N = 1920

Glitazone exposure status
Exposed 97 (20.2%) 460 (24.0%) 0.79 (0.62, 1.02) 0.07
Unexposed 383 (79.8%) 1460 (76.0%) Referent -

Mean glitazone exposure
duration (longest), days
(SD)

607 (583) 872 (760) 0.87 (0.80, 0.94) b 0.0008

Mean glitazone exposure
duration (total), days (SD)

604 (720) 1002 (823) 0.85 (0.78, 0.92) b 0.00004

a Adjusted for sex, age, IMD and retrospective prescription history.
b OR calculated for per year increase in variable.
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Results from the monotherapy analyses, whereby participants in the nested case-control

studies were dropped if they were also exposed to the other agent of interest.
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Variable Cases (%) Controls (%) Adjusted OR (95% CI) a P

Fibrates - Monotherapy (No glitazone exposure)
N = 1936 N = 7742

Fibrate exposure status
Exposed 110 (5.7%) 474 (6.1%) 0.92 (0.74, 1.14) 0.46
Unexposed 1826 (94.3%) 7268 (93.9%) Referent -

Mean fibrate exposure du-
ration (longest), days (SD)

698 (945) 788 (1013) 0.97 (0.90, 1.03) b 0.32

Mean fibrate exposure du-
ration (total), days (SD)

878 (1185) 1106 (1315) 0.96 (0.92, 1.01) b 0.08

Glitazones - Monotherapy (No fibrate exposure)
N = 467 N = 1887

Glitazone exposure status
Exposed 84 (18.0%) 427 (22.6%) 0.75 (0.60, 1.01) 0.06
Unexposed 383 (82.0%) 1460 (77.4%) Referent -

Mean glitazone exposure
duration (longest), days
(SD)

541 (452) 876 (767) 0.85 (0.78, 0.93) b 0.0004

Mean glitazone exposure
duration (total), days (SD)

556 (634) 1006 (832) 0.83 (0.76, 0.90) b 0.00002

a Adjusted for sex, age, IMD and retrospective prescription history. HbA1c adjustment made in
the glitazone analysis.
b OR calculated for per year increase in variable.
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APPENDIX J

To test for a latency period between exposure and physiological effects, exposures were

excluded if they fell within six, 12 and 24 months prior to the case index date. Results

here are presented for those analyses, separately by exposure of interest in the nested

case-control studies.
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Variable Cases (%) Controls (%) Adjusted OR (95% CI) a P
N = 1950 N = 7791

Fibrates - 6 months latency period

Fibrate exposure status
Exposed 123 (6.3%) 518 (6.7%) 0.95 (0.77, 1.16) 0.59
Unexposed 1827 (93.7%) 7273 (93.4%) Referent -

Mean fibrate exposure du-
ration (longest), days (SD)

726 (978) 727 (849) 0.99 (0.94, 1.05) b 0.8

Mean total fibrate expo-
sure duration (total), days
(SD)

904 (1180) 1115 (1281) 0.97 (0.92, 1.01) b 0.12

Fibrates - 12 months latency period

Fibrate exposure status
Exposed 121 (6.2%) 511 (6.6%) 0.94 (0.77, 1.16) 0.57
Unexposed 1829 (93.8%) 7280 (93.4%) Referent -

Mean fibrate exposure du-
ration (longest), days (SD)

707 (961) 722 (839) 0.99 (0.93, 1.05) b 0.71

Mean total fibrate expo-
sure duration (total), days
(SD)

883 (1155) 1096 (1247) 0.96 (0.92, 1.01) b 0.1

Fibrates - 24 months latency period

Fibrate exposure status
Exposed 114 (5.9%) 499 (6.4%) 0.91 (0.74, 1.12) 0.37
Unexposed 1836 (94.2%) 7292 (93.6%) Referent -

Mean fibrate exposure du-
ration (longest), days (SD)

685 (934) 707 (819) 0.98 (0.92, 1.04) b 0.44

Mean total fibrate expo-
sure duration (total), days
(SD)

851 (1104) 1057 (1185) 0.95 (0.91, 1.01) b 0.06

a Adjusted for sex, age, IMD and retrospective prescription history.
b OR calculated for per year increase in variable.
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Variable Cases (%) Controls
(%)

Adjusted OR (95% CI) a P

N = 480 N = 1920

Glitazones - 6 months latency period

Glitazone exposure status
Exposed 95 (19.8%) 460 (24.0%) 0.82 (0.64, 1.05) 0.12
Unexposed 385 (80.2%) 1460 (76.0%) Referent -

Mean glitazone exposure
duration (longest), days
(SD)

574 (581) 770 (651) 0.88 (0.81, 0.96) b 0.002

Mean glitazone exposure
duration (total), days (SD)

771 (693) 988 (796) 0.89 (0.83, 0.96) b 0.0015

Glitazones - 12 months latency period

Glitazone exposure status
Exposed 92 (19.2%) 457 (23.8%) 0.79 (0.61, 1.02) 0.07
Unexposed 388 (80.8%) 1463 (76.2%) Referent -

Mean glitazone exposure
duration (longest), days
(SD)

540 (572) 753 (642) 0.87 (0.79, 0.95) b 0.002

Mean glitazone exposure
duration (total), days (SD)

670 (690) 958 (774) 0.87 (0.80, 0.94) b 0.0003

Glitazones - 24 months latency period

Glitazone exposure status
Exposed 86 (17.9%) 449 (23.4%) 0.74 (0.57, 0.96) 0.02
Unexposed 394 (82.1%) 1471 (76.6%) Referent -

Mean glitazone exposure
duration (longest), days
(SD)

478 (557) 720 (625) 0.83 (0.75, 0.92) b 0.0004

Mean glitazone exposure
duration (total), days (SD)

593 (672) 901 (730) 0.84 (0.76, 0.91) b 7.00×10−6

a Adjusted for sex, age, HbA1c levels, IMD and retrospective prescription history.
b OR calculated for per year increase in variable.
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APPENDIX K

This thesis also contains an online supplementary found at the following digital object

identifier (DOI) URL https://doi.org/10.5281/zenodo.5084895. This includes six

supplementary tables and LocusZoom regional plots for each of the colocalisation analyses

conducted. The tables are as follows:

• Table S1: Full Mendelian randomisation (MR) results from analyses presented in Chapter 4.

All MR results for both brain and blood expression quantitative trait loci (eQTLs) are

presented.

• Table S2: Full colocalisation results for genes which passed the previous MR analysis in

Chapter 4.

• Table S3: Full Steiger filtering results for genes which passed the previous MR analysis in

Chapter 4.

• Table S4: Expanded results for the tissue-specific analyses presented in Chapter 4.

• Table S5: Full MR results from analyses presented in Chapter 5. All MR results for both

brain and blood protein QTLs (pQTLs) are presented. Odds ratios (OR) presented in this

table are unscaled, whereas are presented scaled within the main body of this thesis.

• Table S6: Full Steiger filtering results for proteins which passed the previous MR analysis

in Chapter 5.

Finally, LocusZoom plots are arranged according to dataset where the region was extracted,

which was either exposure, which could be the eQTL or pQTL datasets, or glioma subtype (all

glioma, glioblastoma (GBM) or non-GBM).
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