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Abstract

Thyroid cancer is increasing in incidence worldwide and while outcomes are generally
good, up to 25% of patients have tumours which recur after treatment, with a significant
impact on their quality of life and life expectancy. The hypothesis of this PhD was that
thyroid tumours which subsequently recur display a distinct pattern of driver mutations,
or RNA and microRNA expression patterns to those that do not, and that the molecular
characterisation of these alterations will reveal novel mechanisms involved in thyroid
tumour recurrence. Controlled access TCGA data on thyroid cancer were downloaded
and a bioinformatic whole exome sequencing analysis was performed on 43 recurrent
patients. This identified mutations in genes including IMPDH2, PFKFB4 and DICER1.
A differential expression analysis of RNA and microRNA compared recurrent (n=43) to
non-recurrent (n=457) TCGA patients. In the RNA analysis genes involved in matrix
adhesion and thyroid cancer pathogenesis were most differentially expressed in
recurrent patients, including fibronectin 1 (FN1), a3 integrin (ITGA3) and the proto-
oncogene MET. MicroRNA analysis highlighted miR 221, 486 and 1179 as significantly
differentially expressed miRs in cancer recurrence. Functional in vitro analysis of
demonstrated potential functional roles for the candidate genes highlighted by the RNA
and microRNA analysis. This suggests that altered RNA and miRNA expression levels

may be key to predicting thyroid cancer recurrence.
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1 Introduction
1.1 The Thyroid Gland
1.1.1 Anatomy of the thyroid

The thyroid gland is located in the midline of the neck, sitting anteriorly over the
trachea, directly inferior to the larynx. It is a bilobed butterfly-shaped gland, with the
lateral lobes connected via the isthmus. Occasionally, a third lobe called the pyramidal
lobe occurs as a normal anatomical variant. The pyramidal gland projects cranially
from the isthmus with a variable incidence rate reported (15 - 75 %) (Braun et al. 2007).

The four parathyroid glands sit on the posterior aspect of the thyroid gland.

1.1.2 Physiology of the thyroid

Thyroid hormone biosynthesis is under the control of the hypothalamo-pituitary axis
and is demonstrated below in Figure 1.1. The hypothalamus releases thyrotropin-
releasing hormone (TRH) and this travels through the long portal vein to stimulate the
anterior pituitary (Mariotti 2016). The anterior pituitary synthesises and releases

thyroid-stimulating hormone (TSH) which acts upon the thyroid (Dohan et al. 2003).
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Figure 1.1: The hypothalamo-pituitary axis, demonstrating the negative feedback loop that
contributes to homeostasis in normal thyroid physiology. T3 is the active form of thyroid
hormone and T4 is peripherally converted to T3. TRH, Thyrotropin-releasing hormone; TSH,

thyroid-stimulating hormone; T4, thyroxine; T3, triodothyronine (Mariotti 2016).

TSH binds to the TSH receptor located on follicular thyroid cells. TSH functions as a
growth factor and activates the adenylate cyclase pathway, facilitating thyroid hormone
synthesis via expression of genes such as thyroglobulin (TG), thyroid peroxidase
(TPO) and the sodium iodide symporter (NIS) and thyroid gland growth (Nieto and
Boelaert 2016). Thus, the consequent release of triiodothyronine (T3) and thyroxine

(T4) is dependent on TSH.

1.1.3 Thyroid hormone biosynthesis
Triiodothyronine (T3) and thyroxine (T4) release into the circulation is dependent on

the factors required to synthesise the hormones. lodide is required and is taken up
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from the circulation by the sodium iodide symporter NIS, located on the basolateral
thyroid cell membrane (Figure 1.2). lodide diffuses out of the cell into the follicular
lumen via the transporter pendrin, which is located on the apical membrane. Here,
thyroid peroxidase (TPO) with hydrogen peroxide (H202) oxidises the iodide, which
binds to tyrosyl residues creating monoiodotyrosine (MIT) and diiodotyrosine (DIT)
within the macromolecule thyroglobulin (TG). Coupling by TPO then generates T3 and
T4, and these TG complexes are endocytosed into the cell. Proteolysis then releases
T3 and T4 from TG, and the liberated thyroid hormones are released into the circulation
via monocarboxylate transporter 8 and 10 (MCT8 and MCT10) (Kogai and Brent 2012,
Di Cosmo et al. 2010, Dohan et al. 2003). Peripherally, the thyroid hormones impact
their targets via thyroid hormone receptors. Most of the circulating hormones are
protein bound to thyroxine-binding globulin (TBG), transthyretin or albumin.
Triiodothyronine is the active form of thyroxine, and T4 is converted into T3 peripherally

by deiodination (Sapin and Schlienger 2003).
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Figure 1.2: Thyroid hormone synthesis. Circulating iodide from the blood stream is transported
into the thyrocyte by NIS. Transport through the cell and back into the circulation as T3 and T4
is demonstrated. Hydrogen peroxide (H20;) is produced by dual oxidase 2 (DUOX2). Adapted
from (Kogai and Brent 2012, Di Cosmo et al. 2010). I, iodide; Na *, sodium; Na*/K* ATPase,
sodium-potassium ATPase enzyme; MIT, monoiodotyrosine; DIT, diiodotyrosine; TPO, thyroid

peroxidase; DUOX, Dual oxidase 2; MCT8, Monocarboxylate transporter 8.

1.2 Thyroid Cancer

1.2.1 Classification of thyroid cancer

Thyroid cancer is the most common endocrine malignancy and is increasing in
incidence over the last few decades (Kitahara and Sosa 2016, Sipos and Mazzaferri
2010). Classically thyroid tumours were described as papillary, follicular, medullary or
anaplastic, with papillary and follicular known as well differentiated thyroid carcinoma.

The 2017 ‘World Health Organisation (WHO) Classification of Thyroid Tumours’
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updated the classification system. These changes included outlining Hurthle cell
carcinoma (previously categorised under follicular carcinomas) as their own entity,
favouring the term anaplastic over undifferentiated carcinoma, and adding the terms
‘follicular tumour of uncertain malignant potential’ (FT-UMP), ‘well differentiated tumour
of uncertain malignant potential’ (WDT-UMP) and ‘non-invasive follicular thyroid
neoplasm with papillary-like nuclear features’ (NIFTP). These borderline tumours are
comparable to carcinoma in situ in other tissues (Cameselle-Teijeiro and Sobrinho-

Simoes 2018).

1.2.1.1 Papillary thyroid cancer
Papillary thyroid carcinoma (PTC) is the most common thyroid malignancy, accounting
for 75 — 80 % of thyroid carcinomas. PTC predominantly occurs in females of
reproductive age and presents as a painless neck lump. Risk factors include exposure
to ionising radiation (Nikiforov 2006), iodine deficiency, raised TSH and environmental
factors (Pellegriti et al. 2013). PTC is a differentiated malignant epithelial tumour and
certain nuclear changes are required for diagnosis. Papillary microcarcinomas are a
PTC of less than one centimetre, and although they can progress, they are often
representative of indolent disease which is identified incidentally. Recent guidelines
suggest hemithyroidectomy or active surveillance to manage these cases (Cho et al.
2019). The addition of NIFTP to the recent classification of thyroid cancer recognises
the non-aggressive nature of the papillary thyroid tumours previously categorised as
well encapsulated. It is not possible to differentiate NIFTP from PTC on cytology, and

therefore hemithyroidectomy (the full extent of the treatment required for NIFTP) is
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recommended as first line treatment above total thyroidectomy (Zhang et al. 2019,

Tallini et al. 2019).

PTC is increasing in incidence and although some of this is explained by an increase
in incidental findings, the rise in overall mortality with PTC indicates that there is also
a true rise in incidence too (Roman et al. 2017). The majority of PTC is treatable, by
total thyroidectomy and adjuvant radioactive iodine treatment (Mazzaferri and Jhiang
1994). However, up to 20% of these tumours recur and recurrent disease brings an
increased morbidity and mortality for the affected patients (Kruijff et al. 2014, Young et

al. 2013).

1.2.1.2 Follicular thyroid cancer
Follicular thyroid cancer (FTC) is the next most common thyroid cancer and is also well
differentiated. The histopathological definition of FTC is a malignant thyroid follicular
cell neoplasm without the nuclear features observed in PTC. These are further
categorised into: minimally invasive follicular carcinoma, encapsulated angioinvasive
follicular carcinoma and widely invasive follicular carcinoma. The lack of nuclear
features on histology means that it is not possible to differentiate follicular adenoma
from adenocarcinoma on cytology — capsular invasion has to be assessed to determine
malignant from benign (Paschke et al. 2017). This means that for follicular neoplasms
diagnosed on fine needle aspirate cytology (FNAc) a diagnostic hemithyroidectomy is
performed. Overall, the prognosis of follicular carcinoma is similar to that of papillary
carcinoma once age and tumour extent at diagnosis are corrected for (Perros et al.

2014).
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1.2.1.3 Hurthle cell carcinoma
Hurthle cell carcinoma has been reclassified into its own category due to the
differences in molecular, oncological and histopathological characteristics (Cameselle-
Teijeiro and Sobrinho-Simoes 2018) from FTC. The subtypes match those of the
follicular tumours that they were previously categorised with. Separating Hurthle cell
carcinoma from FTC should facilitate research into clinicopathological outcomes of this
disease, helping to assess the long-term outcomes from this distinct pathology (Corver

and Morreau 2019).

1.2.1.4 Poorly differentiated thyroid cancer
Poorly differentiated thyroid cancer (PDTC) is a category between differentiated thyroid
cancer (DTC; papillary and follicular carcinoma) and anaplastic (undifferentiated)
thyroid cancer. PDTC is diagnosed by use of the Turin classification, which is a
consensus system to diagnose the dedifferentiation which is defined in part by tumour
necrosis and high mitotic activity (Volante et al. 2007). These patients have a variable,
but generally poor prognosis, characterised by late stage diagnosis, low radioactive

iodine avidity and metastatic disease (de la Fouchardiéere et al. 2018).

1.2.1.5 Anaplastic thyroid cancer
Anaplastic thyroid cancer was formerly known as undifferentiated thyroid cancer. It has
recently been defined as a progressive dedifferentiation from differentiated thyroid
cancer via the accumulation of an increased mutational burden (Landa et al. 2016,
Giordano 2018) (Figure 1.3). Anaplastic thyroid cancer has a devastatingly poor

prognosis with median survival of four months (Smallridge et al. 2009). Even though
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anaplastic thyroid cancers contribute to 1-2 % of all thyroid cancers, due to the

associated morbidity results in a significant clinical burden (Smallridge et al. 2009).

Thyroid Increased
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Figure 1.3: Progression from well differentiated (papillary and follicular) thyroid carcinoma to
anaplastic thyroid cancer. Abbreviations: ATC, anaplastic thyroid (undifferentiated) carcinoma;
CNA, copy number alterations; CT, classical type; FTA, follicular thyroid adenoma; FTC,

follicular thyroid carcinoma; FV, follicular variant; HCA, Hiirthle cell/oncocytic adenoma; HCC,
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Hiirthle cell/oncocytic carcinoma; mtDNA, mitochondrial deoxyribonucleic acid; NIFTP,
noninvasive follicular neoplasm with papillary-like nuclear features; PDCA, poorly differentiated
carcinoma; PTC, papillary thyroid cancer; TC, thyroid cancer; TCV, tall cell variant. From

Giordano 2018.

1.2.1.6 Medullary thyroid cancer
Medullary thyroid cancer (MTC) arises from the parafollicular cells (C cell), which
canonically secrete calcitonin. Calcitonin slows osteoclast activity and therefore
regulates the amount of calcium and phosphate in the circulation, keeping a
homeostatic balance countered by parathyroid hormone. Medullary thyroid cancer
accounts for 1-2 % of thyroid cancer and is treated predominantly with surgery, as the
parafollicular cells are not susceptible to radioiodide treatment. MTC is associated with
multiple endocrine neoplasia (MEN) 2A and MEN2B syndromes. Nearly all MEN
patients and up to 50 % of sporadic medullary thyroid cancers have mutations in the
proto-oncogene RET (Wells et al. 2015). Due to the familial nature of medullary thyroid
cancer, and its inherent lack of susceptibility to radioiodine it is categorised separately

to the other differentiated thyroid cancers.

1.2.1.7 Other cancers of the thyroid
Other tumours of the thyroid arise from non-thyroid cells, such as lymphoma. There
are also metastatic tumours from other tissues, and these are treated as determined

by their original tissue type.

This thesis focusses predominantly on differentiated papillary thyroid cancer and

associated recurrent disease.

10
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1.2.2 Molecular profile of differentiated thyroid cancer

1.2.2.1 BRAF
BRAF is a serine/threonine-protein kinase that is the most powerful MAP kinase
(MAPK) pathway driver (Caronia et al. 2011). This signal transduction pathway
activates cellular proliferation, growth and survival (Cheng et al. 2018). The most
common pathogenic mutation in BRAF is the missense mutation T1799A, which
causes the valine (V) amino acid to be substituted for glutamic acid (E). This BRAF
V600E mutation causes constitutive activation of the monomeric BRAF protein, which
in its wildtype form is only activated as a homodimer, increasing MAPK signalling.
Somatic BRAF V600E is associated with multiple tumours, including PTC, anaplastic

thyroid cancer and melanoma (Cheng et al. 2018).

The increased activation of the MAPK pathway associated with BRAF V600OE mutation
results in a more aggressive thyroid cancer phenotype. This is in part due to the
association of BRAF V600E with a reduction in radioiodide avidity, probably driven by
the suppression of iodide metabolising genes. The presence of BRAF V600E not only
reduced expression of TG, thyroid stimulating hormone receptor (TSHR), NIS and TPO
but also reduced localisation of NIS to the plasma membrane (Xing 2007) where NIS
is functional (Figure 1.2). While the BRAF V600E mutation can be used as a positive
correlator with aggressive disease it is limited in its ability for negative predictive value,
as other MAPK pathway-associated mutations can be alternative primary drivers of

aggressive disease (Romei and Elisei 2012).

11
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The overactivation of the BRAF-driven MAPK pathway has been therapeutically
exploited with some clinical success in radioiodide resistant thyroid cancers. Initially,
the multikinase inhibitor sorafenib demonstrated a partial response rate and increased
progression-free survival in phase Il clinical trials (Caronia et al. 2011). However, the
considerable side effect profile of such drugs needs due consideration in such
treatment. The BRAF inhibitor vemurafenib has been used in BRAF V600E mutant
thyroid cancers which are radioiodine refractory and has successfully restored
radioiodine uptake efficacy in some patients (Dunn et al. 2018). Similar findings have
been observed with the BRAF kinase inhibitor dabrafenib (Rothenberg et al. 2015)
which is FDA approved in melanoma. However, these do not appear to have an effect
in all patients. Furthermore, for dedifferentiated tumours which acquire a heavy
mutational burden it may be that multiple pathways require targeting (for example

MAPK and PI3K/Akt) for effective therapy (Xing 2007, Ljubas et al. 2019).

1.2.2.2 RAS
Mutations of the Rat sarcoma (RAS) gene are the second most common mutation
found in thyroid cancer (Howell et al. 2013). The RAS gene has three isoforms NRAS,
HRAS and KRAS all of which are membrane-associated proteins that activate the
MAPK pathway and the PI3K-Akt pathway. RAS is activated by GTP, and missense
mutations cause abnormal activation by increased binding to GTP or reduction of GTP-
ase activity. The most common mutation is NRAS Q61R (Cerami et al. 2012). A
complicated feature of RAS mutations is the presence of RAS mutations in benign
follicular adenomas (occurring in 48% of cases) as well as follicular thyroid carcinoma

(57%) and papillary thyroid carcinoma (21%) (Howell et al. 2013), rendering it

12
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ineffective as a diagnostic biomarker when used alone (Xing 2016). This suggests that
RAS mutations are likely to be early events in thyroid carcinogenesis. Despite the
association of RAS mutations with benign follicular disease, the presence of a RAS
mutation in PTC has sometimes been associated with a poorer prognosis (Hara et al.
1994). The presence of RAS mutations in poorly differentiated and anaplastic thyroid
cancers alongside p53, PTEN and PI3BKCA gene mutations has been suggested to
support the theory that RAS mutations occur early in oncogenesis and also strengthen
the argument for de-differentiation of DTC to PDTC and ATC (Howell et al. 2013, Landa
et al. 2016). Overall, the presence of a RAS mutation is associated with follicular
thyroid adenoma, carcinoma and follicular-variant papillary thyroid cancer, and present
a generally indolent, but variable tumour composition (Medici et al. 2015, Gupta et al.

2013).

1.2.2.3 RET/PTC
The rearranged during transfection (RET) proto-oncogene has a pathogenic role in
thyroid carcinoma — it is a protein tyrosine kinase receptor influencing cell proliferation
and differentiation (Romei and Elisei 2012). The RET/PTC rearrangement causes
activation of the RET tyrosine kinase in thyroid cells, which causes upregulation of the
MAPK pathway. PTC/RET rearrangements are associated with ionising radiation
exposure (Romei and Elisei 2012), with the most common rearrangements being
RET/PTC1 (fusion with CCDC6) and RET/PTC3 (fusion with NCOA4). Despite the
clearly strong links to DTC, the RET/PTC rearrangement does not appear to influence
the aggressiveness off DTC (Puxeddu et al. 2003) and does not have a role in

diagnosis of PTC (Pizzolanti et al. 2007).

13
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1.2.2.4 The PI3K/Akt pathway and its interactions with PTEN and PAX8/PPARG
The PI3K/Akt pathway modulates cell survival, cell cycle progression, differentiation
and migration, and functions normally by PI3K phosphorylation of Akt, which is
antagonised by PTEN (Robbins and Hague 2016). Further downstream to this are the
tumour suppressor FOXO proteins and the mTOR pathway, which control protein
synthesis and cell cycle progression (Massague 2004, Nozhat and Hedayati 2016).
The pathway can be aberrantly activated by RAS mutations, which activate the
pathway by binding PI3K, activating mutations in the PIK3CA gene, or inactivating

mutations in the PTEN tumour suppressor gene (Robbins and Hague 2016).

PIK3CA mutations are found in aggressive PTC and anaplastic carcinomas and have
been postulated to be predictive events for dedifferentiation. However, one study
showed that while PI3K-Akt-MOR pathway mutations were present at a rate of 39%,
the mutations were often not seen in the precedent papillary carcinoma pathology,
suggesting this is a transformative event for such tumours (Oishi et al. 2017), which

limits its prognostic applicability.

The PPARy/Pax8 rearrangement is found in follicular thyroid neoplasia, as is RAS,
although in follicular carcinomas RAS mutations and PPARy/Pax8 rearrangements are
distinct from each other and represent separate mutational drivers (Howell et al. 2013).
The PPARy/Pax8 rearrangement reduces PAX8 expression, which normally

upregulates PTEN (Xing 2010) to affect PTEN control of the PI3K/Akt pathway.

14
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The PI3K/Akt pathway is an alternative pathway (to the MAPK pathway) that is often
over activated in thyroid cancer. This pathway appears to be of particular importance
in FTC (Xing 2010) and has been postulated as an area of potential target in tumours
needing chemotherapy (Nozhat and Hedayati 2016, Beadnell et al. 2018). Further to
this, there is a putative role of Src inhibition (gatekeeping the PI3K/Akt pathway) in

mediating resistance to inhibition of the MAPK pathway (Beadnell et al. 2018).

1.2.2.5 PBF
Pituitary tumour-transforming gene (PTTG)-binding factor (PBF; PTTG1IP) is a proto-
oncogene by virtue of its upregulation in thyroid cancer. It is multifunctional protein
involved in cell cycle modulation and genetic instability (Smith et al. 2011). In thyroid
cancer it reduces the plasma membrane localisation of NIS, which causes a reduction
in radioiodide effectiveness (Smith et al. 2011, Read et al. 2011). Further, PBF also
destabilises the tumour suppressor p53 (Manzella et al. 2017, Read et al. 2017),

facilitating thyroid cancer progression.

1.2.2.6 p53

Mutations of tumour protein p53 are found in cancers in a multitude of malignancies,
and in thyroid cancer they are seen predominantly in anaplastic thyroid cancer (Fagin
et al. 1993). Tumour protein p53 functions as an interesting tumour suppressor, where
a mutation in one allele is enough for the action of p53 to be suppressed; these
mutations are referred to as dominant negative mutants (Willis et al. 2004). p53

appears to be a late-stage ‘gatekeeper’ in thyroid cancer, with deregulation of p53

15
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facilitating dedifferentiation of thyroid carcinoma into anaplastic thyroid cancers

(McFadden et al. 2014) (Landa et al. 2016).

1.2.2.7 Telomerase-reverse-transcriptase promoter mutation
Telomerase-reverse-transcriptase (TERT) is a subunit of the telomerase enzyme that
maintains telomeres. Normal cells undergo telomere shortening related to cell age,
which cancer cells can evade by reactivating telomerase. The TERT promotor
mutations C228T and C250T were first described in thyroid cancer in 2013 (Liu et al.
2013). TERT promotor mutations are activating and result in the maintenance of
telomere length and tumour cell immortality (Gaspar et al. 2018) and are associated
with a poorer outcome in papillary and follicular thyroid carcinomas, with a stronger
prognostic value than BRAF V600E (Muzza et al. 2015). These mutations have been
associated with transformation from differentiated thyroid carcinoma to anaplastic
cancer (Oishi et al. 2017) and with radio-iodine resistance (Yang et al. 2017). Overall,
the presence of a TERT promotor mutation is associated with a higher risk tumour,

which is independent of the background BRAF status (Agarwal et al. 2014).

1.2.2.8 Eukaryotic Translation Initiation Factor 1A X-Linked (EIF1AX)
Mutations in Eukaryotic Translation Initiation Factor 1A X-Linked (EIF1AX) have been
recently discovered in thyroid cancer (Agarwal et al. 2014). EIF1AX is a component of
the translation pre-initiation complex (PIC) and therefore mutations in this gene can
cause difficulties with translation initiation. EIF1AX co-occurs with RAS and is
associated with a higher tumour aggressiveness (Simoes-Pereira et al. 2019). EIF1AX

is seen more frequently in poorly differentiated and anaplastic carcinomas (Landa et
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al. 2016) but conversely has also been demonstrated in follicular adenomas
(Arivarasan et al. 2016). When discovered on diagnostic fine needle aspiration
cytology (FNAc) of thyroid nodules the EIF1AX mutation confers a 20% risk of

malignancy.

1.2.2.9 Summary
Papillary thyroid cancers are characterised by BRAF VG600E mutations, or RAS
mutations in the less aggressive subtypes, and can have RET/PTC rearrangements.
Follicular thyroid cancers are dominated by RAS mutations, PPARy/Pax8
rearrangements and inactivation of PTEN. Chromosomal rearrangements are
associated with ionising radiation exposure (Nikiforov and Nikiforova 2011). EIFAX1
(RAS associated) and TERT promotor (BRAF associated) mutations confer a poorer
prognosis. Anaplastic thyroid cancers derive from differentiated thyroid carcinomas
and dedifferentiate by acquiring p53 mutations, PTEN inactivation or other
dysregulation of the PI3K/Akt pathway and other genetic abnormalities (Manzella et al.
2017, Landa et al. 2016). While the mutational profiles of different subtypes of thyroid
cancer are outlined here, there is not a well-defined mutational profile for recurrence

in differentiated thyroid cancer.
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1.3 Thyroid cancer management

1.3.1 Diagnosis of thyroid cancer
1.3.1.1 Clinical diagnosis

Thyroid cancer normally presents as a single nodule increasing in size, and
symptomatically it presents as a painless enlarging anterior neck mass. However,
thyroid nodules are common and are palpable on examination in 3-7% of all patients,
with the majority of nodules discovered incidentally on radiological investigation for
other conditions (Hegedus et al. 2003, Perros et al. 2014). In the UK, suspected thyroid
cancer is managed according to the government 2-week wait pathway meaning urgent
primary care referral for specialist investigation (Department of Health 2000). However,
as a large proportion of thyroid nodules are benign, not all of these need fast-track
referrals, including those with a longstanding history of goitre with no change, an
incidental nodule less than one centimetre, deranged thyroid function or painful
enlargement (Perros et al. 2014). These exclusion criteria do not apply in the presence
of risk factors for thyroid cancer including history of neck irradiation, family history of
thyroid cancer, cervical lymphadenopathy, stridor or voice change. All patients referred
with suspected thyroid cancer should have a full examination of their neck and have
their thyroid function checked. Patients will usually be referred for an ultrasound and if
indicated a fine-needle aspiration cytology sample will be taken followed by the patient

results being discussed at the multidisciplinary team (MDT) meeting.
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1.3.1.2 Ultrasound

Ultrasound of the thyroid is an exceedingly sensitive test for thyroid nodules; 17 - 67
% of all patients have thyroid nodules detectable on ultrasound (Hegedus et al. 2003).
The U classification system helps categorise nodules in terms of risk of malignancy,
where U1 is normal, U2 is benign, U3 is equivocal/indeterminate, U4 is suspicious and

U5 is malignant (Figure 1.4). A score of U3 — U5 would occasion a FNAc.

U1

Ul. Normal.

U2. Benign:

(a) halo, iso-echoic / mildly hyper-echoic

(b) cystic change +/- ring down sign (colloid)
(c) micro- cystic / spongiform

(d & e) peripheral egg shell calcification

(f) peripheral vascularity.

U3. Indeterminate/Equivocal:

(a) homogenous, hyper-echoic (markedly), solid, halo (follicular lesion).
(b) ? hypo-echoic, equivocal echogenic foci, cystic change

(c) mixed/central vascularity.

@O

U4. Suspicious:

(a) solid, hypo-echoic (cf thyroid)

(b) solid, very hypo-echoic (cf strap muscle)

(c) disrupted peripheral calcification, hypo-echoic
(d) lobulated outline

®r e @ @ 5
Ny

US. Malignant

(a) solid, hypo-echoic, lobulated / irregular outline,
micro-calcification. (? Papillary carcinoma)

(b) solid, hypo-echoic, lobulated/irregular outline, globular
calcification (? Medullary carcinoma)

(c¢) intra-nodular vascularity

(d) shape (taller >wide) (AP>TR)

(e) characteristic associated lymphadenopathy

(> X0 Xo X0 Xoo- X100 X5
?9-005

Figure 1.4: Ultrasound classification of thyroid nodules from the British Thyroid Association
guidelines 2014. U1 indicates normal tissue, U2 benign tissue, U3 is equivocal/indeterminate,

U4 is suspicious of malignancy and U5 indicates malignancy (Perros et al. 2014).

1.3.1.3 Fine needle aspiration cytology
Fine-needle aspiration cytology (FNAc) is performed predominantly under ultrasound

guidance in Europe (Perros et al. 2014). Ultrasound helps with the decision to perform
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an FNAc (section 1.3.1.2) and ultrasound guidance of FNAc improves the accuracy of

sample acquisition (Cesur et al. 2006, Cai et al. 2006).

Following FNAc, the cytological report issued by the pathologist will usually include a
diagnostic classification Thy category (Table 1.1). This helps determine how likely the
lesion is to be malignant and determines the course of treatment decided by the
multidisciplinary team meeting (MDT). In brief, a Thy1 nodule is non-diagnostic, Thy2
is benign, Thy3 is raises the possibility of malignancy, Thy4 is suspicious of malignancy
and Thy5 is malignant. If a follicular lesion is seen on cytology, Thy3 is awarded, as
the malignant potential of the lesion can only be diagnosed on examination of the entire

neoplasm capsule (after diagnostic lobectomy).

Thy Description

category

Thy1 Non-diagnostic for cytological diagnosis

Thy1c Non-diagnostic for cytological diagnosis:
sample consistent with cyst fluid

Thy2 Non-neoplastic

Thy3 Neoplasm possible

Thy3a Neoplasm possible due to cytological,
nuclear or architectural atypia

Thy3f Follicular neoplasm (cannot be distinguished
as malignant or benign on cytology)

Thy4 Suspicious of malignancy

Thy5 Malignant

Table 1.1: Thy classification system for thyroid nodule cytology. From Guidance on the

reporting of thyroid cytology specimens (The Royal College of Pathologists 2016).

20



Chapter 1 General Introduction

1.3.2 Molecular markers in thyroid cancer

Molecular markers in the diagnosis of thyroid cancer is an emerging field, and currently
no UK guidelines exist for this. The European Thyroid Association recommends the
use of molecular markers in cytologically indeterminate nodules, but only comment on
the detection of BRAF, RET/PTC, PPARy/Pax8 and RAS mutations (Paschke et al.
2017). In the United States of America (USA) however, there is a market for predictive
molecular marker testing in thyroid nodules. The American Thyroid Association (ATA)
guidelines reflect this and recommend using molecular testing to supplement risk of

malignancy assessment in the cytologically indeterminate lesions (Haugen et al. 2016).

Options for molecular testing in the USA include ThyroSeq3 (Steward et al. 2019),
Afirma GEC (Veracyte) (Alexander et al. 2012), ThyGenX/ThyraMIR (Labourier et al.
2015) and Rosetta GX Reveal (Lithwick-Yanai et al. 2017) (Table 1.2); however,
Rosetta Genomics tests are no longer available as the company filed for bankruptcy in
2018. ThyroSeq is based on targeted DNA and RNA next generation sequencing for
56 genes, combining mutations, gene fusions and gene expression. Afirma is an
expression analysis of 167 mMRNAs done with a two-step process, one step to screen,
then a microarray for the classification step. ThyGenX/ThyrMIR is targeted sequencing
for five mutations, three gene fusions and expression analysis of ten microRNAs.
Rosetta GX Reveal is an expression analysis of 24 miRNAs by RT-PCR. These have
limitations, including cost and a relatively low positive predictive value in cytologically
indeterminate nodules. Long-term clinical outcome data is still awaited on the results

of the molecular marker panels, negative predictive values are difficult to calculate as
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a final histological diagnosis is not been made on lesions categorised as low risk (and
not operated on). Further, for the Afirma GEC test the validation cohorts have been
suggested to not be representative of the test population suggesting the sensitivity and

specificity may be lower than originally reported (Valderrabano et al. 2019).

Commercially Method Sample Sensitivity NPV/PPV  Cost
available test Ispecificity
ThyroSeq DNA and RNA | 1-2 drops from 90/93 % 96/81 %  $4056
targeted NGS  FNA
(56 genes)
Afirma Expression 2 FNA passes 90/52 % 94/37 %  $6400
mRNAs (167
genes)
ThyGenX/ThyraMIR = Targeted NGS @ 1 FNA pass 89/85 % 94/74 %  $5675
(8 genes) and
RTqPCR (10
miRs)
Rosetta GX Reveal = Expression 1 smear or slide 74174 % 92/43 %  $3700
analysis of 24
miRNAs by
gRT-PCR
Table 1.2: Commercially available molecular marker testing (in the USA) for thyroid nodules

that are cytologically indeterminate. Showing the test method, sample required, sensitivity and
specificity in determining malignancy in cytologically indeterminate nodules, negative
predictive value (NPV) and positive predicative value (NPV) in cytologically indeterminate

nodules and the cost. Table adapted from (Nishino and Nikiforova 2018).

The idea behind molecular testing is to improve the diagnostic accuracy of fine needle
aspirate samples, and therefore a lot of the products focus on indeterminate cytology
samples (Thy3). There has however been an application advocated for the use of
molecular markers to stratify whether tumours need full therapeutic surgery over
diagnostic surgery, for example in the presence of a BRAF V600E mutation, which
confers a 99.3 % risk of malignancy (Nikiforov et al. 2013). BRAF V600E mutations
also confer a risk of central lymph node metastasis and therefore it has been suggested

that this could be used to decide on the extent of surgery (Nikiforov et al. 2013).

22



Chapter 1 General Introduction

Individual molecular markers are not as effective as a panel of markers, evidenced by
the lack of positive predictive value of BRAF V600E alone in papillary microcarcinoma
(Haugen et al. 2016). A panel of clinical biomarkers could be effective, and if this took
into account risk of recurrence the therapeutic impact could range from tailoring

treatment to managing patient follow-up.

1.3.3 Treatment of thyroid cancer

Current first line treatment options for differentiated thyroid cancer are surgical
resection and post-operative radioiodide treatment. When diagnostic surgery is
indicated, as in the case of Thy3 follicular neoplasms, a lobectomy will be performed,
and following a formal diagnosis further treatment will be provided, if indicated. This
means that the patients with benign disease, NIFTP or very low risk disease may not
need any further treatment. This avoids a total thyroidectomy, eliminating the need for
lifelong treatment with thyroid hormone supplements, and circumventing the risk of
hypocalcaemia. Those patients with tumours > 4 cm, multifocal disease, extra-thyroidal
spread, familial disease, Hurthle cell carcinomas > 1 cm, lymph node metastasis or
distant metastasis require total thyroidectomy (Perros et al. 2014). Risks of
thyroidectomy include damage to the recurrent laryngeal nerve (voice hoarseness),
damage to the superior laryngeal nerve (loss of voice projection), hypocalcaemia (due
to damage to or loss of parathyroid glands) (Mazzaferri and Jhiang 1994), post-
operative haematoma and a scar. Patients who have had a total thyroidectomy will
need lifelong thyroxine to replace endogenous hormones. Surgery is a key part of the

patient’s therapy and the American Thyroid Association Guidelines go so far as to say
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that adequate surgical resection is the most important treatment variable influencing

patient outcomes (Cooper et al. 2006).

After total thyroidectomy, some patients will require postoperative radioactive iodine
remnant ablation. There are considerations associated with radioiodine treatment
including a hospital isolation period, need for pregnancy avoidance (6 months) or
avoidance of fathering a child (4 months), and risks include painful thyroiditis, radiation
cystitis, gastritis, metastasis oedema, nausea, sialadenitis and xerostomia (Perros et
al. 2014). Benefits include eradication of all thyroid tissue to reduce subsequent risk of
local and distant tumour recurrence and increased sensitivity of thyroglobulin as a
monitoring marker (Perros et al. 2014)(section 1.3.4.1). The decision to give
radioiodine treatment is an MDT decision based on the patient’'s staging (section
1.3.3.1), histopathology and individual circumstances, but a patient with a tumour over
4 cm, extra thyroidal extension or metastasis would have radioiodine therapy
recommended. Classical papillary, follicular variant papillary or follicular tumours less
than 1 cm with no angioinvasion or capsular invasion will not normally derive overall

benefit from radioiodine treatment (Figure 1.5).
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NO INDICATIONS

ALL CRITERIA BELOW SHOULD BE MET

*  Tumour <1lcm unifocal or multifocal RRA NOT

* Histology classical papillary or follicular variant of papillary 9 RECOMMENDED
carcinoma, or follicular carcinoma

* Minimally invasive without angioinvasion

* No invasion of thyroid capsule (extra thyroidal extension)

DEFINITE INDICATIONS

ANY ONE OF THE CRITERIA BELOW SHOULD BE MET RRA

* Tumour >4cm == RECOMMENDED
* Any tumour size with gross extra thyroidal extension

+ Distant metastases present

UNCERTAIN INDICATIONS

ALL OTHER CASES

One or more of the following risk factors may identify patients at

higher risk of recurrence who may benefit from RRA:

* Large tumour size

* Extra-thyroidal extension

* Unfavourable cell type (tall cell, columnar or diffuse sclerosing
papillary cancer, poorly differentiated elements)

* Widely invasive histology
Multiple lymph node involvement, large size of involved lymph
nodes, high ratio of positive to negative nodes, extracapsular
nodal involvement.

SELECTIVE USE
OF RRA

Figure 1.5: British Thyroid Association (BTA) Guidelines for the Management of Thyroid

Cancer indications for radioiodine remnant ablation (RRA), image taken from BTA guidelines.

1.3.3.1 TNM staging
Tumour Node Metastasis (TNM) Classification of Malignant Tumour (Sobin 2011) is
used to stage thyroid cancer in order to record the anatomical extend of the disease.
This helps categorise the risk of disease progression and recurrence, and therefore
determine the extent of patient treatment and the intensity of follow up (Table 1.3)

(Cooper et al. 2006).
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TNM Classification of Malignant Tumour

Primary tumour

TX Primary tumour cannot be assessed

TO No evidence of primary tumour

T Tumour €2 cm in greatest dimension limited to the thyroid

T1a  Tumour <1 cm, limited to the thyroid

T1b  Tumour >1 cm but <2 cm in greatest dimension, limited to the thyroid
T2 Tumour >2 cm but <4 cm in greatest dimension, limited to the thyroid

T3 Tumour >4 cm limited to the thyroid or gross extrathyroidal extension invading only
strap muscles
T3a  Tumour >4 cm limited to the thyroid

T3b  Gross extrathyroidal extension invading only strap muscles (sternohyoid) from a tumour
of any size
T4 Includes gross extrathyroidal extension into major neck structures

T4a Gross extrathyroidal extension invading subcutaneous soft tissues, larynx, trachea,
oesophagus, or recurrent laryngeal nerve from a tumour of any size.

T4b  Gross extrathyroidal extension invading prevertebral fascia or encasing carotid artery or
mediastinal vessels from a tumour of any size

Regional lymph nodes

NX Regional lymph nodes cannot be assessed

NO No evidence of regional lymph node metastasis

NOa  One of more cytologic or histologically confirmed benign lymph node
NOb  No radiologic or clinical evidence of locoregional lymph node metastasis
N1 Regional lymph node metastasis

N1a  Metastases to Level VI (pretracheal, paratracheal, and prelaryngeal/Delphian or upper
mediastinal) lymph nodes; this can be unilateral or bilateral disease

N1b  Metastases to unilateral, bilateral, or contralateral cervical (Levels I, II, lll, IV, or V) or
retropharyngeal lymph nodes

Distant metastasis

MO No distant metastasis

M1 Distant metastasis

Residual tumour

Rx Cannot assess presence of residual primary tumour
RO No residual primary tumour

R1 Microscopic residual primary tumour

R3 Macroscopic residual primary tumour

Table 1.3: TNM Classification of Malignant Tumour (8" edition).
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1.3.4 Management after treatment of thyroid cancer

1.3.4.1 Thyroglobulin surveillance
Routine follow up after thyroid surgery for malignant thyroid disease includes neck
examination and measurement of thyroid status, with abnormalities further investigated
(usually initially with ultrasound). Thyroglobulin is checked postoperatively in patients
who have had total thyroidectomy and radioiodine treatment, in order to monitor
treatment outcomes and recurrence. These patients are undergo dynamic risk
stratification — all patients have an initial risk stratification based on histopathological
data, and those that have thyroidectomy and radioiodine treatment are reclassified
according to their treatment response. Using the post treatment stimulated
thyroglobulin, whole body scan and neck ultrasound they are then stratified in to the
following groups: excellent response, indeterminate response or incomplete response.
This then allows a more personalised approach to treatment and follow up and more

information for clinician and patient about prognosis (Perros et al. 2014).

Detectable thyroglobulin after total thyroidectomy and radioiodine ablation indicates
residual or recurrent thyroid tissue and an increase in thyroglobulin while on
suppressive thyroxine therapy (section 1.3.4.2) is indicative of recurrence (Perros et
al. 2014). Thyroglobulin is produced by thyroid cells, malignant and benign, and
therefore cannot be used as a marker of progression or recurrence in patients who
have undergone hemithyroidectomy only. An alternative to sequential thyroglobulin
measurements is stimulated thyroglobulin, which is induced by use recombinant TSH
(rhTSH) (historically done by removal of suppressive thyroxine therapy) (Robenshtok

and Tuttle 2012). However, there are limitations to the use of serum thyroglobulin: the
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levels are rendered unreliable in the presence of thyroglobulin antibodies (Verburg et
al. 2004) and the positive predictive value is low at <40 % (Gray et al. 2018). Patients
with a positive thyroglobulin are further investigated with imaging, usually an
ultrasound neck and radioiodide uptake whole body scan. Thyroglobulin is currently
used as a monitoring tool for recurrence, rather than as part of the risk stratification for

thyroid cancer recurrence.
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1.3.4.2 TSH in malignancy and post-operative TSH suppression

Thyroid stimulating hormone levels are checked during a patient’s assessment for a
thyroid nodule in order to assess their thyroid status. A higher TSH at presentation of
a thyroid nodule or mass has been associated with an increased likelihood of a cancer
diagnosis (Boelaert et al. 2006, Nieto and Boelaert 2016). Further, a higher TSH at
presentation has been associated with advanced disease and lymph node metastasis
but not recurrence (Fiore et al. 2009, McLeod et al. 2012). While the association of
TSH and malignancy is replicated and widely accepted, it has not yet been integrated

into clinical pathways (Nieto and Boelaert 2016).

Suppressing serum TSH postoperatively for patients who have had total
thyroidectomies reduces the rate of thyroid cancer recurrence (Pujol et al. 1996) and
improves differentiated thyroid cancer disease-specific survival (Mazzaferri and Jhiang
1994). TSH is a growth factor for the thyroid, and effects nodules in the same way. It
is considered that TSH suppression can prevent formation of new nodules as well as
inhibit progression of current nodules (Papini et al. 1998). Therefore, it is widely
accepted for patients to have TSH suppression after treatment in the early post-
operative period (Haugen et al. 2016) and some have advocated for aggressive TSH

suppression in more advanced, higher stage disease (Jonklaas et al. 2006).

There are risks associated with TSH suppression; subclinical hyperthyroidism has
been demonstrated to have detrimental health consequences. These repercussions
include cardiovascular risks such as atrial fibrillation and coronary heart disease (Collet

et al. 2012). There has also been a reported association with reduced cognitive
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function and dementia (Annerbo 2013), as well as osteoporosis (Biondi et al. 2015,
Polovina et al. 2015). The BTA guidelines (Perros et al. 2014) endorse utilising the
Fracture Risk Assessment Tool (FRAX) score (Kanis et al. 2008) to determine fracture
risk in those on suppressive therapy for longer than 5 years during follow up. Overall,
the current guidelines recommend against the use of TSH suppression in those not
treated with radioiodine therapy or with low risk tumours (Haugen et al. 2016, Perros
etal. 2014). However, high risk tumours are still indicated for TSH suppressive therapy.
Therefore, despite the potential use of TSH as an aid adjunct in a diagnostic setting,

TSH will not be helpful in a post-operative disease monitoring capacity.

1.3.5 Management of thyroid cancer recurrence

Thyroid cancer recurrence is associated with increased mortality (Kruijff et al. 2014,
Young et al. 2013). Early detection of thyroid cancer recurrence is thought to improve
patient outcomes (Cooper et al. 2006, Perros et al. 2014). Patients with an elevated
thyroglobulin should be investigated with an ultrasound scan of the neck. Fine-needle
aspirate cytology should be performed on any abnormal neck masses post-treatment
(Perros et al. 2014). Distant metastases occur in 5 — 23 % of differentiated thyroid
cancer patients (Perros et al. 2014) so if ultrasound is negative, computed tomography
(CT), ’'8fluoro-deoxy-glucose (FDG)-positron emission tomography (PET)-CT,
magnetic resonance imaging (MRI) or 3!l whole body scintigraphy (WBS) is indicated.
WBS is dependent on the lesion being radioiodine avid, and often PET-CT positive

lesions are not.
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Curative surgery is the treatment of choice for recurrent disease, although particularly
indolent disease can be managed by active surveillance (Perros et al. 2014). Residual
disease post-surgical resection can be managed with radioiodine treatment. Distant
metastasis to the lungs or soft tissues should be treated with radioiodine therapy. Pre-
treatment radioiodine uptake stimulation by rhTSH is often performed to increase
radioiodine uptake. After radioiodine treatment WBS should be performed, used
alongside serial thyroglobulin measurement to assess the response to radioiodine
treatment (Pacini et al. 2006). Disease remission can be achieved in two thirds of
thyroid cancer patients with recurrence in the neck, and in a third of those with distant
metastasis, and for both, remission is more likely if the tumour burden is small (Pacini
et al. 2006). This supports to the argument that early detection of recurrence is

important in determining patient outcomes.

1.3.6 Management of radioiodine refractory recurrence

Distant metastases of differentiated thyroid cancer are often not radioiodine avid
(Perros et al. 2014), and are particularly difficult to treat. As discussed, the primary
management of thyroid neck recurrence is surgical, but any residual disease is
managed with radioiodine if it is radioiodine avid (Haugen et al. 2016). If not amenable
to surgery, radioiodine refractory disease can be considered for high-dose external
beam radiotherapy (EBRT) (Pacini et al. 2006). Sometimes radioresistant disease can
be indolent and can be monitored (Haugen et al. 2016). For rapidly progressive,
symptomatic or imminently threatening disease not amenable to local control, kinase
inhibitor therapy can be considered (Haugen et al. 2016). Cytotoxic chemotherapy has

historically been very disappointing in affecting non-radioiodine avid thyroid cancer
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outcomes but VEGF targeting kinase inhibitors have emerged as a potential therapy
(Anderson et al. 2013). A phase lll trial of sorafenib (the DECISION trial) demonstrated
an increase in disease-free survival from 5.8 months to 10.8 months (compared to
placebo HR 0.59, p<0.0001) (Brose et al. 2014), although grade 1 or 2 adverse effects
were frequent (50.2 — 76.3 %). This is an exciting development for this subset of
patients who otherwise have a life expectancy of 3 — 5 years and limited treatment
options (Schlumberger et al. 2014). The SELECT trial (Schlumberger et al. 2015) led
to the multikinase inhibitor lenvatinib becoming the other National Institute for Health
and Care Excellence (NICE) approved treatment for progressive, locally advanced or
metastatic differentiated thyroid cancer that is resistant to radioiodine (National
Institute for Health and Care Excellence 2018). Lenvatinib inhibits vascular endothelial
growth factor receptors 1, 2, and 3, fibroblast growth factor receptors 1, 2. 3 and 4,
platelet-derived growth factor receptor a, RET, and KIT (Schlumberger et al. 2015).
Both lenvatinib and sorafenib delay disease progression, but there is a higher response
rate and an improvement in symptoms with lenvatinib; the survival benefit for sorafenib
is 13 months and for lenvatinib is 25 months (National Institute for Health and Care

Excellence 2018).

Despite this progress, most patients eventually stop responding to sorafenib (Dadu et
al. 2014) and almost all patients on either drug had an adverse event (Schlumberger
et al. 2015, Brose et al. 2014). Data for the use of cytotoxic chemotherapy in
differentiated thyroid carcinoma is disappointing (Haugen et al. 2016). Further
development of therapies for radioiodine refractory patients is required. Targeted

therapy on an individual patient molecular make up or therapy to boost radioiodide
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responsiveness may be key to this. Understanding which thyroid carcinomas are going
to recur, and the functional reasons behind the recurrence is important in improving

patient care.

1.4 Recurrence in thyroid cancer

1.4.1 Recurrence in cancer

1.4.1.1 Definition of cancer recurrence
Cancer recurrence is presence of disease after the patient has been in a disease-free
state. The American Thyroid Association define disease-free status in thyroid cancer
as no clinical evidence of tumour, no radiological evidence of tumour (RAI or
ultrasound) and no biochemical evidence of disease (unstimulated thyroglobulin
<0.2ng/mL or stimulated <1ng/mL) (Haugen et al. 2016). This is an important
distinction from residual disease, which is thyroid tissue left behind post-operatively,
either due to proximity to important structures (such as the recurrent laryngeal nerve)

or by omission.

1.4.1.2 Mechanisms of recurrence
For a malignancy to recur, the primary disease must evade treatment. Tumour cell
dormancy has been postulated as a means by which cancer cells achieve this (Paez
et al. 2012). The most common site of recurrence in papillary thyroid carcinoma is the
cervical lymph nodes (Cooper et al. 2009) and it is considered that metastatic
dormancy is a key component of how cancer cells survive but do not progress

immediately in a metastatic environment (Ringel 2011). The identification of cancer
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cells in adequately treated patients lends support to the dormancy theory, and it could
contribute to explaining how some thyroid cancer patients recur many years after their
primary disease (Ringel 2011). An important concept then, is how dormant cancer cells

activate to cause such recurrence.

There have been several theories presented about escape from dormancy for the
thyroid cancer cell, and these include: metastasis suppressors (genes that maintain
quiescence in single metastatic cells), instigation of angiogenesis, modulation of
immune surveillance and changes in the extracellular matrix (Ringel 2011). Limitations
on angiogenesis has been proposed as a natural defence against cancer occurrence
and progression (Folkman and Kalluri 2004). The theory of angiogenesis factors
limiting dormant cell growth is supported by the use of vascular endothelial growth
factor (VEGF; an angiogenic factor) inhibitors to stabilise metastatic thyroid disease
(Brose et al. 2014, Ringel 2011). VEGF immunostaining has been associated with
thyroid cancer recurrence and decreased survival, adding weight to the importance of
angiogenesis in thyroid cancer recurrence (Lennard et al. 2001). The immune system
is also implicated in thyroid cancer recurrence, attacking malignant cells with cytotoxic
T cells supported by T helper cells. However, T regulatory (T-reg) cells prevent
autoimmunity, and in the context of solid tumours can protect cancer cells from being
recognised as foreign (Beyer and Schultze 2006). Further, Forkhead box (FOX) P3 T
regulatory cells have also have been shown to induce dormancy (Farrar et al. 1999).
This is mediated by T-reg cell secretion of interferon gamma (IFNy) and tumour
necrosis factors (TNF) as potent anti-angiogenic factors, and disruption to this can

cause tumour progression (Wieder et al. 2008). T reg cells have been positively
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correlated with recurrence free survival in non-small cell lung cancer (Shimizu et al.
2010) and higher frequencies of T reg cells in papillary thyroid cancer recurrence
(French et al. 2012). It has been suggested that the presence of T reg cells in thyroid
cancer patient lymph nodes (upon excision) can be used to screen suspicious nodes
(French et al. 2012). However, this would be dependent on excision biopsy, which is a
major drawback to using these as a recurrence biomarker. The role of the immune
system in cancer recurrence is well summarised by the elimination, equilibrium, and
escape model (Phay and Ringel 2013, Oleinika et al. 2013), with T reg cells facilitating
the equilibrium or dormant phase. The escape phase then represents the further

proliferation of tumours cells that manifests as recurrence.

Dormancy is an interesting theory in the context of thyroid cancer, supported by a
subgroup of patients with indolent disease, who are evidenced by the discovery of
malignant thyroid nodules on autopsy (Phay and Ringel 2013). Dormancy is often
explained as tumour cells achieving quiescence and thereby avoiding cancer
treatments. An alternative explanation is that micrometastases are present and are
kept in equilibrium by equal proliferation and apoptosis rates (Wikman et al. 2008). As
thyroid cancer is treated differently to most other malignant disease this limits the
extent to which tumour cell quiescence can explain recurrence in thyroid cancer.
Chemotherapeutic agents are normally effective because of their ability to select
tumour cells which have high turnover (Oleinika et al. 2013), thus a dormant cancer
cell may evade this. However, in the case of ablative therapy for thyroid cancer, the
radioactive iodine targets all thyroid cells, both malignant and benign. This means that

if tumour cell dormancy is aiding treatment evasion, the cells must have considerable
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metabolic shutdown, for example not be taking up iodine. Otherwise, the recurrent
cancer cells must also be able to escape RAI treatment through another pathway. This
provides a possible explanation for why most lymph node metastases in recurrence

are non-RAl avid (Perros et al. 2014), but does not explain how this occurs.

One further factor is the tumour cell interaction with its microenvironment, which has
been recognised as a key regulator in cancer progression (Fidler 2002). The
extracellular matrix (ECM) affects tumour dormancy, with cells that fail to adhere to the
ECM entering a state of dormancy (Barkan et al. 2010). In order to escape dormancy,
cells need to adhere to the ECM via integrin receptors, which induces cell proliferation,
and changes in the ECM components, such as an increase in production of type |
collagen and fibronectin (Barkan et al. 2010). In breast cancer cells a study
demonstrated the transition from quiescence to proliferation to be dependent on
fibronectin signalling through integrin 1, which binds to integrin a1, a2 or a3 to form
an integrin heterodimer receptor (Barkan et al. 2008). Activation of the integrin receptor
has a downstream effect on transforming growth factor 3, focal adhesion kinase (FAK)
and Src kinase (SRC), which may be part of the dormancy-progression switch (Ringel
2011). Previously, FAK activation has been implicated in lung metastasis (Shibue and
Weinberg 2009). Overall, this demonstrates that activation of tumour cells, a likely

component of recurrence in thyroid cancer, is dependent on ECM-tumour interaction.

Cellular invasion is a component of thyroid cancer recurrence, and epithelial to

mesenchymal transition (EMT) has been implicated in thyroid cancer invasion (Vasko

et al. 2007). EMT produces a change in the morphology and the maotility of cells, where
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cells become fibroblast-like, lose cell-cell contact receptors, have increased activity of
cell movement adhesion molecules and increased proteolysis of ECM components
(Shakib et al. 2019) (Figure 1.6). Conversely, some ECM proteins such as periostin
and fibronectin (FN1), appear to be upregulated in EMT with FN1 being more highly
expressed in PTC patients with lymph node metastasis and advanced stage PTC
(Shakib et al. 2019). In follicular thyroid cancer, it has been shown that hypoxia drives
hypoxia inducible factor-1a (HIF-1a) production, which in turn can induce EMT (Yang
et al. 2015). Furthermore, the c-Met/PI3K/Akt signalling pathway has also been
implicated as part of the EMT (Gao and Han 2018) (Figure 1.6). The EMT process has
been shown to confer stem cell-like properties to cancer cells, and cancer stem cells
(CSCs) have been suggested as a possible pathway to recurrence and metastatic

thyroid disease (Shakib et al. 2019).
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Figure 1.6: The progression through the epithelial-mesenchymal transition. Implicated
pathways including MEK/ERK, HGF (c-MET) and Wnt are highlighted and mesenchymal

markers listed. Taken from Shakib et al. 2019.

There are several mechanisms that are likely to contribute to thyroid cancer
recurrence. Increased angiogenesis, escape from the immune system, and changes
in the extracellular matrix are three components that are likely to be implicated.
Investigating the mutations and pathways involved in thyroid cancer recurrence to
identify significant biomarkers is important due to the significant morbidity and mortality
associated with recurrence. In this thesis, next generation sequencing was employed

to investigate the mutational profile and gene expression of thyroid cancer recurrence.

1.5 Next-generation sequencing

1.5.1 Next generation sequencing

Next generation sequencing (NGS) describes either whole genome sequencing (WGS)
or whole exome sequencing (WES) of DNA and represents high-throughput
sequencing. NGS platforms sequence millions of small fragments of DNA in parallel
and are both faster and more efficient than the original Sanger sequencing (Sanger et
al. 1977), which uses a chain termination method. The human genome was sequenced
for the first time simultaneously by two parallel groups, one US government-funded
group led by Francis Collins, the other a private group led by Craig Venter, using the
shotgun sequencing approach that accelerated mapping the whole genome (Venter et
al. 2001, Lander et al. 2001). It was following this that high-throughput sequencing

systems began to revolutionise genomic research.
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1.5.2 Next generation sequencing platforms

Next generation sequencing can be performed on multiple different modern
sequencing platforms. NGS platforms are available from Illumina, lon torrent and
Roche 454, and long read sequencers are available from Oxford Nanopore and
PacBio. Each of these platforms performs high-throughput sequencing using different
techniques for sequence reading, with each modality providing different benefits.
lllumina sequencing works by adhering short DNA fragments to a slide, which are
amplified by PCR, then addition of fluorescently labelled bases to a complimentary
nucleic acid chain which creates a fluorescent signal which can be detected by the
sequencing computer. This technique is quick, efficient and therefore competitively
priced, but produces short reads. lon torrent utilises proton signalling for detecting the
addition of bases as the pH is lowered by the release of a proton (H*) on base addition.
The bases are flooded in sequentially, one base at a time, so the sequencing computer
can read which base is next in the sequence. Roche 454 again uses fragmented reads
of DNA, but these are longer (1kB), and adhered to beads. The addition of a dNTP to
the template DNA causes pyrophosphate group release, which produces ATP, which
then activates fluorescein molecules causing fluorescence, again read by the
sequencing computer software. Each base is added sequentially, so fluorescence only
occurs when the correct base is added. For each of these methods bioinformatic
techniques are then used to map the short reads to the human genome. Long read
sequencers use nanopores to sequence long reads by reading the light or electrical
signal produced as each base goes through a pore, creating much longer strands of

DNA, especially useful in mapping a novel genome (Mardis 2013, Liu et al. 2012).
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Due to technological advancements and market competition, the cost of sequencing
has decreased rapidly over the last decade (Carlson 2009), meaning next generation
sequencing is becoming more accessible (National Human Genome Research
Institute 2016). More recently, RNA sequencing has been driven forward in
advancement by the high throughput technology, as once RNA is converted to cDNA
the process is the same as DNA sequencing. Whole exome sequencing is
predominantly used in a research context, but clinical application of targeted gene
sequencing is widening. However, whole exome sequencing must be interpreted
carefully as results are not yet always clinically meaningful due to the lack of functional
understanding of many genes. Therefore, further investigations into somatic mutations

are helpful in a wider context.

1.5.3 NGS databases

1.5.3.1 The Cancer Genome Atlas (TCGA)
The Cancer Genome Atlas (TCGA) is a landmark cancer genomics program and is a
collaboration between the National Cancer Institute (NCI) and the National Human
Genome Research Institute (NHGRI). Most data are open access, although the raw
data are under controlled access. The data present have propagated growth in
computational biology, and have led to the development of many analysis tools,
including  cBioportal (Cerami et al. 2012), Broad GDAC Firehose

(http://gdac.broadinstitute.org) (Broad Institute TCGA Genome Data Analysis Center

2019a) and Broad GDAC FireBrowse (http://firebrowse.org) (Broad Institute TCGA

Genome Data Analysis Center 2019b).
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1.5.3.2 The Catalogue of Somatic Mutations in Cancer (COSMIC) database
The Catalogue of Somatic Mutations in Cancer (COSMIC) is a database of somatic
mutations in human cancer, predominantly hand-curated from both papers and other
databases. This collates all information about somatic mutations and their implications
for human disease. Currently the database includes over six million exonic mutations
and over a million tumour samples and incorporates many bioinformatic scoring tools
to help determine the pathogenicity of somatic mutations (Tate et al. 2018). The
availability of such open access databases has advanced the understanding of somatic

mutations and can aid the validation of findings in research.

1.5.4 Future role of NGS in precision medicine

Historically, only a few diseases with highly specific gene mutations, such as cystic
fibrosis (CF) and mutations in the cystic fibrosis transmembrane conductance
regulator (CFTR) gene, were compatible with genetic sequencing (Brittain et al. 2017).
Diseases such as CF are compatible with highly targeted sequencing, however not
many diseases have such a clear single causative gene. Targeted sequencing has
also been applied in cancer therapy, where the presence of mutations on the genes
BRCA1 and BRCA2 can help individualised risk reduction (Brittain et al. 2017).
Therapies in breast cancer may also be tailored to the individual, for example
trastuzumab, a humanised IgG1 monoclonal antibody, can be used if the breast cancer
tumour overexpresses the oncogene HER2 (Jackson and Chester 2015). This is the

beginning of precision medicine, where therapy is tailored to the individual patient.
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Next generation sequencing can now provide much more mutational data than was
previously accessible. This is useful in cancer genomics where there is a complexity
of mutations but is currently limited by the functional and clinical information available
on mutations. There are now therapies in other cancers that are being adopted as
potential personalised therapies, the most prominent being vemurafenib in melanoma
and thyroid cancer (BRAF/MAPK pathway inhibitor), cetuximab in colorectal cancer
(monoclonal EGFR antibody), and imatinib in chronic myeloid leukaemia (CML) and
gastrointestinal stomal tumours (receptor tyrosine kinase inhibitor) (Jackson and
Chester 2015). Future clinical application of NGS in cancer will potentially mean each
patient has a tumour signature diagnosed, leading to targeted treatment options and
accurate classification of risk of tumour progression and recurrence (Jackson and

Chester 2015).

1.6 Aims and Hypothesis

Thyroid cancer is the most common endocrine cancer and is rising in incidence. It is
generally a treatable disease, with excellent survival rates of over 90% at 10 years
(Sipos and Mazzaferri 2010). However, there is a high recurrence rate and patients
with surgically inoperative recurrence or radioiodine resistant differentiated thyroid
carcinoma have a very poor prognosis and high mortality rate, as do those with
anaplastic thyroid cancer (Katoh et al. 2015). Increased understanding of the molecular
pathogenesis of thyroid cancer has led to new possible treatment strategies for these
difficult to treat patients (Brose et al. 2014, Dadu et al. 2014). Treatment for thyroid
cancer can be tailored to the individual patient, to make sure they get adequate

treatment, and also are not overtreated, important for both the patient and the
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healthcare system. Currently this is achieved via clinical risk factors, but with an
expanding understanding of molecular markers it is possible that these could be
adopted for risk stratification. Alongside radioiodine-resistant thyroid cancer, the poor
outcomes associated with thyroid cancer recurrence means selecting out high-risk

patients is the most important challenge in thyroid cancer (Katoh et al. 2015).

Overall, the objectives of this thesis are to complete the first full NGS appraisal of
recurrent thyroid cancers to identify new biomarkers which predict tumour recurrence,
to perform in vitro investigations to determine function of these biomarkers, and to

discover how these biomarkers relate to the clinical outcome of thyroid cancer patients.

| hypothesise that thyroid tumours which subsequently recur display a distinct pattern
of driver mutations, or RNA and microRNA expression patterns, and that the molecular
characterisation of these alterations will reveal novel mechanisms involved in thyroid
tumour recurrence. In the longer term, the pathways of recurrence will aid clinicians
and patients with accurate prognosis, facilitating the tailoring of individual patient

treatments.
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2 Materials and Methods

2.1 Cell culture

Three cell lines were cultured for cell line based assays: the human differentiated
papillary thyroid cancer TPC-1 cell line, human anaplastic thyroid cancer SW1736 cell
line and human de-differentiated thyroid cancer Cal-62 cell line. The TPC-1 and
SW1736 cell lines were kindly provided by Dr Rebecca Schweppe (University of
Colorado; Colorado, USA). TPC-1 cells are derived from a moderately differentiated
human papillary thyroid carcinoma, with mutational rearrangement on chromosome 10
causing the RET/PTC1 chimera (Ribeiro et al. 2008, Ishizaka et al. 1990) with wildtype
BRAF and RAS. The SW1736 cell line is derived from an anaplastic thyroid tumour
and contains the BRAF (V600E) mutation (Lee et al. 2007, Schweppe et al. 2008). The
Cal-62 cell line was kindly provided by Professor James Fagin (Memorial Sloan
Kettering Cancer Centre; New York, USA). Cal-62 cells are derived from
undifferentiated human thyroid cancer cells and harbour a RAS mutation (KRAS
G12R) (Gioanni et al. 1991). These cell lines were cultured in Roswell Park Memorial
Institute (RPMI)-1640 media with L-glutamine (Life Technologies, ThermoFisher
Scientific; Massachusetts, USA) supplemented with 1 % Penicillin (10°
U/)/Streptomycin (100 mg/l) (Life Technologies) and 10 % heat-inactivated foetal

bovine serum (FBS) (Life Technologies).

For immunofluorescence the human cervical carcinoma HelLa cell line was also used.

Hela cells are derived from a cervical epidermoid carcinoma and provide a malignant

epithelial cell line (Landry et al. 2013). The HelLa cell line was sourced from the
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European Collection of Authenticated Cell Cultures (Salisbury, UK). HeLa cells were
cultured in Dulbecco Modified Eagle’s Media (DMEM) supplemented with 1 % Penicillin
(10° U/l)/Streptomycin (100 mg/l) (Life Technologies), 10 % heat-inactivated foetal
bovine serum (FBS) (Life Technologies and 1 % L-glutamine (200 mM) (Life

Technologies).

Cells were cultured in a monolayer in sterile 75cm? flasks with media as documented
above. Cell cultures were maintained in a humidified incubator in 5 % carbon dioxide
at 37 °C. Cells were split once reaching 80 % confluency. Experiments were carried

out at low passage numbers (below passage number 40).

2.2 Plasmid DNA Transfection

2.2.1 Plasmid preparation

Mammalian expression vectors containing the gene of interest were sourced from
multiple sites, detailed in Table 2.1 below. Genes of interest were housed in different
expression vectors; all contained the CMV promoter sequence and inserts for
antibiotic-resistance for selection after bacterial transformation. Vector content was

confirmed with Sanger sequencing after transformation, prior to transfection.
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Gene ID and supplier information

Gene of interest

vO pCMV6-XL5 #PCMV6XL5 Origene Empty vector
Technologies; Rockville, USA

IMPDH2 WT pCMV6-XL5 #SC119585 Origene IMPDH2 (NM_000884)
Technologies; Rockville, USA

IMPDH2 pCMV6-XL5 Original IMPDH2 WT vector with IMPDH2 (NM_000884)

S280C site-directed mutagenesis with missense
(Chapter 4) mutation S280C

PFKFB4 WT pCMV6-XL5 #SC110972 Origene PFKFB4 (NM_004567)
Technologies; Rockville, USA

PFKFB4 pCMV6-XL5 Original PFKFB4 WT vector with PFKFB4 (NM_004567)

Y366C site-directed mutagenesis with missense
(Chapter 4) mutation Y366C

DICER1 pCMV-flag Prof. P Santisteban, the DICER1
Autonomous University of Madrid,
Spain

DICER1 pCMV-flag Original DICER WT vector with DICER1 with missense

D1810H site-directed mutagenesis mutation D1810H
(Chapter 5)

DICER1-HA pCMV3-ORF-  #HG11350-CY Sino Biological; DICER1

HA Pennsylvania, USA (NM_030621.3)

MET CMV3-ORF #HG10692-UT Sino Biological; MET (NM_000245.2)
Pennsylvania, USA

FN1 pPM-N-D-C-HA #PV355032 abm; Vancouver, FN1 (BC117176)

Canada

Table 2.1: List of mammalian expression vectors and corresponding information

2.2.2 Bacterial transformation

Bacterial transformation was performed using subcloning efficiency DH5a competent

E. coli cells (Invitrogen, ThermoFisher Scientific; Massachusetts, USA). Ten

nanograms (ng) of plasmid were added to 50 ul of DH5a cells, which were swirled then

rested on ice for 30 minutes. Following this, the cells were heat-shocked at 42 °C for

30 seconds then rested on ice for a further two minutes. Nine-hundred and fifty

microlitres (pl) of warmed Super Optimal broth with Catabolite repression (S.0.C.)
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media (Invitrogen) were added and the sample was shaken at 225 revolutions per
minute (RPM) for an hour at 37 °C in an orbital shaker. The sample was centrifuged at
13,000 RPM for three minutes then the supernatant discarded, and cells resuspended
in the remaining ~50 pl S.0.C. media. The resuspended cells were spread onto two
Lysogeny broth (LB) agar plates with appropriate antibiotic added according to vector
antibiotic resistance (ampicillin (100 microgram per millilitre (ug/ml)) or kanamycin (50
pg/ml)). The plates were incubated overnight at 37 °C for 16 hours. Two of the colonies
that grew were picked and transferred to 5 millilitre (ml) LB broth for plasmid

amplification.

2.2.3 Plasmid purification and amplification

DNA amplification was performed using GenElute HP Plasmid MaxiPrep Kit (Sigma-
Aldrich, Merck; Darmstadt, Germany), following the manufacturer’s protocol unless
otherwise stated. The 5 ml LB starter broth was warmed at 37 °C and shaken at 225
RPM in an orbital shaker for 6 hours. The starter culture was transferred into 150 ml of
LB broth with antibiotic (either ampicillin (100 pg/ml) or kanamycin (50 pg/ml)
depending on vector antibiotic resistance) for 16 hours. This culture was centrifuged at
4,000 RPM for 10 minutes. The bacterial pellets were then resuspended in 12 ml
resuspension solution (with added RNase). The bacterial cells were lysed with the
addition of 12 ml lysis solution, inverted six times then incubated for 5 minutes. Twelve
millilitres of neutralisation solution were added then the solution was inverted 4-6 times.
Nine millilitres of binding solution were added, then the solution was inverted twice and
transferred to a filter syringe and left for five minutes. A binding column was prepared

by spinning at 3,000 x g with 12 ml column preparation solution. The DNA containing
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solution was pushed through the syringe into the prepared binding column, which was
then spun again at 3,000 x g for 2 minutes. The column was then washed twice using
two wash solutions and the same spin method. The DNA was eluted in 3 ml of nuclease
free water with a final spin of 3,000 x g for 5 minutes. DNA concentration was quantified

using the NanoDrop 1000 Spectrophotometer (ThermoFisher Scientific).

2.2.4 Plasmid sequencing

After amplification with the MaxiPrep kit (Sigma-Aldrich), the DNA was sequenced
using Sanger Sequencing by Source Bioscience (Nottingham, UK). For plasmid
sequencing 5 ul of 100 ng/ul vector was sent with 5 ul of 3.2 pmol/ul primer, or
Source Bioscience provided primers were used. The primers used are documented

in Table 2.2 below.
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Sequence

5' TAGAAGGCACAGTCGAGG 3

Target plasmid

VO (pCMV6-XL5),
MET

pCMV forward 5 GAGCTCGTTTAGTGAACCGTC 3' FN1
pCMV reverse 5' CAAGGCCAGGAGAGGCACTG 3 VO (pCMV6-XL5)
T7 promoter (F) 5 TAATACGACTCACTATAGGG 3' MET
IMPDH2 forward 5' IMPDH2 WT and
GATCTGGAAGATGCAATTTCCCTGGGAAGAGTCC IMPDH2 s280C
3!
IMPDH2 reverse 5' IMPDH2 WT and
GGACTCTTCCCAGGGAAATTGCATCTTCCAGATC IMPDH2 S280C
3!
PFKFB4 forward 5' GCCTTGTCGAGGAAGCAGGCCAGCAGGC 3 PFKFB4 WT and
PFKFB4 Y366C
PFKFB4 reverse 5' GCCTGCTGGCCTGCTTCCTCGACAAGGC 3 PFKFB4 WT and
PFKFB4 Y366C

DICER1 forward

5' CTTAGGAGATCTGAGGAGGATG 3'

DICER1 WT and
DICER D1810H

DICER1 reverse

5' CCCACTATCCATGTAAATGGC 3'

DICER1 WT and
DICER D1810H

Table 2.2: Table of sequencing primer sequences. BGH Reverse, pCMV forward, pCMV

reverse and T7 promoter (F) are stock primers from Source Bioscience. All other primers were

designed and were ordered at a scale of 0.06 umole, dried via Polyacrylamide gel

electrophoresis (PAGE) purification from Sigma-Aldridge.

2.2.5 Site-directed mutagenesis

Mutagenesis of the plasmids was performed using the Quick-Change Il XL site directed

mutagenesis kit (Agilent Technologies; California, USA). Oligonucleotide mutagenesis

primers were designed and ordered (Sigma-Aldrich) to replicate the mutations isolated

from the TCGA database. All primers were designed and ordered at 0.05 pmole, dried

via PAGE purification. These all fit to the Agilent guidelines for guanine-cytosine
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content (GC content) and melting temperature and are described in Chapter 4 for
IMPDH2 and PFKFB4 and Chapter 5 for DICER1.

Site-directed mutagenesis was initiated by adding 10 ng of the wild type double
stranded deoxyribonucleic acid (dsDNA), 125 ng of each oligonucleotide primer
(forward and reverse), to 5 pl of ten times reaction buffer, 1 pl of deoxyribonucleotide
triphosphate (dANTP) mix and 3 pl of QuickSolution (all Agilent Technologies). Then the
solution was made up to a total volume of 50 pl with nuclease free water. One microlitre
of 2.5 U/ul PfuUltra HF DNA polymerase was added to the solution just prior to the

Polymerase chain reaction (PCR) cycle in Table 2.3.

Cycles Temperature Time

1 95 °C 1 minute
18 95 °C 50 seconds
60 °C 50 seconds
68 °C 1 minute/kb of
plasmid length*
1 68 °C 7 minutes

Table 2.3: PCR thermocycling parameters for site-directed mutagenesis. *8 minutes for

IMPDH?2 and PFKFB4, and 7 minutes 40 seconds for DICER1.

Next, a Dpn | digestion was performed by adding 1 ul of 10 U/ul Dpn | restriction
enzyme (Agilent Technologies) to the PCR amplification reaction and incubating at 37
°C for an hour. Transformation of XL10-Gold Ultracompetent cells (Agilent
Technologies) was performed by adding 2 ul of B-mercaptoethanol (Agilent
Technologies) to 45 ul of the XL10-Gold Ultracompetent cells and incubating on ice for
ten minutes, swirling every 2 minutes. Two microlitres of the dpn | treated DNA was

added to the ultracompetent cells, swirled and incubated for 30 minutes. The tubes
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were then heated in a 42 °C waterbath for 30 seconds and then incubated back on ice
for 2 minutes. Five hundred microlitres of S.0.C. media (Invitrogen) were added and
the tubes incubated at 37 °C for an hour in an orbital shaker at 225 RPM. The cell
mixture was then plated out onto two agar plates containing the relevant antibiotic to
match the vector resistance. These plates were then incubated at 37 °C for 16 hours

and colonies were picked and amplified as discussed in Chapter 2.2.3.

2.2.6 Cell line transfection with plasmids

Cells were seeded into a 6-well plate (Corning, New York, USA) and incubated at 37
°C with 5 % CO2 for 24 hours. Cell lines were transfected with plasmids using
transfection reagent TransIT®-LT1 (LT1) (GeneFlow; Lichfield, UK) at a ratio of 3 pl to
1 ug DNA (6 ul LT1:2 pg plasmid DNA per well). DNA and LT1 were added to Opti-
MEM® | reduced serum medium (Life Technologies) making up a total volume of 200
Ml per well. Following this 200 ul of the Opti-MEM transfection mix was added to the
media in each well and incubated at 37 °C with 5 % CO2 for 48 hours unless otherwise

indicated. Transfection was confirmed with Western Blotting.

2.3 Small interfering RNA knockdown

Cells were seeded into a 6-well plate (Corning) and incubated at 37 °C with 5 % CO2
for 24 hours. Cell lines were transfected with siRNA using lipofectamine RNAIMAX
(Invitrogen). One millilitre of Opti-MEM® | reduced serum medium (Life Technologies)
was mixed with 6 pl lipofectamine RNAIMAX and allowed to stand for 5 minutes. Then
siRNA was added to the Opti-MEM® mix to a final concentration of 100 nM. This was

left to allow complex formation for 20 - 30 minutes at room temperature. For
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transfection, the media was removed from the well and replaced with 1 ml of the Opti-
MEM®/siRNA mixture and incubated at 37 °C with 5 % CO2 for 5 hours, at which point
the media was changed back to RPMI-1640 media (Life Technologies) supplemented
with 1 % Penicillin (10° U/1)/Streptomycin (100 mg/l) (Life Technologies) and 10 % heat-
inactivated foetal bovine serum (FBS) (Life Technologies). Protein knock-down was

confirmed with Western Blotting.

2.4 Western Blotting

2.4.1 Protein extraction

Cells were rinsed with phosphate buffered saline (PBS) 48 hours after transfection and
then radioimmunoprecipitation assay buffer (RIPA) lysis buffer (50 mM Tris-HCI pH
7.4, 150 mM sodium chloride, 1 % (v/v) Igepal CA-630, 6 mM sodium deoxycholate
and 1 mM ethylenediaminetetraacetic acid (EDTA)) with 60 pl/ml protease inhibitor
cocktail (Sigma-Aldrich) was added to the cells. These were subjected to one freeze
thaw cycle to lyse the cells. After centrifugation at 13,000 RPM for 30 mins at 4 °C
these then underwent a bicinchoninic acid assay (BCA) assay for protein

quantification.

2.4.2 Protein quantification

Control standards of Bovine Serum Albumin (BSA) protein (Sigma Aldrich) in RIPA
buffer were used at 0, 0.125, 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5 and 5 mg/ml. Using the
Pierce Bicinchoninic acid assay (BCA) assay (ThermoFisher Scientific), samples and
standards were added (4 pl) to a flat bottomed 96-well plate (Corning, New York, USA)

and 80 pul of Reagent A and B mix (ratio of 1 ml to 20 pl) was added. All samples and
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standards were added in duplicate. The plate was incubated at 37 °C for 30 minutes
and then colorimetric absorbance was measured at 560 nM on a Wallac 1420 Victor3
Multilabel Counter plate reader (Perkin-Elmer, Massachusetts, USA). Protein
quantification was then calculated by comparison of samples against the standard

curve produced by the BSA standards.

2.4.3 Western blotting

Protein samples (15 — 30 ug) were prepared with five times protein loading buffer (10
% Sodium dodecyl sulfate (SDS) (Sigma-Aldrich), 250 mM 2M Tris-HCI, 50 % glycerol
(Sigma-Aldrich), 0.02 % bromophenol blue (Bio-Rad Laboratories, California, USA)
and 12.5 % B-mercaptoethanol (Sigma-Aldrich)) and heated for either 5 minutes at 95
°C or for 30 minutes at 37 °C depending on the size of the protein of interest. These
were then loaded onto either a 10 % resolving gel (375 mM Tris pH 8.8, 10 %
acrylamide (Geneflow), 3.5 mM SDS, 0.1 % (v/v) tetramethylethylenediamine
(TEMED) (Sigma-Aldrich) and 4.4 mM ammonium persulphate (APS) (Sigma-Aldrich))
or a preformed Novex WedgeWell 4-12 % Tris-Glycine Mini Gel (Invitrogen,
ThermoFisher Scientific) depending on the protein probed for. Samples were
separated by running at 140 V gel electrophoresis in running buffer (24.8 mM Tris
(Sigma-Aldrich), 192 mM glycine and 3.5 mM SDS). Alongside, 5ul of BLUeye protein
ladder (Geneflow) was run as a molecular weight marker. These proteins were
transferred onto a methanol (VWR International limited, Leicestershire, UK) activated
Polyvinylidene difluoride (PVDF) membrane (ThermoFisher Scientific) in transfer
buffer (25 mM Tris, 192 mM glycine (Sigma-Aldrich) and 20 % methanol) at 360 mA

for an hour and fifteen minutes, unless stated differently. Membranes were then
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blocked with 5 % w/v skimmed milk powder (5 % milk) (Marvel; London, UK) in Tris-
buffered saline with Tween®20 (TBS-T) (20 mM Tris pH 7.6, 137 mM sodium chloride
(Sigma-Aldrich), 0.00025 % v/v Tween-80® (Sigma-Aldrich)) for an hour. The PVDF
membrane was then incubated with the primary antibody in 5 ml of 5 % milk in TBS-T
overnight, rocked at 5 °C. Three TBS-T washes were used to rinse the membrane
before incubation with the secondary antibody (horseradish peroxidase-conjugated
polyclonal goat anti-rabbit or rabbit anti-mouse immunoglobulin (Agilent
Technologies)) 1:2000 v/v in 5 ml of 5 % milk in TBS-T for an hour at room temperature.
After three further ten-minute TBS-T washes the PVDF membrane was then developed
with Pierce ECL2 chemiluminescent substrate (GE Healthcare, Amersham, UK) and
captured on radiographic film (Scientific Laboratory Supplies; Nottingham, UK). B-actin
was used a protein loading control and was probed for using the same technique and
a mouse monoclonal B-actin primary antibody (Sigma Aldrich) 1:10,000 v/v, incubated
for one hour only, not overnight. The B-actin was developed with Pierce ECL

chemiluminescent substrate (GE Healthcare). Antibodies used are listed below (Table

2.4).

Antibody Type Catalogue number Company  Dilution

anti-IMPDH2  rabbit polyclonal  12948-1-AP Proteintech  1:1000

anti-PFKFB4  rabbit polyclonal  ab71622 Abcam 1:200

anti-DICER1  mouse ab14601 Abcam 1:1000
monoclonal

anti-ITGa3 mouse 66070-1-Ig Proteintech = 1:1000
monoclonal

anti-HA mouse 16B12 BioLegend  1:2000
monoclonal

anti-NIS rabbit polyclonal  24324-1-AP Proteintech  1:1000

anti-B-actin mouse AC-15 A5441 Sigma 1:10,000
monoclonal Aldrich

Table 2.4: Table of antibodies including catalogue number and dilution
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2.5 Immunofluorescent Microscopy

Cells were seeded onto a glass coverslip within a 6-well plate and transfected 24 hours
after seeding. They were then incubated at 37 °C with 5 % CO: for 48 hours and
following this, the cells were washed with PBS and fixed with 800 pl fixing solution (0.1
M phosphate buffer, 2 % paraformaldehyde, 2 % glucose, 0.02 % sodium azide) for 20
minutes. After rinsing, the cells were then permeabilised with 800 ul 100 % chilled
methanol for ten minutes. After further rinsing, they were then blocked with 800 pl 10
% new born calf serum (NCS) (ThermoFisher Scientific). Following this, the coverslips
were placed facedown onto 80 pl of 1 % bovine serum albumin (BSA) in PBS with
primary antibody and incubated for an hour. These were rinsed again three times with
PBS and then placed facedown onto 80 ul of 1 % BSA in PBS with 1 % NCS and 1:250
Alexa Fluor 488-conjugated goat anti-mouse IgG (Invitrogen), 1:250 Alexa Fluor 594-
conjugated goat anti-rabbit IgG (Invitrogen) and 1:1000 Hoechst stain (Sigma-Aldrich)
for an hour in the dark. Coverslips were mounted onto slides with Dako Fluorescent

Mounting Medium (Agilent Technologies) then stored at 4 °C.

2.6 Proliferation assays

2.6.1 Aqueous soluble tetrazolium (MTS) assay

Cells were seeded into 96-well plates in 100 ul of media 24 hours after transfection
with six replicates of each condition. After a further 24 hours 20 pl of CellTiter 96®
AQueous One Solution Cell Proliferation Assay solution (Promega, UK) was added to
each well. The MTS tetrazolium compound is reduced by NADPH or NADH in
metabolically active cells into a coloured formazan product. The plate was incubated

at 37 °C with 5 % CO- for one hour and then colorimetric absorbance was measured
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at 490 nM on the Wallac 1420 Victor® Multilabel Counter plate reader (Perkin-Elmer).
The background absorbance from media only wells was subtracted from the sample

readings.

2.7 Cell invasion assay

Four hours after transfection, normal (10 % FBS) media on the cells was replaced with
2 % FBS media. The following day, Corning BioCoat growth factor reduced Matrigel
invasion chambers (Corning; New York, USA) were warmed from -20 °C to room
temperature for 20 minutes. Warmed 2 % FBS media was then added to the chambers,
which were returned to the 37 °C 5 % CO: to rehydrate for 2 hours. 750 ul of warmed
10 % complete media were added to each well (outside the chamber) in the 24 well
plate. This acted as a chemoattractant for the cells, which are trypsinised, re-
suspended in 2 % FBS media and seeded inside the chambers. They were incubated
at 37 °Cwith 5 % CO> for 24 hours. After this the media, Matrigel insert and any excess
non-invasive cells were removed from inside the chamber and a series of steps are
undertaken to stain and fix the cells that have invaded through the Matrigel to the
membrane. After being washed in PBS, the cells were dehydrated in 95 % ethanol for
5 minutes, incubated in Mayer's haematoxylin solution (Sigma-Aldrich) solution for 10
minutes, then briefly rinsed in tap water and placed in Scott’s tap water (3.5 gramme
(g) NaHCO3, 20 gm MgSO4 and 1 litre (L) water) as a blueing solution for 5 minutes.
They were then placed in 95 % ethanol for 2 minutes and then Eosin Y solution (Sigma-
Aldrich) for 5 minutes, followed by a brief wash in tap water and rehydration in 70 %

ethanol then 95 % ethanol for 2 minutes each. Cells were then photographed on an
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EVOS XL Core Imaging System (ThermoFisher Scientific) and then analysed with

open source software Image J (Schneider et al. 2012).

2.8 Cell migration assay

Cells were seeded into a 6-well plate (Corning) and incubated at 37 °C with 5 % CO2
for 24 hours, then transfected with the gene of interest. A further 24hr - 48hrs later,
depending on the gene studied, a scratch wound assay was performed. The media
were changed to 2 % FBS to control for cell proliferation and then a linear vertical
scratch was made through the centre of the well with a 200 ul pipette tip. Photographs
were taken at the same point along the scratch wound on the EVOS XL Core Imaging
System (ThermoFisher Scientific) at 0, 4, 8 and 24 hours, unless otherwise stated.
These images were then analysed in the open source software Image J to determine

the percentage wound healing at each time point.

2.9 Statistical analysis

For laboratory work, statistical analysis was carried out in GraphPad Prism (version 8)
on data sets with a minimum of 3 independent experimental replicates. Significance
was taken to be p < 0.05. For normally distributed data a Student’s t-test was
performed, or for grouped data an Analysis of variance (ANOVA) was performed.
Tukey’s multiple comparisons test was performed post hoc if the ANOVA was deemed
significant. The mean and standard error of the mean were demonstrated in
histograms unless otherwise documented. For non-parametric data the Mann-Whitney
U test was performed, or when there was grouped analysis the Kruskal-Wallis one-

way analysis of variance. For the bioinformatic analysis the statistical analysis is
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referred to in individual chapters and was predominantly performed in the open source

software R (www.r-project.org) using R Studio (www.rstudio.com).
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3 Thyroid cancer and The Cancer Genome Atlas

3.1 Introduction

3.1.1 The Cancer Genome Atlas (TCGA) outlook

The Cancer Genome Atlas (TCGA) is a collaboration between the National Cancer
Institute (NCI) and the National Human Genome Research Institute (NHGRI) which
began in 2006. Thirty-three cancer types have been studied, with over 20,000 normal
and tumour specimens collated from across the USA analysed. Most data are open

access, although the raw data and non-validated mutations are controlled access data.

3.1.2 The Cancer Genome Atlas in Differentiated Thyroid Cancer

The Cancer Genome Atlas contains data on 516 papillary thyroid cancer patients, with
matched normal tissue (either matched normal thyroid tissue or blood). The data
available include whole exome sequencing (n = 503), somatic mutations (n = 496),
messenger RNA (mRNA) expression (n = 500), microRNA (miRNA) expression (n =
502), protein expression (n = 222) and clinical data (n = 508). In 2014, a study on 496
papillary thyroid cancer patients’ data (Agarwal et al. 2014) demonstrated oncogenic
driver events in 96.5 % of the tumours, bringing down the unknown thyroid cancer
driver events from 25 % to 3.5 %. One of the study’s main findings is that the majority
of papillary thyroid tumours can be categorised as BRAF V600E-like or RAS-like, and
in the study a score is attributed for each tumour from most BRAF V600E-like (-1) to
most RAS-like (+1). This score is associated with histological subtype, tumour

differentiation, mMRNA and miRNA profiles as observed in Figure 3.1 below.
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Figure 3.1: BRAF V600E-like and RAS-like score illustrating the tumour differentiation score
of BRAF VG600E-like and RAS-like tumours. The expression profile of mRNA/miRNA
associated with BRAF V600E-like and RAS-like status is also presented. Figure adapted from

Agarwal et al. 2014.

The authors advocate that differentiated thyroid cancer should be recategorised, with
follicular-variant papillary thyroid cancer, currently categorised under papillary thyroid

cancer, redefined as a subtype of follicular thyroid cancer.

BRAF V600E-like tumours escape the ERK/RAF feedback loop as the BRAF V600E
functions as a constitutively active monomer, resulting in marked activation of the
MAPK signaling pathway. Furthermore, it is suggested that due to the distinct
genotypic pattern of these tumours, such as the suppression of thyroid-specific genes
in BRAF tumours (Durante et al. 2007), these categories may be associated with

responsiveness to therapy, including radioiodine uptake and targeted therapy.
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The authors state that this study has reduced the ‘dark matter’ of differentiated thyroid
cancer (those tumours with unknown mutational status) and has identified most
oncogenic driver mutations. However, it is suggested that within the BRAFV6%E driven
tumours the heterogeneity of gene expression means further subcategorisation would

be prognostically useful.

3.1.3 Thyroid Cancer Recurrence in The Cancer Genome Atlas

For assessment of recurrence in the sentinel TCGA paper the authors used risk of
recurrence, calculated on the American Thyroid Association 2009 guidelines (Cooper
et al. 2009) as a surrogate for recurrence. Lymph node metastasis, patient aged over
45 years old, extracapsular spread of tumour, aggressive histology and tumour size all
convey an increased risk of recurrence (Cooper et al. 2009). The prognostic scoring
system including metastasis, age, completeness of resection, invasion, and size of
tumour (MACIS) (Hay et al. 1993) was also included in the analysis. The Cancer
Genome Atlas analysis demonstrated that TERT promotor mutations were associated
with a higher risk of thyroid cancer recurrence, although for both wild type and mutant
TERT promotor tumours the number of patients in the low/intermediate group was
higher than the high-risk group (Agarwal et al. 2014). MicroRNA 146b was
demonstrated to be variably expressed in different miRNA clusters and expression was
associated with low tumour differentiation score and low BRAFV®%E.like or RAS-like
score and risk of recurrence. This association with aggressive PTC behaviour is in
keeping with previous studies (Chou et al. 2013). Mutation density was also associated

with increased likelihood of tumour recurrence.
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The Cancer Genome Atlas dataset also has associated clinical data, including the
patient’s disease-free status, indicating if the disease has recurred or progressed
following treatment. The recurrence status from this metadata was not used in the
primary analysis of TCGA data. While the risk of recurrence was discussed, the actual
associations with recurrence were not analysed. The potential to identify biomarkers
for recurrence present at the diagnosis of the original disease is critical. Therefore, the
aim of this Chapter was to derive mutational biomarkers from the TCGA thyroid dataset

which predicted risk of recurrence.

3.2 Methods

3.2.1 Whole exome sequences

The Cancer Genome Atlas next generation sequencing (NGS) for the thyroid
carcinoma cohort was originally performed on the lllumina Genome Analyzer
sequencing platform at the Broad Institute (Agarwal et al. 2014). The samples analysed
were primary tumour samples with matched normal tissue (either blood or normal
thyroid tissue, the latter of which was used preferentially when available). These steps

were performed by TCGA teams.

Access to TCGA data was granted after application via the NIH CGHub portal to
controlled access data, which were downloaded via GeneTorrent onto the University
of Birmingham High Performance Cluster [Data Access Request number: 41353-5
Project identification: 10051 ‘The Identification of Novel Biomarkers in Recurrent

Thyroid Cancer’].
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Clinical details for the 43 patients included in the somatic mutational analysis can be

found in Appendix 1: Table 10.1.

3.2.2 Analysis pathways
TCGA data were originally analysed by the TCGA group using the DNA-Seq Analysis
Pipeline

(https://docs.gdc.cancer.gov/Data/Bioinformatics Pipelines/DNA Seq Variant Callin

g_Pipeline/). This pipeline uses one of two Burrows Wheeler Algorithms (BWA) to align
the data to the reference genome, creating Binary Alignment Map (BAM or .bam) files.

The reference genome used was GRCh38.d1.vd1 (https://gdc.cancer.gov/about-

data/data-harmonization-and-generation/gdc-reference-files).

Mutation calling was performed by the TCGA using a Mutect pipeline (Cibulskis et al.
2013). The Mutect pipeline variant call format (vcf) files were downloaded as outlined
above. These were then were annotated using the software Annovar (Wang et al.
2010) on the university linux 24 core, 128Gb, broadwell-class Intel High Performance

Cluster BlueBEAR (www.birmingham.ac.uk/bear). Annotated vcfs were then filtered in

the programming language Python by quality score and dbSNP, and then by a series

of bioinformatic scoring tools by hand (discussed below in Figure 3.3).

A second analysis was performed using an in-house pipeline. For this, all patients who
went on to have thyroid cancer recurrence had tumour and matched normal BAM files
downloaded. Platypus variant calling (Rimmer et al. 2014b) was performed on these

data as a group analysis. Annovar annotation (Wang et al. 2010) was again performed
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on the vcf files, and the annotated vcf files were filtered using the same tools as the

Mutect vcf analysis.

3.2.3 Filtering variants

After removal of low-quality variants (QUAL = PASS) and those with synonymous mutations,
in-silico mutation prediction was performed using several bioinformatic tools: Sorting
Intolerance From Tolerance (SIFT) score (Sim et al. 2012), Polymorphism Phenotyping version
2 (PolyPhen2) score (Adzhubei et al. 2010), MutationTaster (Schwarz et al. 2010) and
MutationAssessor (Reva et al. 2011) score, were all used for further filtering of the variants.
Scores were combined to highlight the most harmful mutations. SIFT score assesses the effect
of amino acid substitution on protein function using sequence homology and ranks the variant
as ‘tolerated’ or ‘deleterious’ and assigns a score. PolyPhen2 score by comparison uses the
physical properties that a change in amino acid sequence inflicts upon the protein to predict
altered function. The changes were ranked as ‘probably damaging’, ‘possibly damaging’ or
‘benign’. MutationTaster integrates a number of data sources including Ensembl, UniProt,
ClinVar and the 1000 Genomes Project to predict the effects of amino acid changes on
functional protein domains, protein length, splicing and regulation of protein function.
MutationAssessor is another tool based on evolutionary conservation of amino acids, and
outputs a score and a category of ‘high’, ‘medium’, ‘low’ or ‘neutral’ functional impact. A

summary table of the scoring tools used is below in Table 3.1.
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Scoring tool
SIFT Tolerated (T) Damaging (D)
> 0.05 < » <0.05
PolyPhen2 Probably = damaging
Benign (B) Possibly damaging (P) (D)
<0.15 0.15-0.85 >0.85
MutationTaster Polymorphism Polymorphism Disease Disease causing
automatic (P) (N) causing (D) automatic (A)
MutationAssessor Neytral Low Medium High
0 <« > 1

Table 3.1: Bioinformatic pathogenicity scoring tools SIFT, PolyPhen2, MutationTaster and

MutationAssessor demonstrating the numerical score and the associated disease impact.

Finally, the variants were investigated by literature review to infer to biological
significance. The mutations were manually reviewed on the TCGA cBioPortal web
browser (Cerami et al. 2012, Gao et al. 2013) and opened on Integrative Genomics
Viewer (IGV) (Robinson et al. 2011) to ensure that the mutation represented true

somatic mutation (Figure 3.2).
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Figure 3.2: IGV review of PFKFB4 gene in sample with the Y366C variant. This demonstrates
a T>C missense mutation that causes an amino acid Y366C substitution in the PFKFB4 gene

located on chromosome 3.

3.2.4 RNA and miRNA analysis

The RNA and miRNA analyses were performed on open-access TCGA data, on the
same patient group as the mutation analysis above. The normalised expression data
from the TCGA was used for the RNA sequencing (RNA seq) analysis. The RNA count

reads were downloaded from the Firebrowse portal (http://firebrowse.org) and had

undergone upper quartile normalisation. MicroRNA data were also downloaded from
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the Firebrowse portal and the ‘reads per million miRNA mapped’ value was used as
the expression value of each miRNA. The methods and results from these analyses
are discussed further in Chapter 6 (RNA expression) and Chapter 7 (miRNA
expression). The median differential expression was calculated for each of 20,532
genes between the group of recurrent thyroid cancer patients (n = 43) and the non-

recurrent (n = 459), then a Mann-Whitney U test was applied to assess significance.

3.3 Results

Paired sequencing data for 43 recurrent thyroid cancer patients was retrieved from the
TCGA and analysed as described in section 3.2. Initial DNA sequencing analyses
identified hundreds of variants. In order to distinguish the clinically informative variants
linked to recurrence from genetic population variance and non-pathogenic variants,
post-calling filtering steps were required. The filtering used for this analysis is

summarised in Figure 3.3 below.
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TCGA Mutect vcf files

TCGA original BAM files
Quality PASS and dbSNP filter

vcf files merged Platypus variant caller
n = 2,074,396 variants
vcf file

Filtered by exonic mutations, non-
synonymous, quality depth score >2, SIFT <
0.2, PolyPhen2 > 0.8

n =960 variants

Filtered by exonic, non-synonymous
mutations

n = 481 variants

SIFT < 0.2, PolyPhen2 > 0.8, MutationTaster (D), n = 148 variants
Mutation Assessor (H)

n =47 variants Ranked by QD, PolyPhen2 & SIFT
Variants individually
Each variant reviewed on COSMIC reviewed and Too n = 20
database and in literature regarding compared to TCGA . pt -~ tabl
biological function Mutect analysis variants in table

Figure 3.3: Steps in filtering the variants for the two analyses. The same bioinformatic tools
were used for the filtering steps and the analyses results were cross compared for overlap and

consistency.

The initial analysis from the TCGA Mutect vcf files raised 47 putative mutations
(Appendix 1; Table 10.2). These were reviewed in the literature and searched for in
the Catalogue Of Somatic Mutations In Cancer (COSMIC) database. After
investigation into the described biological function of each of these genes, a shortlist
of the variants in genes DICER1, PFKFB4 and IMPDH2 was decided upon, with the

selected results displayed seen in Table 3.2 below.
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Chr Position Ref Alt Quality Gene COSMIC COSMIC AA

gene mutation change
spec
14 95557639 C G 312 DICER1 Y novel D1810H
3 49064023 G C 11 IMPDH2 Y novel S280C
3 48561154 T C 136 PFKFB4 Y novel Y366C

Table 3.2: List of final selected variants. The mutation on chromosome 14 causes a D1810H
amino acid change, while the mutations on chromosome 3 caused a S280C and Y366C amino

acid change on IMPDHZ2 and PFKFB4 genes respectively.

These mutations were non-familial heterozygous mutations found in the tumour tissue
but not in the matched normal tissue. SIFT scores for the mutations were all 0
(D/‘Damaging’) and the mutations PFKFB4 and DICER1 had a PolyPhen2 score of 1
(D/'Probably damaging’), with IMPDH2 a PolyPhen2 score of 0.999 (D/Probably
damaging’), signifying high likelihood of a deleterious effect of the mutations. The
variants were: IMPDH2 S280C, PFKFB4 Y366C and DICER1 D1810H. (Figure 3.4).
Each mutation was present in one patient, each of whom had recurrent thyroid cancer.
Another IMPDH2 mutation was observed in a 66 year old female recurrent thyroid
cancer patient at R355W, implicating the gene as a potential driver of recurrence. On
review of the other socring systems applied in the Annovar annotation, the Functional
Analysis Through Hidden Markov Models (FATHMM) score (Shihab et al. 2013) was
high for the mutation S280C indicating it was deleterious, and was low for R355W
indicating it was tolerated. Consequently, the mutation S280C was selected for

functional modelling.

71



Chapter 3 Thyroid cancer and The Cancer Genome Atlas

8 B D1810H
[ ]
-

(=l
oc . .
L - - - .
g L - . e - -e - L R J - - - e - L - - - LA L] LR -
D SENEREIES O8 & e e e . S mmene RS ) S GNP SN SN e

o

" oero B o
o 400 800 1200 1600 1922aa
o~ s
T s pseusse
o B $280C
S - . e e "o
- 0
c8s css IMPOH
100 E x0 e

PFKFB4

Figure 3.4: Variants as lollipop-diagram adapted from cBioPortal. Highlighted lollipops
represent the mutation of interest, present in a recurrent thyroid cancer patient. Other lollipops
are other mutations across the TCGA including other cancer types. Figures from TCGA

cBioPortal (Cerami et al. 2012, Gao et al. 2013).

In the second analysis, variant calling was performed on the original TCGA BAM files,
after the generation of vcf files as described in Chapter 3.2.2. The variants were filtered
as shown in Figure 3.3 and ranked according to quality score normalised by allele depth
(QD), PolyPhen2 score and SIFT score. The top twenty variants are depicted in Table

3.3.
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CHROM POS REF ALT FILTER Gene Function FR QD SIFT Polyphen2

14 95557639 C G PASS DICER1 exonic | 0.0058  22.9230954 O 1

5 1232375 G A PASS SLC6A18 exonic  0.0058 22.8804153 O 1

3 48561154 T C PASS PFKFB4 exonic | 0.0058  22.8674726 O 1

17 73055633 T A PASS KCTD2 exonic  0.0058 22.2511165 O 1

12 53457578 G A PASS TNS2 exonic  0.0058 20.9007657 O 1

2 46803383 G A PASS RHOQ exonic  0.0058 20.797383 0 1

3 133558368 G A PASS RABGB exonic  0.0058 20.6424652 O 1

17 34340319 C T PASS CCL23 exonic  0.0058 20.3224387 O 1

1 248512767 G T PASS  OR14C36 exonic . 20 0 1

17 47246163 T C PASS B4GALNT2  exonic  0.0988 20 0 1

7 77973161 C T PASS MAGI2 exonic  0.0058 20.5051172 O 0.999

6 29910371 C T PASS HLA-A exonic  0.0719 20 0 0.999

3 38889182 G A PASS SCN11A exonic  0.0058 22.7650674 O 0.996

X 46359996 G A PASS ZNF674 exonic  0.0238 23.5997063 O 0.987

7 140453136 | A T PASS BRAF exonic | 0.1744 20 0 0.971

9 100845135 A C PASS NANS exonic  0.0058 29.9603617 O 0.969

11 1275535 A T PASS MUC5B exonic  0.0058 21.8373543 O 0.961
219503377 G C PASS ZNF142 exonic  0.0058 22.8313294 O 0.952

1 160054053 T A PASS KCNJ9 exonic  0.0058 23.6581931 0 0.906

7 100549967 C T PASS MUC3A exonic  0.1438 20 0.01

Table 3.3: List of variants from vcf generated from the second analysis using in-house
Platypus pipeline, ranked by PolyPhenZ2 score. DICER1 D1810H mutation and PFKFB4 Y366C

mutations are highlighted in red and the BRAF V600E mutation in orange.

This new analysis, which was a grouped analysis of the 43 patients who later recurred,
compared their primary thyroid cancers and matched normal tissue. A number of
variants that came up in this analysis were already well characterised, including the
BRAF V600E mutation and NRAS Q61K. Two of the mutations observed in the TCGA

Mutect analysis were also present: DICER1 D1810H and PFKFB4 Y366C.
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3.3.1 Genetic variants associated with thyroid cancer recurrence
In silico predictions of mutational drivers in cancer always require further validation by
study of functional effects. The novel missense mutations IMPDH2 S280C, PFKFB4

Y366C and DICER1 D1810H were taken forward for functional validation.

IMPDH2 is the rate limiting enzyme in guanine nucleotide synthesis and has been
associated with tumour progression (Zhou et al. 2014). It is thought to be related to
cellular proliferation and therefore tumourigenesis (He et al. 2018). PFKFB4 regulates
glycolysis by synthesis of fructose-2, 6-bisphosphate (Sun et al. 2016). It is over-
expressed in hypoxic conditions and is thought to aid malignant cells evade apoptosis.
High expression is associated with multiple different malignancy types (Zhang et al.
2016). DICER1 codes for the protein dicer, which is an RNAse Il enzyme integral to
small interfering RNA (siRNA) gene regulation. Dicer cleaves pre-microRNA into
mature microRNA. Dicer is also a component of the RNA-induced silencing complex
(RISC) which loads siRNA and miRNA onto mRNA, facilitating their post-transcriptional

gene regulation (Foulkes et al. 2014)

It is important to note that the patient with an IMPDH2 S280C mutation also had a
background driver mutation of BRAF V600E. The PFKFB4 mutation occurred on a
background NRAS Q61K mutation. The DICER1 D1810H mutation occurred with no
BRAF/RAS mutation. Consequently, a range of cell lines was utilised in the functional
work described in Chapters 4 and 5, to ensure mirroring of the background mutational

profile of the original patients.
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3.3.2 RNA Analysis

In addition to considering qualitative change in gene expression via mutations found in
DNA sequencing, quantitative changes in gene expression levels may be apparent in
RNA data. The most differentially expressed genes in recurrent vs non-recurrent
thyroid cancer were highlighted from the TCGA RNA data. The top 40 differentially
expressed genes from this analysis are depicted in a heatmap in Figure 3.5 and the
individual genes that were most differentially expressed are discussed further in

Chapter 6.
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Figure 3.5: Top 40 differentially expressed genes in recurrent vs non-recurrent patients. Differential expression was calculated using median

expression values for the recurrent group compared to the non-recurrent. The gene expression for the top 40 genes were plotted into the

heatmap using heatmap.3 (Zhao et al. 2014) in R. BRAF-like or RAS-like status and recurrence status was incorporated from the TCGA

clinical data.
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The heatmap illustrates that although differential expression does look distinct in the
recurrent thyroid cancer patients, the background BRAF-like and RAS-like status is
also important in the way it relates to gene expression patterns. It appears that there
is a pattern showing the RAS-like phenotype to be more similar to the normal
phenotype which is apparent across both the recurrent and non-recurrent patient
groups. The genes also appear to be clustered, with expression patterns similar across
different genes, indicating that they may be involved in similar or overlapping

pathways.

3.4 Discussion

3.4.1 TCGA Whole exome sequencing

Using TCGA data for a novel analysis provided a large volume of sequencing data with
matching clinical data. This was of particular interest in the context of thyroid cancer
recurrence as a prospective dataset would necessarily take a long time to collate, and
one performed in retrospect may not provide access to good quality sequencing data.
For example, identifying samples retrospectively would inevitably require sequencing
from formalin-fixed paraffin-.embedded (FFPE) tumour blocks, which is very
challenging due to DNA breakdown and cross-linking in the preservation process (Do
and Dobrovic 2015). However, as the TCGA dataset has now been completed, and is
anonymised, any extra clinical details required above what is currently available will
not be accessible, so the data is dependent on those entering the information, which

is one drawback of using an established database.
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The ideal experiment to analyse recurrence would have been to compare mutation
data from recurrent patient primary tumours to non-recurrent patient primary tumours.
This would have the value of highlighting the potential drivers for recurrence rather
than tumour initiation. A drawback of any study of recurrence is the limit on the follow
up for patients, so non-recurrent patients could go on to recur in the future. Thus,
variants present in the non-recurrent tumours may in fact be wrongly categorised, as
we are considering variants present on initial histology. Therefore, subtracting variant
files of non-recurrent patients from recurrent patients would potentially remove variants
of interest. The recurrent group of patients were therefore considered and analysed as
a group, and their matched normal tissue was used as the control. Also considered
was the data volume: with original bam files between 5 and 20 Gb each, this would

mean storing then processing 2.5 — 10 terabytes of data.

The planned pipeline for the analysis of the TCGA data was to use Stampy (Lunter and
Goodson 2011) to map the reads and Platypus (Rimmer et al. 2014a) as a variant
caller ready for file annotation. Stampy has the advantage of being more sensitive than
other read mapping software such as Burrows-Wheeler Aligner (BWA) and works well
for divergent sequences (Pattnaik et al. 2012). However, the analysis on the University
High Performance Cluster (HPC) repeatedly had segmentation faults when running
Stampy, despite troubleshooting with Dr Albert Menezes a University of Birmingham
bioinformatician, and the relevant team on Github

(https://github.com/andyrimmer/Platypus). Therefore, after many iterations, the

Platypus software was run directly on BWA aligned files. Platypus has been tested on

BWA as an aligner as well as Stampy and works reliably with both aligners. It uses
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local realignment to increase accuracy and has been demonstrated to have performed
well for whole genome and whole exome data, particularly exonic variants (Rimmer et
al. 2014a). The benefit of this analysis was that the TCGA have also performed another
analysis on the same bam files, using a different pipeline using Mutect as the variant
caller. The Mutect vcf files from the TCGA analysis were then also annotated and
filtered as described, meaning that the data had been analysed using two different sets
of software, which increases the confidence in variants called in both analyses, such

as the variants seen in DICER1 and PFKFB4.

3.4.2 Shortlisting driver mutations in recurrence

Shortlisting genes from Next Generation Sequencing analyses is challenging —
analysis creates a list of variants that inevitably need filtering. In a whole exome there
might be 30 - 50,000 single nucleotide variants (SNVs) and 30 % of these are likely to
be non-synonymous — not all of these can be investigated functionally, therefore
filtering is required. Filtering itself has limitations: if too stringent it will exclude true
positive results and it is dependent upon the value and applicability of the tools applied.

dbSNP (https://www.ncbi.nim.nih.gov/snp/) is a database of collection of common

genetic polymorphisms, which was utilised in the Mutect analysis pipeline (Figure 3.3)
to select out novel variants. However, dbSNP does not always take into account the
pathogenicity of single nucleotide polymorphisms, and an alternative approach is to
use a population frequency cut off. Those variants found commonly in the studied
population are unlikely to be a pathogenic driver mutation. Interestingly, dbSNP has
an annotation for the mutation BRAFV6%E which means that this mutation was filtered

out as a polymorphism in this analysis — a mutation that is clearly of profound
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importance in thyroid cancer. Due to this significant limitation the dbSNP filtration step

was not included in the second (Platypus) analysis.

The tools selected for filtering were included in the annotation software Annovar and
are both commonly applied and well validated tools. Each prediction tool uses different
means to predict pathogenicity and therefore a combination of these increases the
likelihood of selecting for pathogenic variants. SIFT, for example, is a sequence
homology-based tool that presumes that the more readily conserved an amino acid
site is, the more important it is, and therefore more damaging a mutation at that site is.
It is highly sensitive but can overcall neutral variants as pathogenic. PolyPhen2 uses
structural information to see if there is a likelihood of significant change to the coded
protein and uses the UniProtKB/Swiss-Prot database to look up the annotation for that
site. It uses this annotation to predict the functional impact the mutation is likely to
have. MutationAssessor, like SIFT, uses protein homology to predict the pathogenicity
of the mutation. MutationTaster searches for the genotypes in HapMap, Ensembl and
other tools and if it is a true single nucleotide polymorphism (SNP), present a
population level it is considers it non-pathogenic. This tool was important to include as
it can also score mutations that are not single nucleotide variants (SNVs), but
limitations are it cannot manage indels that are over 12 base pairs (bp) or alterations

that span the intron-exon border.

Deciding which tools to use and the parameters to set them to (see Chapter 3.3) does

not end the selection process. There can be a substantial list of variants (see Appendix
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1; Table 10.2) even after filtering. Other databases, such as the COSMIC database,

and the field of literature can then be used to shortlist candidate mutations.

Pathway analysis softwares, such as Cytoscape (Shannon et al. 2003) are another
way to consider a list of variants — to see if any of the proposed variants are linked by
similar or different pathways. As the hypothesis here was to find the drivers of
recurrence in each tumour, it was useful to see that each of the putative driver
mutations appeared to be separate to each other in the pathway analysis (Figure 3.6).
Of note, they all appeared separate in pathway and cluster analysis to BRAF, which is

known to be key to tumour initiation.
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Figure 3.6: Pathway analysis using FI Reactome (Wu and Haw 2017) in Cytoscape (Shannon et al. 2003). This analysis uses linker genes
(shown in diamonds) and coloured according to FI Reactome clusters. A) Mutect analysis: Top five significant networks on pathway
enrichment, ranked by number of proteins in network: Integrin signaling pathway (p = 0.009), Focal adhesion (p = 0.01), Endothelins (p =
0.01), Signaling events mediated by VEGFR1 and VEGFR2 (p = 0.01), ECM-receptor interaction (p = 0.02). B) Platypus analysis. Top 5
significant networks on pathway enrichment: Neurotransmitter Receptor binding and Downstream Transmission (p = 0.0006), Natural killer
cell mediated cytotoxicity (p = 0.0007), Viral carcinogenesis (p = 0.003), Bladder cancer (p = 0.0002), Non-small cell lung cancer (p =
0.0006).
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Furthermore, this analysis provides an insight into gene groups that are not necessarily
apparent from considering variants individually. This is observed in the analysis of the
Mutect mutated genes, as the networks of integrin signalling pathways, focal
adhesions and ECM-receptor interaction have been highlighted, suggesting that cell
adhesion and migration are key factors in recurrence. Certainly integrins have been
implicated before in metastasis (Ganguly et al. 2013), and similar cell survival and
migration arguments might hold for recurrence. This is of interest as it is a theme that

recurs later in the RNA expression gene analysis (Chapter 6).

The individual genes highlighted by the NGS WES analysis - IMPDH2, PFKFB4 and
DICER1 - are all interesting in the context of cancer. Each has a role that may
propagate tumour aggressiveness and ability to recur, explored in full in Chapters 4
and 5. DICER1 is also associated with thyroid disease as DICER1 syndrome is caused
by a germline mutation in the DICER1 gene. This leads to a susceptibility to
pleuropulmonary blastoma, ovarian or testicular tumours, other endocrine tumours and
multinodular goitre (MNG). There is also an increased association with differentiated
thyroid cancer. However, despite the in-silico validation of these gene variants as
pathogenic, it is widely recognised that these need functional validation before they
can be employed clinically. Therefore, we took the selected gene variants and
recapitulated the mutations using site-directed mutagenesis. These were then
transfected into multiple thyroid cancer cell lines and functional studies on the cells

were performed, as described in Chapters 4 and 5.
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3.4.3 RNA analysis

The heatmap illustrating the overview of the RNA analysis (Figure 3.5) demonstrates
the homogeneous nature of the normal tissue phenotype, and the complexity of the
tumour phenotype. This has been partly extricated by the addition of the background
mutation status (Braf-like, Ras-like or nil). The background mutational profile appears
to have an influence over the recurrent and non-recurrent tumours alike. Within the
recurrent patient group, it does appear that there is a pattern across the gene
expression profile with certain genes more often up- or down-regulated. These results
are considered further in Chapter 6, where the RNA expression levels of recurrence

versus non-recurrence is explored in more detail, and on an individual gene basis.

3.4.4 Concluding remarks

This chapter has outlined two means of analysis of TCGA data, one using files with
variants already called by the TCGA analysis team, one using a novel pipeline from
the original ‘raw data’ files. The results demonstrate a number of potentially pathogenic
variants, which may drive a thyroid tumour to recur. Three potential mutational drivers
of recurrence in thyroid cancer - IMPDH2 S280C, PFKFB4 Y366C and DICER1
D1810H - have been selected for further investigation and functional validation. This
chapter has also introduced the potential for other analyses, such as RNA expression

data, which are explored further later in the thesis.
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4 IMPDH2 and PFKFB4 as mutational drivers of recurrence

in thyroid cancer

4.1 Introduction

4.1.1 IMPDH2 normal function

Inosine monophosphate dehydrogenase (IMPDH) catalyses the rate-limiting step of
guanine nucleotide synthesis, converting inosine monophosphate (IMP) to xanthosine
monophosphate (XMP) (Keppeke et al. 2018). XMP is further converted by guanosine
monophosphate synthetase (GMPS) into guanosine 5'-monophosphate (GMP)

(Jackson et al. 1975). Further processing converts GMP into the nucleotide guanine

(Figure 4.1).
IMPDH GMPS
IMP ———  XMP GMP
!
GDP
!
GTP

Figure 4.1: Inosine monophosphate dehydrogenase synthesis of guanine pathway. Adapted

from (Jackson et al. 1975).

There are two isoforms of inosine monophosphate dehydrogenase: IMPHD1 and
IMPDH2 (Natsumeda et al. 1990). These each have a different genetic locus and
appear to have different functions; mutations in IMPDH1 causes the ophthalmic
disease retinitis pigmentosa, but IMPDH2 mutations do not (Bowne et al. 2002). The
IMPDH enzyme is linked to malignancy and proliferation in hepatic disease (Jackson

et al. 1975). Expression levels of IMPDH2 in different tissues is variable, and the
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activity of IMPDHZ2 does not always correlate with the expression level, suggesting
post-transcriptional modifying events alter enzyme activity (Senda and Natsumeda
1994). It is understandable that IMPDH2 would have a relationship with cellular
proliferation, due to the increased demand for nucleotide synthesis required. A recent
study suggested that IMPDH2 has a role in PI3K/AKT signalling pathways, showing
increased phosphorylated FOXO1 and increased phosphorylated TOR when IMPDH2
was overexpressed (Duan et al. 2018). Phosphorylation of FOXO1 by Akt via IkB
kinase (IKK) leads to increased degradation of the tumour suppressor FOXO1
(Massague 2004), suggesting a pathway through which IMPDH2 may implement its
proliferative effects. Phosphorylation of TOR results in increased ribosomal protein
translation (Massague 2004), (Bjornsti and Houghton 2004), also facilitating increased
proliferation. As the PI3K/AKT signalling pathway is implicated in thyroid cancer

progression (Petrulea et al. 2015), (Matson et al. 2017), IMPDH2 may be involved here.

4.1.2 IMPDH2 S280C mutation

The IMPDH2 gene is approximately 5.8 kb long and has 14 exons (Zimmermann et
al. 1995). The IMPDH2 protein forms a tetramer of identical monomers (Colby et al.
1999). There are two cystathionine beta synthase (CBS) domains, the second of which
is within the catalytic domain. Increased expression of IMPDH2 has an impact on
cellular proliferation and tumour progression and this would suggest that an oncogenic
mutation in IMPDH2 would be likely to be an activating mutation (He et al. 2018). The
nearest annotated active sites to the IMPDH2 S280C mutation described in Chapter 3
are serine 276 (highly conserved) (Sintchak et al. 1996) and phenylalanine 282. There

has been no investigation of the functional effect of a mutation at site serine 280. There
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is no literature on IMPDH2 in thyroid cancer, so functional studies in thyroid cancer cell

lines will help consider IMPDH2 function in the context of thyroid cells.

4.1.3 PFKFB4 normal function

The PFKFB family of proteins includes four enzymes all encoded by different genes.
They were originally discovered in different tissue types but have been found to have
widespread expression. Each protein has a kinase in the N-terminal region and
phosphatase domain in the C-terminal region. The kinase domain catalyses fructose-
6-phosphate (F-6-P) into fructose 2,6-bisphosphate (F-2,6-BP), which is converted into
phosphofructokinase 1 (Pfk1) (Pegoraro et al. 2013). Phosphofructokinase is a key
enzyme regulator of glycolysis (Goncalves and Cantley 2018). The phosphatase
domain catalyses the destruction of F-2,6-BP, inhibiting the activation of the glycolysis
pathway by Pfk1. Thereby, the PFKFB family regulate glycolysis activation by both
production and degradation of F-2,6-BP. The four isoforms have highly conserved
enzymatic domains and differ mostly in their regulatory regions (Cavalier et al. 2012).
Post-transcriptional modification can also alter the function of the protein as can

mutations that cause a functional impact.
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fructose-6-phosphate (F-6-P) ><
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6-Phosphofructo-2-Kinase / Fructose-2,6-Biphosphatase 4
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fructose 2,6-bisphosphate (F-2,6-BP)
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phosphofructokinase 1 (Pfk1)

1
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Figure 4.2: The 6-Phosphofructo-2-Kinase/Fructose-2,6-Biphosphatase 4 family requlate

glycolysis by both production and degradation of fructose 2,6-bisphosphate (F-2,6-BP).

Cells use the citric acid cycle and oxidative phosphorylation to produce energy in the
form of adenosine triphosphate (ATP). Conversely, metabolism in tumours primarily
depends on glycolysis, even in aerobic conditions. This is known as the Warburg effect
(Vander Heiden et al. 2009). PFKFB4 is also shown to be increased in tumour cell lines
exposed to hypoxia (Bobarykina et al. 2006, Minchenko et al. 2014) indicating PFKFB4

could be a key component in helping cancer cells survive.

4.1.4 PFKFB4 Y366C mutation

PFKFB4, like the other PFKFB isoforms, is a homodimeric bifunctional enzyme. Each
55 kDa monomer contains the kinase and phosphatase region. PFKFB4 has been
demonstrated to be overexpressed in other cancers, including bladder cancer and has
been considered as a prognostic biomarker (Yun et al. 2012). In prostate cancer, it has
been shown to be integral to proliferation, invasion and migration (Li et al. 2017). This

would indicate that it is possible that a driver mutation in PFKFB4 could be an activating
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mutation, especially if it occurs in an active biological domain. However, considering
the bifunctional nature of the protein, and that the mutation PFKFB4 Y366C is in the
fructose-2,6-bisphosphatase domain it could be that an oncogenic mutation reduces
the function of the phosphatase domain, which destroys F-2,6-BP and reduces

effective glycolysis.

4.1.5 PFKFB4 in The Cancer Genome Atlas (TCGA)

TCGA data reveal there is another thyroid cancer patient with a different PFKFB4
mutation (Y401C) in a patient who did not have documented recurrence by the close
of the study — a 75-year-old man living at 44 months after diagnosis. This was again
seen on a background mutation of NRAS Q61K. Overall in TCGA, there was a 0.8 %
somatic mutation frequency in PFKFB4 across the PanCancer Atlas study (Cerami et
al. 2012, Gao et al. 2013). The most common PFKFB4 mutations were observed in the
lymphoid neoplasm Diffuse Large B-cell Lymphoma (8.3 %), melanoma (4 %) and
uterine carcinoma. The survival curve for those with mutations compared to those
without is equivocal (Figure 4.3), which fits with the potentially opposing nature of the

mutation effect on the glycolysis pathway.
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Figure 4.3: Kaplen-Meier estimates of overall survival against time (months) retrieved from
TCGA cbioportal PanCancer Atlas for PFKFB4 mutations for all cancers. There is no significant
difference in survival between those with and without PFKFB4 mutations (Cerami et al. 2012,

Gao et al. 2013).

4.1.6 IMPDH2 in The Cancer Genome Atlas (TCGA)

There are two thyroid cancer patients in the TCGA with recurrent disease that have
IMPDH2 mutations — S280C and R355W. The FATHMM score (Shihab et al. 2013)
was deleterious for the mutation S280C and tolerated for R355W hence S280C was
taken forward for futher investigation. Overall in the PanCancer Atlas, there was a
somatic mutation rate of 0.3 % in IMPDH2. The association with survival is shown
below in Figure 4.4 and while survival is initially better, patients with IMPDH2 mutations

die younger than those without.
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Figure 4.4: Kaplan-Meier estimates of overall survival against time (months) retrieved from
TCGA cbioportal PanCancer Atlas survival graph for IMPDHZ2 mutations (Cerami et al. 2012,

Gao et al. 2013).

4.1.7 IMPDH2 and PFKFB4 in Iterative Threading ASSEmbly Refinement (I-
TASSER)

Both the wildtype and mutant of each protein were put through the online I-TASSER

portal, which is a platform for prediction of protein structure and function (Roy et al.

2010) and the STRUM portal (Quan et al. 2016), which uses i-TASSER as part of its

prediction of protein structure stability. Here it was used to assess the effects of the

missense mutations, as a significant impact on protein stability is likely to confer a

larger functional effect. IMPDH2 wildtype and mutation is shown in Figure 4.5 below.
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Figure 4.5: STRUM structure stability prediction for IMPDHZ2 wildtype and S280C mutation.
Coloured image shows protein structure predicted by iTASSER and colours represent different
domains. Grey image demonstrates location of missense mutation. Stability change (ddG)

score -0.35 (score < 0 indicative of mutation causing destabilisation (Quan et al. 2016)).

PFKFB4 mutation on the prediction software also demonstrated a change in protein

stability, as seen in Figure 4.6 below.

93



Chapter 4 IMPDH2 and PFKFB4 as mutational drivers of recurrence in thyroid cancer

Figure 4.6: STRUM structure stability prediction for PFKFB4 wildtype and Y366C mutation.
Coloured image shows protein structure predicted by iTASSER and colours represent each
protein domain. Grey image demonstrates location of missense mutation. ddG score -0.08

(Quan et al. 2016).

4.2 Materials and Methods

4.2.1 Cell culture

TPC-1 cells, SW1736 cells and Cal-62 cells were cultured in RPMI in 75 cm? flasks
and seeded into 6 well plates as described in section 2.1. After 24 hours in the 6-well
plate cells were transfected with vectors containing IMPDH2 and PFKFB4 as detailed

in section 2.2.6.
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4.2.2 Protein extraction and Western blotting

Protein extraction and Western blotting was performed according to section 2.4.
Protein was denatured for 5 minutes at 95 °C. Samples were run on a 10 % resolving
gel and transfer was for 1 hour 15 minutes. Western blots were probed with rabbit
polyclonal anti-IMPDH2 antibody (12948-1-AP) (Proteintech, lllinois, USA) 1:1000 v/v
and rabbit polyclonal anti-PFKFB4 antibody (ab71622) (Abcam, Cambridge, UK) 1:200

v/v.

4.2.3 Cell invasion and migration assays

Cell invasion assay was performed as per section 2.7 with reseeding after 24 hours
and invaded cell fixing at 48 hours. Cell migration scratch wound assay was
performed in 10 % RPMI media after 48 hours incubation. The time points were 4, 8,

12 and 24 hours and details are documented in section 2.8.

4.2.4 Quantification of immunofluorescent microscopy findings

Immunofluorescent slides were created as per section 2.5. In order to quantify the
length of intracellular bodies Image J was used to convert the image scale from pixels
to yM. Mean number of bodies and mean length were calculated and analysed in

GraphPad Prism.
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4.3 Results

4.3.1 Cell invasion

In order to investigate the effect of IMPDH2 and PFKFB4 mutations on cellular
invasion, cell invasion assays were performed. Wildtype IMPDH2 transfection
appeared to cause an increase in cell invasion in transfected cells in the TPC-1 cell
line but only the mutant did significantly enhance invasion compared to VO (Figure
4.7). There was no significant difference between WT and mutant. A similar trend was
seen in the SW1736 cell line where both the wild type and the mutant transfected
IMPDH2 showed increased invasion, although findings were non-significant. The Cal-
62 cell line did not show any significant difference between VO, WT and mutant
IMPDH2. The accompanying Western blot confirms overexpression of IMPDH2 WT
and mutant. The results suggests that while over-expression of the IMPDH2 protein
may drive some invasion, mutation of the S280C residue per se is not associated with

increased cell invasiveness.
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Figure 4.7: A, B & C: Cell invasion assay comparing vector only (VO), IMPDHZ2 wildtype (WT)
and IMPDH2 missense mutation S280C (mut) in three cells lines (TPC-1, Cal-62 and
SW1736). D: Representative microscopy images below demonstrate cell invasion through the
Matrigel matrix and membrane. 10x magnification. D) Western blot demonstrates successful
transfection of IMPDHZ2 wild type (WT) and IMPDHZ2 mutant S280C (mut) in three cell lines. n

= 3 separate experiments, *p < 0.05.
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The cell invasion assay for PFKFB4 demonstrated no change in cell invasiveness

between VO, WT and mutant (Figure 4.8) in any cell lines.
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Figure 4.8: A, B & C: Cell invasion assay comparing vector only (VO), PFKFB4 wildtype (WT)
and PFKFB4 missense mutation Y366C (mut) in three cells lines (TPC-1, Cal-62 and
SW1736). D: Representative microscopy images below demonstrate cell invasion through the
Matrigel matrix and membrane. 10x magnification. E: Western blot demonstrates successful
transfection of PFKFB4 wild type (WT) and PFKFB4 mutant Y366C (mut) in three cell lines. n

= 3 separate experiments, all not significant.

4.3.2 Cell migration

Cell migration is another useful marker of altered cellular behaviour and if gene
mutations are implicated in recurrence it is probable that expression of these mutations
in cell lines might result in a pro-migratory phenotype. Overexpression of IMPDH2 in
TPC-1 cells resulted in an increase in migration of the IMPDH2 mutant compared to
both VO and wild type IMPDH2 (Figure 4.9) (p < 0.05). There was no significant

difference between VO and WT, demonstrating this is likely due to the mutation rather
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than overexpression. This was seen at all time points (4 hours, 8 hours and 24 hours).
However, the overexpression of IMPDH2 WT and mutant in the Cal-62 cell line and

SW1736 cell line did not significantly alter cellular migration.
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Figure 4.9: A, B & C: Cell migration assay comparing vector only (VO), IMPDH?2 wildtype (WT)
and IMPDH?2 missense mutation S280C (mutant) in three cells lines (TPC-1, Cal-62 and
SW1736). D: Light microscopy images show representative healing of scratch wounds over

time in different conditions, 10x magnification. n = 3, *p < 0.05, **p < 0.01, ***p < 0.001.

For PFKFB4 WT and mutant expression, the cell migration assay was not significant

at any timepoint in any of the cell lines.
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Figure 4.10: A, B & C: Cell migration assay comparing vector only (VO), PFKFB4 wildtype
(WT) and PFKFB4 missense mutation Y366C (mutant) in three cells lines (TPC-1, Cal-62 and
SW1736). D Light microscopy images show representative healing of scratch wounds over
time in different conditions, with no difference seen in the different conditions. 10x

magnification. n = 3, **p < 0.01.

4.3.3 Immunofluorescent imaging examining subcellular localisation of
IMPDH2 and PFKFB4

Immunofluorescent imaging was performed on cells transfected with VO, IMPDH2 WT

and IMPDH2 S280C, and stained for IMPDH2 using anti-IMPDH2 antibody (12948-1-

AP) (Proteintech) 1:50 v/v. The same procedure was performed for PFKFB4 WT and
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the Y366C mutant using the anti-PFKFB4 antibody (ab71622) (Abcam) 1:50 v/v. For
PFKFB4 there was no difference in subcellular localisation between the wild type and
mutant proteins (Figure 4.11), with diffuse cytoplasmic staining seen with more
intensity in the perinuclear region. The VO images have been adjusted to make the
cells visible, the endogenous (and VO) cells were much less bright than the transfected

cells (both wild type and mutant).

DAPI PFKFB4 merge

Figure 4.11: Immunofluorescent images demonstrating PFKFB4 WT and mutant over-

SW1736

VO

WT PFKFB4

PFKFB4 Y366C

expression in SW1736 cells. Stained with DAPI (blue) and anti-PFKFB4 (red). 40x

magnification.

Upon IMPDH2 transfection (described in section 2.5) intracellular bodies were

apparent (Figure 4.12).
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DAPI IMPDH2 merge

Figure 4.12: Immunofluorescent images demonstrating IMPDH2 WT and mutant over-

TPC-1

VO

IMPDH2 WT

IMPDH2 S280C

expression in IMPDH?2 cells. Stained with DAPI (blue) and anti-IMPDHZ2 (red). 40x

magnification.

Further images were taken with the ZEN confocal microscope (Zeiss; Oberkochen,
Germany) following staining with an ER marker (anti-PDI antibody; Figure 4.13), which
suggested these to be cytoophidia or ‘rods and rings’, previously described in hepatic
cell lines (Chang et al. 2015). The intracellular bodies were located independently from

the ER.
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Figure 4.13: Immunofluorescent image demonstrating ‘rods and rings’ in SW1736 cell line
taken on confocal microscope. A) IMPDH2 WT stained with anti-IMPDH?Z2 antibody (red), DAPI

(blue) and PDI (green). B) IMPDHZ2 S280C. Red arrow rod, yellow arrow ring.

The cytoophidia were observed both when wildtype or mutant IMPDH2 were over-
expressed in all cell lines examined — TPC-1, SW1736 and Hela cells. They were not
seen in the VO transfected cells. In order to quantify whether the rods and rings were
different between the wild type and mutant groups the number and length of the rods
and rings were measured using Image J. The size and number of rods and rings (n =

5 cells) was not significantly different (Figure 4.14).
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Figure 4.14: Immunofluorescence images for cytoophidium quantification and graph depicting
mean size of rods and rings counted in wildtype (WT) vs IMPDH2 S280C (mut) TPC-1 cells.
Immunofluorescent images of representative pictures (40x magnification, n = 5). Scale bar =

50 uM, all not significant.

4.3.4 Effect of IMPDH2 mutation on cell proliferation

As the presence of cytoophidia can be associated with altered cell turnover, MTS
assays were performed to assess the effect of both wildtype and mutant IMPDH2 on
cell proliferation. No significant changes in proliferation were apparent following

transfection with wild type compared to mutant in either cell line (Figure 4.15).
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Figure 4.15: Cell proliferation assay (MTS) comparing vector only (VO), IMPDH?2 wildtype (WT)
and IMPDHZ2 missense mutation S280C (mut) in A) TPC-1 and B) SW1736 cell lines. n = 3, ns

= not significant.

4.4 Discussion

441 IMPDH2

IMPDH2 demonstrated an increase in invasion and migration in one cell line (TPC-1).
The TPC-1 cell line has a RET/PTC1 rearrangement and is BRAFV89E negative,
whereas the IMPDH2 mutations observed in the patients were on a background of a
BRAFV69E mytation. The proliferation assay showed only a modest, non-significant,
increase in proliferation in the context of the BRAFV8%%F mutation (SW1736 cell line).
Therefore, the summation of the data from the overexpression of WT and S280C
mutant IMPDH2 was that there was no significant difference between the wildtype and

mutant for cell turnover.

The cytoophidia observed in immunofluorescence (IF) studies have been

demonstrated before but this is a novel finding in thyroid cancer cell lines (Chang et al.

105



Chapter 4 IMPDH2 and PFKFB4 as mutational drivers of recurrence in thyroid cancer

2018). They are enzymatic macrostructures within the cell, comprising superstructures
of the enzyme IMPDH2 and of its pyrimidine-synthesis counterpart cytidine 5'-
triphosphate (CTP) synthase (Liu 2011). Cytoophidia are highly conserved across
species and can be induced by specific treatment in other cell lines, such as glucose
deprivation (Liu 2011). They are thought to be induced by the metabolically active cell
and play a role in proliferation and metabolism (Keppeke et al. 2018). This is in keeping
with the induction of formation of the cytoophidia in the transfected cells, as it might be
expected in conjunction with an increase in proliferation, as would be found in
aggressive tumours. However, when the MTS proliferation assay was performed only
a moderate, non-significant increase in proliferation was demonstrated, suggesting
that cytoophidia do not directly drive cell turnover in thyroid cells. There is a possibility
that this is a limitation of the MTS assay itself, which is commonly used as a viability
assay too, and alternative assays such as a Bromodeoxyuridine/5-bromo-2'-

deoxyuridine (BrdU) assay may examine this more effectively.

To further investigate the effect of the IMPDH2 S280C mutation, which showed
functional effects on the cells in the TPC1 cell line, a pathway analysis could be
undertaken in the future. A simple way to investigate this further would be to examine
the levels of Akt and phosphorylated FOXO1 by Western blotting, as this might help

us understand if the mutant is having an impact via the PI3K/AKT signalling pathway.

IMPDH2 overexpression has been observed in many cancers, and induction of

cytoophidia in metabolically active cells may signify that this could be a potential

therapeutic target. However, to date IMPDH2 inhibitors (such as azathioprine,
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mycophenolic acid and ribavirin) have not shown much potential in cancer therapy and
are used in immunosuppression (and viral disease in the case of ribavirin).
Conceivably, the assembly and disassembly of IMPDH2 into suprastructures could be
a future drug target (Calise et al. 2018), but much more would need to be known and
understood in cytoophidia function before this could be a realistic option and have a
therapeutic impact. One reasonable step to determine more accurately if this is an
activating mutation would be to use clustered regularly interspaced short palindromic
repeats (CRISPR)-Cas9 gene editing to create a cell line with the mutation but with no

change in expression levels.

4.4.2 PFKFB4

While the results for PFKFB4 overexpression in thyroid cancer cell lines did not
demonstrate an increase in cell invasion or migration, this may be because the cell line
cells were under relatively little stress. As a key component of the glycolysis pathway
PFKFB4 helps tumour cells evade apoptosis during hypoxia (Chesney et al. 2014). It
has been shown that PFKFB4 mRNA expression increases in cell spheroid formation
compared to monolayers (Gao et al. 2018) — this may be because once a sphere is
formed the centre is in a relatively hypoxic environment where glycolysis and the
PFKFB4 pathway are more important (Zhang et al. 2016). Future work with PFKFB4
in organoids would be very interesting and may demonstrate more effectively whether
this is an activating mutation. Organoids were created during this study (Figure 4.16)
but the model was not established enough by the end of the PhD to examine the

PFKFB4 mutation.
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Figure 4.16: Light microscopy image of Cal-62 cells growing in 3D formation in Matrigel. Cells
were resuspended in RPMI media at 5,000 cells/ul. 1 ul of cell medium was added to 49 ul of
10 % Matrigel. This was pipetted into a dome in the centre of a 6-well plate and placed into the
incubator for 30 minutes at 37 °C with 5 % CO,. Organoid media was added after the 30 minute
incubation around the Matrigel dome in the well. Organoid media were created using:
Advanced RPMI (Thermo Fisher Scientific), N-acetyl-I-cysteine 2.5 mM (Sigma-Aldrich),
Epidermal growth factor (EGF), 50 ng/ml (Pepro Tech, New Jersey, USA), Fibroblast growth
factor 10 (FGF10) 100 ng/ml (Pepro Tech), R-spondin-1 200 ng/ml (R&D Systems), Noggin
100 ng/ml (Pepro Tech), Wnt-3a 30 ng/ml (Wako Pure Chemical Industries, Virginia, USA),
Thyroid-stimulating hormone (TSH) 16 mIU/ml Sigma-Aldrich, GlutaMax 2 mM (Invitrogen),
HEPES buffer 10 mM (Sigma-Aldrich), penicillin-streptomycin (Invitrogen) — 1ml/100ml. Arrows

highlight organoids in focus in this plane.
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Further to this, another way to investigate the role of PFKFB4 would be to stress the
cells, in a similar way to might be found in a tumour environment. This could include
measures such as FBS deplete media, or a hypoxic cell culture chamber and
measuring the cell response between vector only, wildtype and mutant transfected
cells. Assays such as a Seahorse XF24 Extracellular Flux Analyzer (Seahorse
Bioscience, Massachusetts) can determine the oxygen consumption, glycolysis rates
and ATP consumption and therefore give a quantifiable account of the metabolism in
cell lines, and might further our understanding of how PFKFB4 might alter cell
glycolysis. However, there is the possibility that the PFKFB4 variant investigated is not
an oncogenic driver in thyroid cancer, which highlights the importance of functional

validation of bioinformatic analyses.

4.4.3 Concluding remarks

Neither the IMPDH2 mutation nor the PFKFB4 mutation demonstrated a profound
effect on cell invasion or migration or proliferation, three assays often used to appraise
oncogenic driver events. This may in part be due to the modelling used for the gene
mutations, as discussed in this chapter. The overexpression of the wildtype gene and
mutant is done on the background of a normal expression of endogenous protein, and
this will potentially limit effects seen. If these somatic mutations were profound driver
mutations it might be expected that more obviously aggressive behaviour would be
observed. It may be that these mutations only confer a survival advantage to tumours,
enabling recurrence, under certain settings. For example, hypoxia for PFKFBA4.
Interactions with the tumour microenvironment are complex and difficult to model,

however. The reason tumours recur is complex and multifactorial. Although these
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somatic mutations possibly contribute to recurrence a clearer demonstration of a

functional link would need to be exhibited in order to consider them as key biomarkers.
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5 DICER1

5.1 Introduction

5.1.1 DICER1 normal function

DICERT1 is located on chromosome 14932.13 and consists of 27 exons. It has 1922
amino acids and encodes the ribonuclease Dicer, which is a key component in post-
transcriptional gene modification. Dicer cleaves pre-microRNAs into microRNAs
(miRs) and also cleaves non-coding double stranded RNA segments into small
interfering RNAs (siRNAs). Dicer also forms part of the RNA-induced silencing
complex (RISC), which uses miRNA or siRNA to identify the target complementary
MRNA (Foulkes et al. 2014). Dicer loads these RNAs onto the Argonaute protein Ago
2 for formation of the RISC and is part of the RISC itself, alongside the human
immunodeficiency virus transactivating response RNA-binding protein (TRBP). These
dicer functions are demonstrated in Figure 5.1 below, which shows the pathway of

miRNA from their primary status to their active function in gene silencing.

The dicer protein is thought to form an L structure, with the helicase domain in the
base, adjacent to the RNAse llla and Illb regions. The helicase may have a role in
clamping the substrate RNA, and the two RNAse domains form a catalytic core, which
cleaves RNA (Foulkes et al. 2014). Aside from the role in small interfering RNA
function, Dicer also has an antiviral function, where it cleaves the viral RNA into viral
siRNA so that it can be loaded onto the RISC complex. The viral siRNA then facilitates

targeting and breakdown of the viral mMRNA (Berkhout and Haasnoot 2006).

112



Chapter 5 DICER1 in thyroid cancer
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Figure 5.1: MicroRNA function and interaction with Dicer. Three types of gene silencing are
demonstrated: mRNA cleavage by the RNAse activity of Argonaute 2 (Ago), mRNA
translational silencing, and migration of the miRNA-Ago complex to the nucleus to form an
RNA-induced transcriptional silencing (RITS) complex. Translational silencing can occur via
deadenylation and degradation, 5' decapping and reduced stability, or inability of ribosomal
attachment due to Ago binding. Figure based on diagrams and information from (Pratt and
MacRae 2009), (Carthew and Sontheimer 2009) and (Liu et al. 2018). miR, microRNA; Pri-
miR, primary miRNA; pre-miR, miR precursor; RISC, RNA-induced silencing complex; Ago,

Argonaute 2; mRNA, messenger RNA; RITS, RNA-induced transcriptional silencing.

113



Chapter 5 DICER1 in thyroid cancer

DICER-induced post-transcriptional modifications impact oncogenes and tumour
suppressor genes, which may explain the complex role Dicer has in carcinogenesis
(Solarski et al. 2018). In general, reduced expression of DICER1 is associated with
cancer, but this varies between tissue type (Foulkes et al. 2014). For example, lower
levels of DICER1 expression have been associated with a poorer prognosis in lung,
breast, skin, endometrial and ovarian cancer, whereas metastatic prostate cancers

showed overexpression of DICER1 (Foulkes et al. 2014).

5.1.2 DICER1 somatic mutations

DICER1 mutations can occur anywhere in the gene, and germline mutations are found
throughout the gene. Interestingly, somatic mutations in tumours tend to cluster in the
RNAse llIb region, which corresponds to the catalytic core of the Dicer protein.
Specifically, they are observed most frequently in six metal ion binding spots: p.E1705,
p.D1709, p.D1713, p.G1809, p.D1810 and p.E1813 (de Kock et al. 2019). These
mutations appear to be often associated with another DICER1 mutation in the other allele,
suggesting a loss of heterozygosity (LOH) two-hit hypothesis. However, contrary to the
LOH hypothesis, the mutations seen in the metal ion binding regions do not appear to
cause Dicer a complete loss of function, but rather change the function (de Kock et al.
2019, Foulkes et al. 2014). For example, a mutation in the RNAse llla region appears to
reduce the cleavage and production of 3p miRs and the common hotspot mutations on the
RNAse IlIb region affect cleavage of the 5p miRs. As a result of this the RNAse llIb
mutations cells have increased 3p miR expression and reduced 5p miR expression

(Anglesio et al. 2013).
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5.1.3 DICER1 and the thyroid

Familial DICER1 syndrome is a condition where patients with pleuropulmonary
blastoma and other related tumours have an underlying germline DICER1 mutation. It
is known to be associated with thyroid disease, with multinodular goitre and a
predisposition to differentiated thyroid cancer. DICER1 syndrome related tumours
include sex cord stromal tumours, cystic nephroma and renal sarcoma, nasal
chondromesenchymal hamartomas, rhabdomyosarcoma, pituitary blastomas and
pineoblastomas (Solarski et al. 2018). Presentation is normally with diagnosis of
pleuropulmonary blastoma in a paediatric patient. Originally DICER1 was considered
to be a haploinsufficient tumour suppressor, as most germline mutations were found
in one allele only. It is now postulated that it could be more complex, as often DICER1
syndrome patients with a tumour will have a somatic RNAse IlIb mutation acquired too,
but not necessarily associated with complete loss of function as previously described

in the literature (Robertson et al. 2018).

Mutations of DICER1 in follicular adenomas have also been found and mutations are
not always associated with malignant disease (Poma et al. 2019). This suggests that
the impact of different mutations varies depending on the background mutational

profile of that patient and potentially environmental factors too.

5.1.4 DICER1 in The Cancer Genome Atlas (TCGA)
Three thyroid cancer patients in the TCGA database had DICER1 mutation. One had
recurrent disease and was identified in the analysis above (D1810H missense

mutation). Another patient had the missense mutation E1813G and the third patient
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had a R1906S mutation. The two missense mutations in the RNase Il domain had no
RAS or BRAF mutation, whereas the R1906S mutation in the double strand RNA-
binding domain had a NRAS Q61R mutation (Cerami et al. 2012, Gao et al. 2013,

Poma et al. 2019).

The role of this chapter was to explore the effect of these DICER1 mutations
discovered in recurrent papillary thyroid cancer on aspects of cellular function, and to

investigate the effects of loss of functional DICER1 expression.

5.2 Materials and Methods

5.2.1 Protein extraction and Western blotting

Protein was extracted and quantified in keeping with section 2.4. The protein was
denatured for 30 minutes at 37 °C. The Western blot protocol was performed as
described in the same section. The protein was run on a preformed Novex WedgeWell
4-12 % Tris-Glycine Mini Gel (Invitrogen), and transfer was for 1 hr 25 mins. The
membrane was probed with mouse monoclonal antibody anti-DICER antibody

(ab14601) (Abcam) 1:1000 v/v.

5.2.2 Cell invasion and migration assays
Cell invasion and migration assays were performed as outlined in section 2.7 and 2.8
in three cell lines TPC-1, Cal-62 and SW1736. pCMV-flag vectors containing DICER1

WT or DICER1 D1810H were transfected in, and vector-only used as a control. The
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DICER1 vector was kindly provided by Prof. P Santisteban (the Autonomous University

of Madrid, Spain).

5.2.3 Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR):
Design of guide RNAs

In order to abrograte DICER1 function, a CRISPR knockout cell line was produced.
CRISPR was selected over siRNA knockdown because DICER1 is intricately involved
in siRNA production and processing, which may have compromised experimental
design. Overexpression of the mutant DICER1 D1810H and other germline DICER1
mutants was initially planned in the DICER1 depleted cells, so a stable cell line was
also preferred. Concomitant siRNA knockdown of wildtype DICER1, plus transient
transfection of a DICER1 mutant would likely cause cross-knockdown of the mutant of

interest.

In order to create a CRISPR cell line guide RNAs (JQRNA) were designed. There are
several web-based tools which help design guide sequences for the CRISPR/Cas9
system. In order to knock down all isoforms of Dicer, the first exon common to all
validated isoforms (exon 4) was selected. The exon fasta sequence was entered into
multiple gRNA design tools including CRISPOR (Haeussler et al. 2016), the Wellcome
Trust Sanger Institute Genome Editing database (Hodgkins et al. 2015), CRISPR
Design by the MIT Zhang lab (Hsu et al. 2013) and The Broad Institute Genetic
Perturbation Platform (Doench et al. 2016, Sanson et al. 2018). The results were
catalogued into a spreadsheet, and concordant results noted. Each gRNA was

checked for the number and location of predicted off-target effects, and the proximity
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of these areas to the seed region (Protospacer adjacent motif (PAM)-proximal 10-12
nucleotides (Jiang and Doudna 2017)). Any exonic off-target effects were investigated.
The three guide RNAs with the best predictive scores and minimal off-target effects
were selected, with a view to transfect cell lines with three gRNAs and exclude the
least efficient at DNA cutting at a later step (T7 Endonuclease 1 mismatch assay). The

gRNAs selected were the top three in Table 5.1 below.

Potential off-target

Rankin No of tools s elzli:::-cit effects in 12bp
g gRNA (including PAM) generating P y next to PAM
RNA score 0-1-2-3-4
9 (CRISPOR) .

mismatches

1 ATGCTGAGGGGTTGCAAAGC AGG 4 72 0-0-1-0-2

2 TTGCAACCCCTCAGCATGGC AGG 3 66 0-0-0-4-6

3 AGTCCAAAGAAAGGACCCAT TGG 4 76 0-0-0-1-3

4 TCACCAATGGGTCCTTTCTT TGG 3 75 0-0-0-1-4

5 ACCCCTGCTTCCTCACCAAT GGG 3 71 0-0-0-2-3

Table 5.1: Table of guide RNA sequences with adjacent Protospacer adjacent motif (PAM)
sequence. Off-target prediction for the 12 bp adjacent to the PAM is included and MIT
specificity score generated by the CRISPOR gRNA design tool. The MIT specificity score
ranges measure how unique in the genome a guide RNA is on a scale of 0-100 — the higher

the score, the lower the off-target effects.

5.2.4 CRISPR: gRNA cloning and vector preparation

The gRNA oligonucleotides were prepared with T4 ligase buffer (New England Biolabs,
Massachusetts, United States) and T4 Polynucleotide Kinase (New England Biolabs)
and transferred to the thermocycler for 30 mins at 37 °C then five mins at 95 °C,
followed by a 15-minute hold at 25 °C. This was to phosphorylate the 5’ end of the
gRNA oligonucleotides and anneal the gRNAs. The gRNA preparation was then diluted

1:200 in double distilled water (ddH20).
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The pLenti-CRISPR plasmid, kindly supplied by Dr V Smith (University of Birmingham,
UK) (Figure 5.2) was prepared with a BsmBI digestion using Fast digest BsmBI
(Esp31) (ThermoFisher Scientific) and 10x Fast digest buffer (ThermoFisher Scientific)
at 37 °C for an hour. This was then run on a 1% agarose gel and gel purified using the

QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany) to extract the 11 kb fragment.

(Figure 5.2).
pLentiCRISPR
13450 bp
pUC ori,DrdI,Pcil 5'LTR,psi, gag, Bael, +2 —11kb
AhdI RRE,NotI,BbvCI
AmpR, FspI AleI,KflI
NdeI,BsmBI +«—2 kb
CspCI Bael
F1 ori,+1 Pcil
FspI BstBI
+6 BspDI, +1
SnaBI Swal
+4 BsaBI
WPRE, +1 NsiI,+1
Mlul,+2 +4
SexAl EFS,+7
NLS, P2A, +8 BstXI
KflI,Barl,+2 BstXI
Ajul PspOMI, Apal
CspCI,PmlI Barl
PasI,EcoRVY,AhdI,Ajul
A B

Figure 5.2: pLenti-CRISPR plasmid and agarose electrophoresis gel demonstrating cut vector.
A) pLenti-CRISPR plasmid, including puromycin resistance. B) Gel electrophoresis of the
pLenti-CRISPR plasmid with the filler cut out. Gel shows 11 kb fragment (cut vector) and 2 kb
fragment (filler). The 11 kb fragment was cut out and gel purified. Run with 1 kb DNA ladder

(New England Biolabs).
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The plasmid was then Alkaline Phosphatase, Calf Intestinal (CIP)-treated with CIP
(New England Biolabs) and CutSmart buffer 10x (New England Biolabs) to remove the
5’ phosphatase. This was to prevent circularisation of the linearised vector. The CIP
treated vector was then column purified using the QIAquick PCR Purification Kit

(Qiagen).

Finally, the gRNA oligonucleotides were ligated into the digested pLenti-CRISPR
vector using T4 DNA ligase in T4 DNA ligase buffer, which was left at 16 °C overnight.
The ligation reaction was then transformed into DH5a competent E. coli cells as
described in section 2.2.2 and amplified with the QlAprep Spin Mini Prep kit (Qiagen).
These were then Sanger sequenced (Source Bioscience) to confirm removal of the

vector filler and insertion of the gRNA in the correct locus (Figure 5.3).

hU6 sequ gRNA 1 +85 chRNA backbone  hU6 sequence +85 chRNA backbone hUS sequence gRNA3 +85 chRNA backbone
GACGAAACACCG TGCTGAGGGGTTGCAAAGCGTTTTAGAGCTAGA AAACACCGx TGCAACCCCTCAGCATGG (GTTTTAGAGCTAGAAA AAACACCGAGTCCAAAGAAAGGACCCATGTTTTAGA
e e Giiieerccerte aie

M\ ‘ w“ A "I f I U I ]\ ]\ | " y" I Wl M"‘. J/'\, J‘Ur.tl- I

Figure 5.3: DNA sequence trace demonstrating successful cloning of gRNA 1, 2 and 3 into the

pLenti-CRISPR plasmid.

5.2.5 CRISPR: Transfection
TPC-1 and Cal-62 cell lines were all tested with a mycoplasma detection kit (Jena

Bioscience, Jena, Germany) and were clear of mycoplasma. Cells were transfected
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with the pLenti-CRISPR vectors with gRNAs 1, 2 and 3 (Table 5.1) and one control
non-transfected well. After 24 hours incubation at 37 °C with 5 % CO2 the medium on
the cells was changed to RPMI with 1 ug/ml puromycin for a 48-hour incubation. At this
point all the cells in the untransfected well had died and the medium was changed back

to RPMI only.

Repeat wells were seeded, transfected and incubated for DNA extraction (described
below in section 5.2.8) without single cell sorting. This DNA was run on a T7E
mismatch assay (described below in section 5.2.10) to assess cutting efficiency of the

gRNAs (Figure 5.7).

5.2.6 CRISPR: Single cell sorting

Once confluent in 75 cm? flasks, the transfected cells were single cell sorted by
fluorescence-activated cell sorting (FACS) (Figure 5.4). Cells were washed in PBS,
trypsinised and resuspended in PBS then centrifuged at 300 x g for 5 minutes at 4 °C.
The cells were then resuspended in MACS buffer (0.5% BSA and 1 mM
ethylenediaminetetraacetic acid (EDTA) in PBS) and transferred into a FACS tube. Dr
A Flores-Langarica (University of Birmingham) kindly performed the cell sorting using
the BD FACSAria Fusion Machine with FACSDiva version 8.0.1 software, with gating

for single cells into 96 well plates, prepared with 100 pl RPMI per well.
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Figure 5.4: Fluorescence-activated cell sorting (FACS) flow cytometry for single cell sorting.
Sequential gating of SSC-A versus FSC-A to identify cells of interest (p1) and FSC-A versus
FSC-H to identify singlets (p2). Left column are TPC-1 cells and the right are Cal-62 cells, with
each line a different gRNA. SSC-A, Side SCatter Area (granularity); FSC-A, Forward Scatter
Area (size); FSC-H, Forward Scatter Height. FACS kindly performed by Dr A Flores-Langarica

(University of Birmingham).

5.2.7 CRISPR: Cell culture

Cells were incubated at 37 °C with 5 % CO. in RPMI with media changes every two to
three days as required. Once the cells were 80% confluent, they were harvested with
a PBS wash and trypsinisation and resuspension in RPMI. A third of the cells were
then seeded into a 24-well plate and the remaining two thirds into a 6-well plate. These
were labelled according to their cell line, gRNA and original plate position. When

confluent, the 6-well plate cells were washed with PBS, trypsinised and resuspended
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in RPMI media. They were then centrifuged at 125 x g for 3 minutes. The supernatant
was removed, and cells were resuspended in RPMI media with 10% DMSO. They were

placed in a cryovial and frozen at -80 °C.

5.2.8 CRISPR: DNA extraction

When the 24-well plates were confluent the cells were washed with PBS, trypsinised
and resuspended in RPMI. They were then centrifuged at 125 x g for 3 minutes and
Genolysis buffer (1.5M Tris-HCI pH 8, 0.5M EDTA pH 8, 5M NaCl, 10 % SDS, Igepal
(Sigma-Aldrich), Tween®20) was added, then the cells were incubated at -20 °C for
over 24 hours. Following this the samples were brought to room temperature, and 75
pl 5M NaCl was added to the sample, which was rocked at room temperature for 5
minutes. This was then centrifuged at 13,000 RPM for 10 minutes at room temperature.
The supernatant was then transferred to a clean Eppendorf. Glycoblue 1.2 ul (Ambion,
Texas, USA) and 350 pl isopropanol (Sigma Aldrich) were then added and the tube
inverted five times. This was left for an hour and then centrifuged at 13,000 RPM for
20 minutes at 15 °C. The supernatant was removed, and the pellet washed with 70 %
ethanol and spun again at 13,000 RPM for 15 minutes at 15 °C. The ethanol
supernatant was removed and then the pellet air-dried before resuspension in

nuclease free water at 55 °C for 2 hours.

5.2.9 CRISPR: PCR
DICER1 CRISPR cut site PCR primers were designed and ordered at 0.05 ymole, dry,

with polyacrylamide gel electrophoresis (PAGE) purification (Sigma) (Table 5.2).
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Sequencing primer Sequence

DICER1 cut site F design 1 5'
GGTAAGGTACAGAATGCTTGACTCC

3l
DICER1 cut site R design 1 5' CCAGCTCACTAGGACAGACAC 3'

DICER1 cut site F design2 5 TCTTGTTTCTGTGCTTTCTTTGT 3'
DICER1 cut site R design 2 5' CAGAAGTGGGAGGCCTGAAA 3'

Table 5.2: PCR sequencing primers for DICER1 CRISPR cut site. Original primers (1) and

new primers (2).

PCR was performed using Q5 High-Fidelity DNA Polymerase kit (New England
Biolabs). This included 5x Q5 Reaction buffer, 5x Q5 high GC enhancer and Q5 DNA
polymerase with 10mM dNTPs and forward and reverse DICER1 cut site sequencing
primers, created as a mastermix and added to 300 ng of template DNA. This was then
run on the PCR protocol in Table 5.3. Wildtype DNA was also extracted and amplified
alongside the CRISPR cut DNA to run on the T7E mismatch assay. The original PCR
primers were not very efficient, and as a result were redesigned using Primer3
(Koressaar and Remm 2007), which improved the PCR efficiency. Both original and

new primers are shown in Table 5.2.

Cycles Temperature Time

1 95 °C 5 minutes

35 95 °C 30 seconds
60 °C 30 seconds
72 °C 2 minutes

1 72 °C 5 minutes

Table 5.3: PCR thermocycling parameters for CRISPR cut site amplification
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5.2.10 CRISPR: T7 Endonuclease 1 mismatch assay

The T7 Endonuclease 1 (T7E) mismatch assay was performed by combining clone
PCR product with wildtype PCR product and incubating for 5 minutes at 95 °C. This
was cooled slowly over an hour, then T7E (New England Biolabs) was added to each
clone with NEB2 buffer (New England Biolabs) and incubated for 1 hour at 37 °C. A5
Ml sample of the product was then loaded onto a 2% agarose gel with GelRed (Biotium,
California, USA), each clone sample adjacent to the corresponding wildtype DNA PCR
product. This gel was run at 100 V for 30 minutes, and assay interpretation is discussed

in section 5.3.3 below.

5.2.11 CRISPR: Sequencing

Once the T7E mismatch was run, if the T7E gel bands were potentially indicative of
mutation, then the samples were sequenced. Prior to being sent for sequencing, the
PCR product was cleaned using ExoSap. Shrimp Alkaline Phosphatase (rSAP) (New
England Biolabs) was added to Exonuclease | (New England Biolabs) in a two to one
ratio. This was added to the PCR product and incubated for 20 minutes at 37 °C then
inactivated at 80 °C for 15 minutes on the thermocycler. Samples were sequenced
using Sanger Sequencing service by Source Bioscience (Nottingham, UK). A positive
result for a clone would consist of clean sequencing then a divergence to two wave
forms, where the cut had been made. This sequencing would then have to be reviewed
by hand using recognition of wildtype regions to qualify the mutation site as an insertion
or deletion and whether it had a frameshift impact or not. Once the sequence for each
allele had been derived, both sides were checked on ExPASy (Artimo et al. 2012) to

determine the impact of the nucleotide mutation on the amino acid sequence. If an
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early stop mutation was noted for both alleles, then this was considered to be a
homozygous knock out. Once a knockout clone had been identified through the DNA
extraction and sequencing described, the cells were thawed and cultured as previously

described (2.1). Knockout effects were confirmed with Western Blotting.

5.3 Results

5.3.1 Cell invasion

Cell invasion assays were performed in three cell lines after transient transfection of
DICER1 wildtype and the D1810H mutant into the parental cell lines TPC-1, Cal-62
and SW1736. Trends were seen in an increase in cell invasion, especially apparent in
the TPC-1 cell line, but there was no significant difference observed between wildtype
and mutant DICER1 (Figure 5.5), only significance being seen between VO and

wildtype DICER1 overexpression in the SW1736 cell line.

126



Chapter 5 DICER1 in thyroid cancer

A

TPC-1 cell invasion

Cal-62 cell invasion C SW1736 cell invasion

-
=3
o

g8 8 &8 8

50

mean number of invaded cells @
2

mean number of invaded cells
mean number of invaded cells

TPC-1 Cal-62 SW1736
VO WT mut VO WT mut VO WT mut

-
= e |

42kD

Figure 5.5: A, B & C: Cell invasion assay comparing vector only (VO), DICER1 wildtype (WT)
and DICER1 missense mutation D1810H in three cells lines (A: TPC-1 B: Cal-62 and C:
SW1736). n = 3 separate experiments. D: Light microscopy images show representative
invasive cells in TPC-1 cells. * p < 0.05. E: Western blot demonstrating transfection of cell lines

with VO, DICER1 wildtype and DICER1 D1810H.

5.3.2 Cell migration

Cell migration was again performed in three cell lines after transient transfection with
DICER1 WT and DICER1 D1810H and showed no marked differences between the
wildtype and mutant overall (Figure 5.6), with the only significant difference shown

between VO and mutant in the TPC-1 cell line (no significance between wildtype and

mutant).
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Figure 5.6: A, B & C: Cell migration assay comparing vector only (VO), DICER1 wildtype (WT)
and DICER1 missense mutation D1810H (mutant) in three cells lines (A: TPC-1, B: Cal-62 and
C: SW1736). D: Light microscopy images show representative cell scratch wounds and healing

over time course in Cal-62 cells. Magnification 10x, n=3, **p < 0.01.

5.3.3 CRISPR T7 Endonuclease 1 mismatch assay

In order to identify positive clones (with successful CRISPR knockout) for sequencing
the T7E mismatch assay was performed. The T7E assay demonstrates a double band
if there is a mutation on one strand of the double stranded DNA. The CRISPR-cut DNA
is annealed with wildtype DNA, and if there is an imperfection in the DNA-matching
(due to the CRISPR-derived mutation on one side) this region of imperfection is cut by
the T7E enzyme. The T7E mismatch assay performed before single cell sorting

demonstrated gRNA 1 and 2 to be the most efficient at cutting (Figure 5.7). For gRNA
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3 the amount of DNA extracted was much lower and the additional bands in the T7E

lane were not as clear.

WT  WT  gRNA#1 gRNA#1 gRNA#2 gRNA#2 gRNA#3 gRNA#3
DNA DNA DNA DNA DNA DNA DNA DNA
PCR  T7E PCR  T7E PCR T7E PCR TIE

Figure 5.7: Initial T7E performed on heterogenous DNA from transfected cells before single
cell sorting to demonstrate cutting efficiency of the gRNAs. PCR products (control) are loaded
next to T7E products. Cal62 cell line. Efficient cutting gRNA 1 and 2 bands are shown in red

arrows, the gRNA 3 bands shown in orange arrows.

An example of the T7E mismatch assay for the single cell clones is shown below

(Figure 5.8).
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Figure 5.8: T7E mismatch assay for the first 16 CRISPR clones. Positive results are

annotated with * in a red box and and were sent for Sanger sequencing.

Due to the nature of the T7E assay, some mutations are not picked up using this
screening tool. If a mutation contains a very large indel then the imperfection in the
DNA annealing can be too large for the enzyme to recognise. Similarly, if there is a
one base pair missense mutation, the imperfection is very small and the efficiency of
the T7E cutting this can be low. Therefore, the T7E assay was initially used as a
screening tool to select clones for sequencing, although several non-positive T7E

clones were also sequenced and were CRISPR knockout clones.

5.3.4 CRISPR sequencing results
The sequencing results identified multiple clones that were heterozygous knock outs

for DICER1 and some that were homozygous knock outs. The knockout rate was much
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higher for the TPC-1 cell line than the Cal-62 where there was a high incidence of wild
type DICER1. Homozygous knockout clones from gRNA 1 and 2 were identified in the
TPC-1 cell line, but there was only one homozygous knockout clone generated in the
Cal-62 cell line. Therefore, this cell line was not taken forward. There can be off-target
effects generated by the CRISPR process, so it is good practice to have multiple clones
per cell line each generated from different gRNAs. Each gRNA has different potential
off-target effects so selecting clones generated by different gRNAs should control for

this during experiments.

Sequencing revealed a variety of different results, with one homozygous knock out
clone manifesting from a single base pair insertion in both alleles (Figure 5.9). The
heterozygous knockouts could be recognised by the division into two wave forms but
with the preservation of wildtype on one allele. The homozygous knockouts with
different mutations on each allele divided into two wave forms with no preservation of
wild type (Figure 5.10). These figures (Figure 5.9 and Figure 5.10) represent the clones

from gRNA 1 and 2 that were taken forward.
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ATGAAAAGCCC TGCTTTGCAACCCCTCAGCAETG GCAGGCCTGCAGCTC.

N E K P c F A T P Q H W Q A [] s S
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ATGAAAAGCCCTGCTTTGCAACCCCTCAGCATTGGCAGGCCTGCAGCTC->

MetKSPALQPLSIGRPAAHDPCFLTNGSFLWTAMetAT
RSNSStopStopHLYAKKISGTNA

Figure 5.9: DNA sequence trace of TPC-1 gRNA 1 clone 1 demonstrating insertion of an extra
T nucleotide in both alleles. Nucleotide sequence is shown with the corresponding amino acid

sequence beneath demonstrating early stop codons induced by this mutation.
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ATGAAAAGCCCTGCTTATTGCAACCCCTCAGCATG>

MetKSPAYCNPSAWQACSSStopPLLPHQ
WVLSLDCHGNKKQFMetI TFIRQENI

Figure 5.10: DNA sequence trace of TPC-1 gRNA 2 clone 1 demonstrating insertion of an extra
T nucleotide in allele one and an extra TT insertion in allele two. Nucleotide sequence is shown
with the corresponding amino acid sequence demonstrating early stop codons induced by

these mutations.

5.3.5 CRISPR cell line Western blot

In order to assess knockdown of the DICER1 gene protein expression levels were
checked and demonstrated successfully abrogated expression (Figure 5.11) in clones
from gRNA 1 (one clone shown) and gRNA 2 (two clones shown). There was however

residual protein in all clones selected.

133



Chapter 5 DICER1 in thyroid cancer

parental gRNA1 parental  gRNA2 parental  gRNA2

Figure 5.11: Knock down of dicer protein in DICER1 KO CRISPR clones in the TPC-1 cell line.

Control parental cells are TPC-1 wildtype cells. From left to right TPC-1 gRNA 1 clone 1, TPC-

1 gRNA 2 clone 1, TPC-1 gRNA 2 clone 2.

5.3.6 CRISPR DICER1 KO functional assessment

After confirmation of DICER1 knockdown it was important to see if the knock down of
DICER1 affected cellular function. To assess this cell scratch wound migration assays
(described in section 2.8.8) and MTS cell proliferation (as described in section 2.6.1)
were performed using gRNA 1 clone 1 and gRNA 2 clone 1. Cell migration was induced
at 24 hours in both of the CRISPR cell lines compared to parental (Figure 5.12). The
proliferation assay revealed no significant difference between the parental cell line and
the CRISPR cell lines (Figure 5.13). This defines the wound scratch assay results as
a truly migratory phenomenon by excluding the contribution of proliferation to the

movement of the cells.
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Figure 5.12: A) Cell scratch wound assay comparing CRISPR TPC-1 gRNA 1 and gRNA 2 to
parental TPC-1 cells. B) Representative light microscopy images showing scratch wound

healing. 10x magnification, n = 3, *p < 0.05, **p <0.01. n = 3.
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Figure 5.13: Cell proliferation (MTS) assay comparing CRISPR TPC-1 DICER1 KO gRNA 1
and gRNA 2 to parental TPC-1 cells. n = 3. T1A/H2, gRNA1 clone 1; T2A/H12, gRNAZ2 clone

1. All not significant.

5.4 Discussion

5.4.1 DICER1 D1810H

The overexpression of DICER1T WT and the DICER1 D1810H mutant failed to
significantly modulate cell migration or proliferation. This is possibly to be due to the
model used to examine the mutant D1810H, or could potentially be because the
mutation is not a driver. Overexpression of a gene has limitations, and if the effect of a
mutant is to change the function of the gene then this effect might be masked by the
presence of the endogenous wild type DICER1 that is already present in the cell line.
This is particularly of note in tumour suppressor genes where the gene mutation
reduces the efficacy of that gene. Overexpressing a non-functional gene, on top of the
normal gene already present in the cell, is unlikely to have a significant effect. An
interesting way to explore this further would be to examine the miR expression after
transfection as this would demonstrate a potential mechanism of action for any

changes too.
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DICER1 has been suggested to be a haploinsufficient tumour suppressor (Foulkes et
al. 2014) and there are multiple ways in which these can act, challenging the traditional
two-hit model for tumour suppressor genes (Comings 1973). Knocking out gene
function on one allele can have an impact on protein function simply by depletion of
gene expression (Inoue and Fry 2017). Alternatively, tumour suppressors can have a
dominant negative effect, such as the tumour suppressor p53, where, in certain cases,
the protein generated from the mutated allele interferes with the wildtype protein
function (Willis et al. 2004). Using the overexpression model, an effect would be
expected to be seen if the tumour suppressor DICER1 had a dominant negative effect,
as the overexpressed mutant would interact with the inherently expressed wildtype,
which was not observed in the experiments performed. However, the mutation
considered in DICER1 in the ribonuclease IlIb region may not be a complete loss of
function mutant, as some DICER1 function is still preserved with missense mutations
in this region (Foulkes et al. 2014). Mutations in a metal ion binding residue or in the
catalytic core of the ribonuclease IlIb region have been predominantly associated with
a reduction in the production of mature 5p miRNAs (Wang et al. 2015). The effective
production of 3p miRNAs in these tumours implies that some DICER1 function is

preserved in ribonuclease llIb region hotspot mutations such as D1810H.

Due to the complications of the model used to examine the DICER1 mutation, a

DICER1 KO CRISPR cell line was generated to investigate the functional effects of

DICER1 knockout further.
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5.4.2 DICER1 CRISPR knockout model

The CRISPR-Cas9 system development (Jinek et al. 2012) enabled gene editing in a
manner that was more efficient, more cost-effective and therefore more accessible
than the techniques available before it (Nemudryi et al. 2014). The CRISPR-Cas9
system is adapted from the innate defensive response to invading viruses and
plasmids. For use in vitro, a vector containing the Cas9 protein and a sequence guide
RNA (gRNA) is transfected into a cell, and the Cas9 identifies a region of DNA next to
a Protospacer adjacent motif (PAM) that matches the gRNA. A PAM sequence is a
region containing a common sequence of base pairs; Cas9 will only cut if this is present
and this protects non-target DNA. In this case, the PAM for the Cas9 protein was NGG.
When DNA matches the gRNA a double stranded cut is made in the DNA by Cas9
approximately three base pairs upstream to the PAM sequence. Error-prone DNA
repair to the double stranded break will often incorporate insertions or deletions. These
have the potential to cause an early stop codon, or to cause a frameshift thereby
inducing an early stop codon. This then disrupts the translation of the gene protein. If
an error causing an early stop codon is integrated into both alleles early on in the gene
sequence, then the gene will not be expressed at the protein level. This is referred to

as a homozygous knockout.

Designing gRNAs to create CRISPR KO cell lines has the potential to generate off
target effects. When generating the DICER1 gRNA sequences, the web-based tools
that were used also produced predictions for off-target effects. In order to mitigate this

any gRNAs with off-target effects on known thyroid oncogenes or tumour suppressors
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were excluded. For example, one gRNA had potential off-target effects on BRAF and

was eliminated from the shortlist.

Off-target effects are annotated as regions which match other areas in the genome,
either perfectly, or with a small number of mismatches. For the gRNAs selected, all of
the predicted off-target effects where there were 3 mismatches or fewer were either
non-exonic, or they contained mismatches in the seed region which are not well
tolerated (Hua Fu et al. 2014) or they were effects on genes not expressed in the
thyroid gland. It has been previously shown that more than two mismatches in the
gRNA are not well tolerated, with 96% of CRISPR RNA not functioning when two
mismatches were present, and virtually none functioning with three mismatches

(Anderson et al. 2015).

It is important to use more than one gRNA for generating CRISPR clones, as each
gRNA will produce different potential off target effects. Therefore, if experiments
include cell lines generated by different gRNAs, if the results are concordant it is more
likely that the effects seen are due to the targeted gene editing than any off-target
effects. In the Cal-62 cell line the CRISPR treated clones were successfully selected
for by puromycin treatment, compared to the untransfected control well. However,
upon sequencing, very few knockout clones were located. This indicates that of the
viable clones, the cells had likely been transfected with the CRISPR-gRNA plasmid but
either not cut or were repaired accurately. Therefore, the Cal-62 CRISPR-KO cell line
was unfortunately not taken forward, as clones from multiple gRNAs were not

established.
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5.4.3 DICER1 CRISPR cell line functional effects

The DICER1 knockout cell line was established in TPC-1 cells from gRNA 1 and
gRNA2, with knock down confirmed on Western blot. Using the CRISPR knockout
system, protein detection and functional assessment are the best way to confirm
knockdown, after genetic sequencing. The Western blot for the CRISPR DICER1 KO
cell line (Figure 5.11) showed successful knockdown, though with a trace of protein in
the KO wells in both clones. As confirmation of knockdown in both alleles was apparent
on sequencing, it would be expected that all the protein would have been knocked out,
and therefore no band visible at all. It is unlikely to be non-specific binding due to the
antibody, as this is mouse monoclonal antibody shown to produce clean Western blots.
There are several different transcript variants of DICER1, and one of the
computationally predicted isoforms (XM_011536605.2) does not express exon 4 and

it may well be that this transcript has therefore escaped the CRISPR process.

Despite this, a functional effect was observed in the two knockout cell lines compared
to the parental cell line — the cells were more migratory (Figure 5.12). This migratory
response is in keeping with the idea that lower DICER1 expression is associated with
a worse cancer outcome (Ramirez-Moya et al. 2019) and fits with DICER1 functioning

as a tumour suppressor.

5.4.4 Concluding remarks
This chapter has demonstrated the functional effect of the reduction of DICER1 in a

thyroid cell line. However, due to the complexity of the effect of the hotspot mutation,
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the complete knockout of the DICER1 function does not fully represent the impact of
the mutation. Future work to transfect in the DICER1 D1810H mutant, and other non-
hotspot mutations, into the DICER KO cell lines, would be interesting. The functional
effects of this mutation could thereby be more accurately defined, and the impact on

the 5-p microRNA profile would also be interesting to review.
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6 RNA gene expression levels in thyroid cancer recurrence

6.1 Introduction

6.1.1 RNA expression in thyroid cancer

Messenger RNA (mRNA) expression profiles in thyroid cancer are known to be
influenced by the underlying mutational burden. The BRAF VG600E mutation, for
instance, results in activation of the MAPK/Raf/Ras pathway, with resultant effects on
the gene expression profile (Rusinek et al. 2011). Importantly, the presence of BRAF
V600E is known to downregulate the sodium/ iodide symporter (NIS), along with other
thyroid differentiation markers including the thyroid stimulating hormone receptor
(TSHR), apical iodide transporter (SLC5A8), thyroid peroxidase (TPO) and
thyroglobulin (TG) (Durante et al. 2007). From these, NIS is of particular importance
because of its role in thyroid cancer therapeutics. Radioiodine treatment of thyroid
cancer is dependent on the ability of NIS to uptake radioactive iodine into target cells.
Compounding this, NIS that is expressed is more likely to be abnormally located in the
cytoplasm (Durante et al. 2007). Diminished expression and mislocation of NIS protein
are the principle mechanisms attributed to poorer clinical outcomes associated with
BRAF V600E tumours; this treatment evasion makes the tumour more difficult to treat.
However, not all patients receive radioiodine therapy and this does not fully explain the

incidence of thyroid cancer recurrence.

A previous study aimed to understand the aggressive nature of BRAF driven tumours,

and undertook a gene set enrichment analysis in BRAF V600OE tumours (Nucera et al.

2010). A significant association with particular genes was identified, including tumour
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extracellular thrombospondin 1 (TSP-1), transforming growth factor beta 1 (TGF-31),
integrin alpha-3 (ITGa3), fibronectin (FN1), cathepsin B (CTSB) and other ECM
proteins (Nucera et al. 2010). The Cancer Genome Atlas explored the effects of gene

expression profiles as well as mutational effects in order to explore this further.

6.1.2 The Cancer Genome Atlas and RNA expression levels in recurrence

Genetic drivers in PTC have distinct signalling consequences and have been
subcategorised by TCGA analysis into BRAF V600E-like (BRAF-like) and RAS-like
PTC, according to distinct gene signatures (Agarwal et al. 2014). Both BRAF-like and
Ras-like tumours are MAPK driven, but the constitutively active BRAF V600E
monomer escapes the ERK negative feedback loop, meaning that there is much
greater signalling of the MAPK pathway (Figure 6.1). Similar to previous studies, the
genes for iodine metabolism were significantly downregulated in BRAF-like tumours,
whereas in Ras-like tumours expression of these genes remained preserved (Agarwal
et al. 2014). Subsequently, sixteen genes related to thyroid function and metabolism
were selected to create a Thyroid Differentiation Score (TDS), which correlates with
the differentiation of the tumour and also corresponds with several cancer-related
genes. However, the predominant conclusion was that the iodine metabolism related
genes were downregulated by the results of the overactivation of the MAPK pathway
(Agarwal et al. 2014). Importantly, the Thyroid Differentiation Score was considered to
be correlated with both risk of recurrence and MACIS (Metastasis, patient Age,
Completeness of resection, local Invasion, and tumour Size) score (Agarwal et al.

2014). This was the initial analysis of the mRNA expression of the TCGA data. The
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objectives of this chapter were to further define the gene expression profile in the

patients in the TCGA who have recurrent thyroid cancer.
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Figure 6.1: MAPK and PI3K-AKT signaling pathways. A) RAS-driven tumour pathway B) BRAF
V600E-driven tumour pathway, with significantly more MEK/ERK signaling. (Caronia et al.

2011, Agarwal et al. 2014).

6.2 Methods

6.2.1 Bioinformatic analyses
RNA expression analysis was performed by downloading the TCGA RNA sequencing
data (RNA-Seq by Expectation Maximization (RSEM) normalised RNA data files)

through the FireHose portal (https://gdac.broadinstitute.org). The TCGA RNA

sequencing (RNA-seq) data have been upper quartile normalised. The total RNA-seq
data for 500 PTC samples were analysed including 457 non-recurrent and 43 recurrent
tumour specimens. Sixty patients had matched normal tissue samples (normal thyroid

tissue from the same patients who had contributed tumour samples), which were also
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analysed. For each of the 20,532 genes the absolute median differential expression
between recurrent and non-recurrent patients was calculated. The Mann-Whitney U
value was calculated in R, and the genes were then ranked by median differential

expression.

6.2.2 Bacterial Transformation

A vector was sourced for FN1 (PV355032) (ABM) and transformed into DH5a
competent E. coli cells as described in section 2.2.2. Plasmid DNA (including VO) was
purified and amplified using an endonuclease-free EndoFree Plasmid Maxi Kit

(Qiagen) prior to transfection into cell lines.

6.2.3 Transfection
Thyroidal cell lines (TPC-1, Cal-62 and SW1736) were seeded into 6-well plates for 24
hours. Transfection with expression vector VO or FN1 were performed 24 hours before

functional assays. Transfection was carried out according to section 2.2.6.

6.2.4 Cell migration and proliferation assays

Classical scratch wound healing assays were performed to assess cell migration as
described in section 2.8. The media was changed from standard RPMI with 10 % FBS
to RPMI with 2 % FBS just before the scratch was made, to minimise the effects of
cellular proliferation on the assay. Cell proliferation MTS assay was performed as

previously described (section 2.6.1).
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6.2.5 Small interfering RNA (siRNA) knockdown
Endoribonuclease-prepared siRNA (esiRNA) was purchased specific to ITGa3
(EHU133981) (Sigma Aldrich) in order to ablate expression of ITGa3 and reduce the

function of the whole integrin receptor (ITGa3/p1).

In brief, cells were seeded into a 6-well plate (Corning) and incubated at 37 °C with 5
% CO2 for 24 hours. Cell lines were transfected with ITGa3 esiRNA using the
transfection reagent RNAIMAX (Invitrogen). One millilitre per well of Opti-MEM (Life
Technologies) was added to 6 pl lipofectamine RNAIMAX and incubated for 5 minutes,
then esiRNA was added to a final concentration of 100 nM. After 20 minutes, RPMI
media was removed from cells and replaced with one millilitre of the Opti-MEM,
esiRNA, transfection reagent mix. Following incubation at 37 °C with 5 % CO. for 4-6
hours the Opti-MEM transfection mix was replaced with RPMI and cells were incubated
for a further 20 hours. ITGa3 knockdown was assessed via Western Blotting
(conducted as in outlined section 2.4.3) probed with mouse monoclonal antibody anti-

ITGa3 (66070-1-1g).

6.2.6 MET inhibitor treatment

The MET inhibitor SU11274 (Sigma-Aldrich) was used to treat the three thyroid cell
lines TPC-1, Cal-62 and SW1736 seeded into 6-well plates. Each inhibitor dose (0.5
MM, 1 uM, 2 pM, 5 pM) was prepared in DMSO (final concentration 0.05 %) and both
no treatment and DMSO-only were used as controls. Treated cells were incubated at
37 °C with 5 % COo for 24 hours. The media was then changed to RPMI with 2% FBS

and the cell scratch wound assay performed to assess cell migration (section 2.8). To
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confirm cell viability, trypan blue was used to quantify the number of dead cells. Cells
were washed with PBS, trypsinised and then resuspended in RPMI. The 0.4% Trypan
Blue (Life Technologies) was added at a 1:1 ratio to the cell suspension and incubated
for 1-2 minutes. Cells were then counted in a haemocytometer and a percentage of

blue (dead) to normal cells calculated.

6.3 Results

6.3.1 Most differentially expressed genes in recurrent thyroid cancer

The differential expression profile of recurrent thyroid cancer tumours versus non-
recurrent thyroid cancer tumours was compared by calculating median differential
expression (and significance) for each gene. Of the top 100 median differentially
expressed genes 40 were statistically significantly different (Appendix 1; Table 10.3).
This included thyroglobulin (TG), thyroid peroxidase (TPO), fibronectin (FN1), integrin
alpha 3 (ITGa3) and the proto-oncogene MET. The genes FN1, ITGa3 and MET are
all recognised as potentially oncogenic and FN1 and MET have already been

implicated in thyroid cancer (Huang et al. 2001).

6.3.2 Enrichment analysis of differentially expressed genes.

Gene set enrichment analysis is performed to identify groups of proteins that are
overexpressed in certain disease pathways. In order to perform pathway analysis on
the most differentially expressed genes, the DAVID database (Huang da et al. 2009)
was used to perform a Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway

analysis and the Gene Ontology (GO) GOTERM BP DIRECT analysis (Figure 6.2).
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D DAVID COTERM BP Direct
Term Genes
Protein folding in
endoplasmic reticulum CANX, CALR, HSP90B1, HSPAS, PDIA3
Extracellular matrix APP, COL14A1, CYR61, FN1, HSPG2, ITGA2, ITG3A, ICAM1, KDR, NID2,
organization TMPRSS6, VWA1
APOLD1, CAT, CRYAB, DPP4, EGR1, EPAS1, HSP90B1, ITGA2, MUC1,
Response to hypoxia TGRBR2, VEGFA
ARF6, APP, BCAM, CTGF, CYR61, DSG2, EMILIN2, FN1, IGFBP7, ITGA2,
Cell adhesion ITGA3, ICAM1, NEDD9, NID1, PODXL, RHOB, SORBS2
Response to endoplasmic
reticulum stress HSP90B1, HERPUD1, HYOU1, P4HB, PDIA3, PDIA4, PDIA6
Angiogenesis APOLD1, CTGF, EPAS1, FN1, FLT1, HSPG2, KDR, RHOB, TMPRSS6, VEGFA
CALR, CAT, POR, ITGA2, ITGA3, ICAM1, LCN2, PARP4, RPN2, SREBF1,
Response to drug TGFBR2
PARK7, SLC9A3R2, EIF3E, FMNL2, HSPAS, HDLBP, PPL, PFKP, RPL14,
Cell-cell adhesion YWHAZ
Vasculogenesis ZFP36L1, AMOT, KDR, TGFBR2, VEGFA
Cellular response to hypoxia ZFP36L1, EPAS1, HYOU1, ICAM1 P4HB, VEGFA

Figure 6.2: DAVID pathway analysis (KEGG) (A) and gene ontology analysis (GOTERM BP
DIRECT) analysis (B) (top ten terms) of top 200 differentially expressed genes in recurrent
patients versus non-recurrent patients. X axis — gene count, y-axis DAVID term. C) Genes in
the KEGG pathway analysis D) Genes in the COTERM BP Direct analysis. Arrhythmogenic
right ventricular...; Arrhythmogenic right ventricular cardiomyopathy. *p < 0.05, **p < 0.01, ***

p < 0.001, rest ns not significant.

Cell adhesion, ECM organization and endoplasmic reticulum (ER) protein processing
were highlighted by the enrichment analysis (Figure 6.2). The proteoglycans in cancer

category was significant in the KEGG pathway analysis (Figure 6.2
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Protein processing in
endoplasmic reticulum

P4HB, HERPUD1, PDIA3, RRBP1, CRYAB, PDIA6, PDIA4, CALR, CANX,
HYOU1, HSP90B1, HSPAS, RPN2, DDOST

Thyroid hormone synthesis

SLC26A4, TG, HSP90B1, TPO, HSPAS, PDIAS, PDIA4, LRP2, CANX

Proteoglycans in cancer

ACTG1, ERBB3, VEGFA, MET, HSPG2, ITGA2, TIMP3, SDC2, KDR, FN1

Focal adhesion

ACTG1, FLT1, VEGFA, MET, ITGA2, ITGA3, KDR, FN1

ventricular cardiomyopathy

Malaria ICAM1, CD81, MET, SDC2
Hippo signaling pathway ACTG1, YWHAZ, CTGF, TGFBR2, AMOT, DVL1
Arrhythmogenic right

ACTG1, DSG2, ITGA2, ITGA3

Antigen processing and
presentation

PDIA3, CTSS, CALR, CANX

PI3K-Akt signaling pathway

HSP90B1, YWHAZ, FLT1, VEGFA, MET, ITGA2, ITGA3, KDR, FN1
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DAVID COTERM BP Direct
Term

Genes

Protein folding in
endoplasmic reticulum

CANX, CALR, HSP90B1, HSPAS, PDIA3

Extracellular matrix
organization

APP, COL14A1, CYR61, FN1, HSPG2, ITGA2, ITG3A, ICAM1, KDR, NID2,
TMPRSS6, VWA1

Response to hypoxia

APOLD1, CAT, CRYAB, DPP4, EGR1, EPAS1, HSP90B1, ITGA2, MUC1,
TGRBR2, VEGFA

Cell adhesion

ARF6, APP, BCAM, CTGF, CYR61, DSG2, EMILIN2, FN1, IGFBP7, ITGA2,
ITGA3, ICAM1, NEDDS, NID1, PODXL, RHOB, SORBS2

Response to endoplasmic
reticulum stress

HSP90B1, HERPUD1, HYOU1, P4HB, PDIA3, PDIA4, PDIA6

Angiogenesis

APOLD1, CTGF, EPAS1, FN1, FLT1, HSPG2, KDR, RHOB, TMPRSS6, VEGFA

Response to drug

CALR, CAT, POR, ITGA2, ITGA3, ICAM1, LCN2, PARP4, RPN2, SREBF1,
TGFBR2

Cell-cell adhesion

PARK7, SLCOA3R2, EIF3E, FMNL2, HSPAS, HDLBP, PPL, PFKP, RPL14,
YWHAZ

Vasculogenesis

ZFP36L1, AMOT, KDR, TGFBR2, VEGFA

Cellular response to hypoxia ZFP36L1, EPAS1, HYOU1, ICAM1 P4HB, VEGFA

A; p = 0.0012) and this encompasses MET, the MAPK and PI3K-Akt pathways, which
are responsible for thyroid cancer progression. Key genes that came up in multiple
pathways included MET, FN1, ITGa2, ITGa3, ICAM1, VEGFA, CALR and HSP90B1.
This analysis highlights the importance of cell adhesion and tumour cell interaction with
the extracellular matrix, the ER and hypoxia and angiogenesis in thyroid tumour

recurrence.

6.3.3 Volcano plot of differential expression of recurrent versus non-recurrent
thyroid cancer patients

To further investigate potential changes in the mRNA expression signature, a volcano

plot of the fold change (FC) of differential expression was plotted (Figure 6.3). An

advantage of using this approach was that it highlighted certain genes with a high fold

change of MRNA expression in recurrent patients compared to non-recurrent patients.

Examples include Frizzled homolog protein 9 (FZD9; log fold change (FC) 1.91, p <

0.0001), Collagen Type XIX Alpha 1 Chain (COL19A1; FC -2.3, p = 0.0003),
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Pregnancy Specific Beta-1-Glycoprotein 3 (PSG3; FC -2.52, p = 0.0005), glutamate
ionotropic receptor kainate type subunit 4 (GRIK4; FC 2.11, p < 0.0001), Potassium
Voltage-Gated Channel Subfamily J Member 13 (KCNJ13; FC 1.88, p -= 0.0002),
Transmembrane protein 139 (TMEM139; FC 1.71, p = 0.0005 ), Limb and CNS
Expressed 1 (LIX1; FC 1.62, p = 0.0009) and SLC5A5 (NIS; FC 2.13, p < 0.0001).
FZD9 has been implicated as a potential tumour marker but has variable effects in the
presence of Wnt (Ueno et al. 2013). LIX1 appears to be an indicator of poor prognosis
in endometrial cancer in the open source online omics project Protein Atlas (Uhlen et
al. 2015), and TMEM139 is implicated in renal and pancreatic cancer in the same
database. NIS is one of the key iodine metabolism proteins in the thyroid and
expression has already been linked to poor prognosis. This is thought to be causative
as the lower NIS expression results in decreased susceptibility to radioiodine therapy,
although TCGA data suggest that lower expression may also favour a more aggressive

phenotype (Agarwal et al. 2014).
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Figure 6.3: Volcano plot of log fold change of mMRNA expression (x axis) versus log p-value (y
axis). Teal dots at p < 0.001. Labelled genes are p < 0.001 and log fold change > 1.5. Positive

log fold change represents lower expression, negative represents higher expression.

6.3.4 Selected differentially expressed genes

After assessing the mRNA expression data through a number of analyses, a shortlist
of the most biologically interesting differentially expressed genes was made. These
were selected from the median differential expression analysis as the most effective

representative of the difference between recurrent and non-recurrent disease.
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FN1, ITGa3 and MET were all significantly differentially expressed in recurrent versus
non-recurrent patient thyroid carcinoma tissues and all genes were already implicated
in oncogenesis. In order to determine the direction of differential expression (higher or
lower in the recurrent patients) and to compare to the median expression level in

normal tissue, the genes FN1, ITGa3 and MET were plotted as log transformed data

(Figure 6.4).
FN1 ITGa3 MET
*% % *%
— 16 PE— ) —
2 : 15 : 14 4 L . Normal
187 - - . . Non-recurrent
16 . " . 12 : . Recurrent
13 4 T H
" _— - 10 | -
. 12 H —— L :
“1 - : 1 . . !
10 - I : . H 8 H
Fibronectin Integrin a3 Tyrosine-protein
kinase Met

Figure 6.4: Comparison of median mRNA expression levels of FN1, ITGa3 and MET in normal
tissue against non-recurrent patient primary tumour tissue and recurrent patient primary
tumour tissue. Non-recurrent patients n = 461, recurrent n = 43 and normal n = 58. Boxplot
generated in R (boxplot) demonstrates median, upper and lower quartiles in the box and the
whiskers correspond to data points up to 1.5 multiplied by the interquartile range beyond the

quartile. Data points outside this are represented by dots. *p < 0.05, **p < 0.01, ***p < 0.001.
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6.3.5 Gene expression and BRAF-like or RAS-like tumour status

Altered fibronectin (FN1) expression is associated with thyroid cancer (Huang et al.
2001, Takano et al. 1998a) and has been associated with BRAF V600E status, but its
expression is not dependent on BRAF V600E mRNA expression (Watanabe et al.
2009). To investigate the association apparent between FN1 and BRAF V600E status
a heatmap was generated of FN1, ITGa3 and MET expression and BRAF status in the
43 recurrent patients in the TCGA (Figure 6.5). Interestingly, this shows that FN1,

ITGa3 and MET expression all closely correlate with BRAF V600E status.

Color Key

I RAS-like tumour
2 -1 1 2 [ unknown
Value
’_’;E\_ﬁ Sorted by dendrogram

BRAFvsRASlike H I .
| ITGA3

w
“ | I'u W

Figure 6.5: Heat map of selected most differentially expressed genes between recurrent and

SPARCL

ITM2A

non-recurrent patients, recurrent patients only (n = 43). BRAF-like and RAS-like status also
shown (top bar; white — BRAF V600E-like, grey — unknown, black — Ras-like). Sorted by

dendrogram.

The genes FN1, ITGa3 and MET were nominated for further analysis via cellular

functional studies.
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6.3.6 Fibronectin, ITGa3 and MET functional analysis
Having identified potential genes implicated in thyroid cancer recurrence via altered
MRNA expression the next objective was functional analysis of these genes in cell

lines, to delineate the role of these genes in the recurrence pathway.

6.3.6.1 Fibronectin

Cell proliferation assays were not affected by FN1 transfection (Figure 6.6). Cell
migration assays showed an increase in migration on transfection of fibronectin (Figure

6.7). Proof of transfection by Western blot is shown (Figure 6.6).
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Figure 6.6: A, B & C: Cell proliferation assay (MTS) comparing vector only (VO) and fibronectin
(FN1) in three cells lines (A: TPC-1, B: Cal-62 and C: SW1736). D: Western blot analysis of
FN1 in thyroidal cell lines (TPC-1, Cal-62 and SW1736) transfected with FN1 or vector only

(VO) and probed with mouse monoclonal anti-HA antibody (16B12) (BioLegend). n = 3, ns not

significant.
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Figure 6.7: A, B & C: Cell migration assay comparing vector only (VO) to fibronectin

transfection (FN1) in three cells lines (A: TPC-1, B: Cal-62 and C: SW1736). D: Representative
images of the cell scratch wound closing shown (10x). n = 3. *p < 0.05, ** p < 0.01, ***p <

0.001, ns not significant.

6.3.6.2 ITGa3
As RNA-seq analysis showed that ITGa3 was increased in recurrent tumours (Figure
6.4), the next step was to determine if modulating ITGa3 expression affected the
tumourigenic potential of cancer cells. Cell proliferation assays showed a modest
decrease in turnover as assessed via MTS assay in the ITGa3 knockdown. There was
a significant difference in proliferation in ITGa3 knockdown compared to scrambled
siRNA control in the Cal-62 cell line (scr versus ITGa3 KD p = 0.034) and also TPC-1
cell line between mock transfection and ITGa3 knockdown (mock versus ITGa3 KD p

= 0.05, Figure 6.8).
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Figure 6.8: A, B & C: Cell proliferation assay (MTS) comparing mock transfection (mk),
scrambled siRNA (scr) and ITGa3 knockdown in three cells lines (A: TPC-1, B: Cal-62 and C:
SW1736). D: Western blot shows knock down of ITGa3 in three cell lines, with controls mock

(mk) and scrambled siRNA (scr). n =3, *p <0.05, **p <0.01, ***p <0.001, ns non-significant.

Scratch-wound cell migration assays demonstrated that ITGa3 ablation using siRNA
markedly reduced the cell migratory properties of TPC-1 (scrambled siRNA (scr)
versus ITGa3 knockdown (KD), p = 0.007), Cal-62 (scr versus ITGa3 KD, p = 0.0036)
and SW1736 (scr versus ITGa3 KD, p = 0.0012) cells at 24 hours (Figure 6.9).

Evidence of knock down is demonstrated in Figure 6.8.
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Figure 6.9: A, B & C: Cell scratch wound migration assay comparing mock transfection (mk),
scrambled siRNA (scr) and ITGa3 siRNA knockdown in three cells lines (A: TPC-1, B: Cal-62
and C: SW1736). D: Representative images of the cell scratch wound closing shown (10x). n

=4, Cal-62n=3. *p<0.05 **p<0.01, " p<0.001.

6.3.6.3 MET inhibition
MET is well recognised as an oncogene and is known for its effects on proliferation,
migration and cell survival (Trusolino et al. 2010). MET activates multiple pathways
including the MAPK and PI3K/Akt pathway. It has been implicated in thyroid cancer
recurrence (Inaba et al. 2002) and has been postulated as a drug target in numerous
cancers (Gherardi et al. 2012). Given the availability of MET inhibitors, treatment with
the well characterised drug SU11274 was performed on three thyroid cancer cell lines.
In both TPC-1 and SW1736 cells there was a dose dependent effect on the cells

reducing the migratory phenotype observed in Figure 6.10. In particular, the wound
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closure rate was reduced by ~50 % when using the MET inhibitor at a dose of 2 uM in
the TPC-1 and SW1736 cell lines (Figure 6.10), whereas Cal-62 cells were relatively

resistant to SU11274 treatment.
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Figure 6.10: A, B & C: Cell scratch wound assay assessing impact of MET inhibitor SU11274
treatment on cancer cell migration. MET inhibitor (SU11274, increasing doses, shown in
legend in uM) compared to no treatment (nil) or DMSO treatment in three cells lines (A: TPC-
1, B: Cal-62 and C: SW1736) in a cell scratch wound migration assay with time points at Ohrs,
4hrs, 6hrs and 24hrs. Dose dependent response seen in A: TPC-1 and B: SW1736 cell lines,

not in C: Cal-62 cell line. n=3. *p <0.05, **p <0.01, ** p <0.001, ****p < 0.0001.

In order to assess whether this effect was true, and not a non-specific manifestation of

cell death on addition of the drug, a trypan blue stain was added to quantify cell death
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(Figure 6.11). Cell death was less than 10 % in each cell line and did not markedly
increase between different drug doses, thereby attributing the decreasing migration to

drug-specific effects.
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Figure 6.11: MET inhibitor SU11274 at doses 0 — 5 uM does not induce significant cell death
on trypan blue staining. MET inhibitor (increasing doses) treatment with trypan blue added to

discern the percentage of dead cells. n = 1.

Thus, the overexpression of FN1 induced an increase in cell migration but had no effect
on proliferation. The knockdown of ITGa3 reduced the migratory and proliferative
phenotype of the thyroid cancer cells appraised. Treatment with the MET inhibitor
SU11274 demonstrated a dose response affecting cell migration. Each of these genes

may therefore have a functional role in thyroid oncogenesis.
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6.4 Discussion

6.4.1 Most differentially expressed genes and enrichment

RNA expression signatures can be a powerful way of exploring cancer cell phenotypes.
RNA data can be processed in a number of ways; conventionally often fold change
between different values is applied. This helps compare mRNA expression to the gene
baseline expression. This analysis compared the expression of genes in a group of
recurrent thyroid cancer patients to a group of non-recurrent thyroid cancer patients,
rather than their normal tissue baseline. This was because the true interest in this
analysis lay in the difference between the recurrent tumours and the non-recurrent
tumours. Because the patient true baseline (normal tissue) was therefore not used in
this analysis, both absolute values and fold change were examined. Assessment of
the median differentially expressed genes (absolute values) came up with thousands
of significantly differentially expressed genes, and two approaches to assess this data
were taken. The top fifteen most differentially expressed genes were examined to
select any thyroid iodine metabolism proteins, oncogenes, tumour suppressors or
other genes of interest for further examination (Appendix 1; Table 10.3). The data were
also assessed by enrichment using the DAVID database, highlighting pathways in the
top 200 significantly differentially expressed genes. The volcano plot (Figure 6.3)
demonstrates genes that have the largest fold change in expression, and the most
interesting of these is NIS, the sodium iodide symporter. Of particular significance, this
demonstrates that decreased NIS expression, and therefore potential radioiodine

treatment evasion, is apparent in recurrent tumours on the initial histology.
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DAVID enrichment analysis further highlighted cell adhesion and ECM organization,
and endoplasmic reticulum (ER) protein processing. The ER is responsible for protein
folding and maturation, and ER stress activates the unfolded protein response (UPR).
The UPR either activates apoptosis or restores homeostasis, and adaptations of this
can facilitate cancer cells evading appropriate cell death (Yadav et al. 2014). Cell
adhesion, focal adhesion and the extracellular matrix interactions are also involved in
tumourigenesis and have been implicated in recurrent disease. The association with
recurrence ranges from implicating integrins in the switch to cancer cell dormancy,
treatment evasion and co-operative signaling with receptor tyrosine kinases for cell
survival (Eke and Cordes 2015). Proteoglycans in cancer came up in both arms of the
analysis. This encompasses both MET and the MAPK and PI3K-Akt pathways, all

implicated in thyroid cancer progression and aggressiveness.

After the assessment of all the RNA data analyses, the proteins FN1, ITGa3 and MET
from the differentially expressed genes were considered genes with potential
importance in thyroid cancer recurrence (Zhai et al. 2019) and were selected for

functional experiments.

6.4.2 FN1 and ITGa3

Fibronectin 1 (FN1) has a role in cell adhesion and cell motility, upregulation of which
would potentially generate the ability for tumours to both metastasise and recur. FN1
has also been linked with cancer aggressiveness previously, both generally and in the

context of thyroid cancer (Sponziello et al. 2016, da Silveira Mitteldorf et al. 2011).
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Fibronectin has been postulated as a marker for thyroid cancer on FNAc (Takano et
al. 1998b) and as a means of identifying residual disease or monitoring patients (Hesse
et al. 2005). Fibronectin is also a marker of mesenchymal status in the epithelial
mesenchymal transition (EMT). EMT is a progression from a set of polarised epithelial
cells to a motile mesenchymal state, and is recognised as part of the development of
cells from primary tumour to invasion, metastasis and recurrence (Huber et al. 2005,
Wang and Zhou 2013). This is activated by a number of different pathways, including
the tyrosine kinase receptor Raf/Ras pathway. The results observed in this Chapter
are consistent with this, with overexpression of FN1 conferring a migratory advantage
to the cells. No change in proliferation was seen, and these findings may suggest that
motility is the main oncogenic component of FN1. Previous studies have demonstrated
an association between FN1 expression and the invasive, migratory and proliferative
nature of thyroid cancer cell lines (Xia et al. 2017, Sponziello et al. 2016). What is
especially interesting here from the TCGA data is that the increased FN1 level was
apparent at the patients’ initial histology, highlighting this as a potential prognostic

biomarker.

FN1 and ITGa3 have been previously identified as differentially expressed genes in
thyroid cancer compared to normal tissue, and also appear to influence the expression
of each other (Han et al. 2018). They interact directly under certain conditions, with
fibronectin binding to ITGa3/B1 (Brown et al. 2015, Elices et al. 1991) and ITGa3/31
increasing the deposition of fibronectin into the pericellular matrix (Wu et al. 1995). The
results from this chapter clearly show a dependence on ITGa3 for the pro-migratory

status of the cells. Integrin a3 has been demonstrated to be present in invadopodia in
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breast cancer cells (Coopman et al. 1996) and recruits ECM degrading proteases
(Mueller et al. 1999, Morini et al. 2000). This breakdown of the ECM helps tumour cells

invade and even metastasise.

Integrins are not only involved in tumour invasiveness, but also are implicated in cancer
cells’ dormancy post-treatment and consequent recurrence (Eke and Cordes 2015).
The activation of ITGa3/1 causes phosphorylation of FAK, leading to increased
kinase activity, including interaction with Src and cortactin (Eke and Cordes 2015).
Cortactin has been previously associated with the thyroid proto-oncogene PTTG1-
binding factor (PTTG1IP/PBF), which occurs at the leading edge of migratory tumour
cells (Watkins et al. 2016), increasing tumour invasiveness. In a mouse model of lung
metastasis, ITGa3/1 was implicated in adherence in metastasis and also cell
signalling to induce colony formation (Wang et al. 2004). Further to this, an ITGa3/31
specific binding ligand has recently been presented as a potential means of delivering

targeted treatment to non-small cell lung cancer cells (Xiao et al. 2019).

The results in this chapter highlight ITGa3 as an important integrin in thyroid cancer,

emphasising its potential for a therapeutic role.

6.4.3 MET
MET is an established oncogene, and is known to be implicated in thyroid cancer,
specifically in lymph node metastasis and worsening stage (Trovato et al. 2017, Chen

et al. 1999). The expression of MET has been associated with thyroid cancer
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recurrence, and due to the oncogenic nature of the protein it has been suggested that

it has a pathological role too (Inaba et al. 2002).

In anaplastic thyroid cancers, RAF-kinase inhibitor treatment demonstrated initial
disease response and then recurrence; the recurrent tumours had MAPK signalling
reactivated, predominantly via MET amplification (Knauf et al. 2018). Anaplastic thyroid
cancer is thought to be a continuum from differentiated thyroid cancer through
dedifferentiation to anaplastic thyroid cancer (Landa et al. 2016) and so this information
could potentially be translated to differentiated thyroid cancer. The recurrent anaplastic
tumours that escaped blockade of MAPK signalling via MET amplification were highly

sensitive to MET inhibitors (Knauf et al. 2018).

In these experiments, the migration of thyroid cancer cell lines was markedly reduced
in a dose dependent manner, independent of cell death in the TPC-1 and SW1736 cell
lines, but not in the Ras dependent Cal-62 cell line. The MET inhibitor SU11274 has
been used in cell lines to demonstrate responsiveness to treatment (Kenessey et al.
2010), but this can be inhibited by mutations in the MET gene (Berthou et al. 2004).
Treatment of a melanoma cell line with SU11274 has previously demonstrated cell
plasticity and adaptivity to targeted MET inhibition (Kucerova et al. 2016). In addition,
inhibition of RAF and MET in thyroid cancer cell lines has shown to effective at tumour
suppression (Byeon et al. 2016). The effectiveness of SU11274 in the thyroid cancer
cell lines further implicates MET as a driver of thyroid cancer, and as a prospective
treatment in recurrent resistant tumours. Further studies are required however to

confirm that the effects of the MET inhibitors do take place by their action upon MET,
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as off-target effects could also contribute to their actions upon cell migration.
Preliminary steps towards this could be accomplished using Western blots examining

phosphorylation of Akt and levels of MET and phosphorylated MET.

6.4.4 Concluding remarks

Several pathways have been implicated by this analysis in the pathogenesis of thyroid
cancer recurrence. The interaction of the cell with the ECM seems to be key, and the
novel validation of ITGa3 as a tumourigenic factor in thyroid cancer cell lines is
intriguing. Further exploration of this in ECM protein-lined cell culture plates may help
us further understand the tumour-ECM interaction. MET is also a key driving force in
thyroid oncogenesis and appears to be a factor in thyroid cancer treatment resistance
and recurrence. Further work on radioiodine resistant cell lines and MET inhibitors
would be interesting. More pressingly, mathematical modelling combining these three
biomarkers to generate cut-off values for clinical application would be very useful. This
would generate a tool that when validated, could direct the assertiveness of follow up

for thyroid cancer patients.
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Chapter 7 MicroRNA expression levels in thyroid cancer
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7 MicroRNA expression levels in thyroid cancer recurrence

7.1 Introduction

7.1.1 MicroRNAs

MicroRNAs (miRs) are small non-coding RNAs that modify post-transcriptional gene
expression. MicroRNAs silence mRNA by binding to their complementary sequence
and causing cleavage, reduced translation of the mRNA or epigenetic silencing of
transcription (Figure 5.1). The role of miRs in cancer can be complex. MicroRNAs can
act as oncomiRs or tumour suppressors, depending on their end actions (Esquela-
Kerscher and Slack 2006), but these often vary in different tissue types or
environments. This is thought to be due to the miRs targeting multiple sites and having
both oncogenic and suppressive effects, depending on their interactions with cancer

genes, the immune system and their environment (Svoronos et al. 2016).

7.1.2 MicroRNAs in thyroid cancer

There are several examples of miRs with well-defined roles in thyroid cancer (Table
1.1). One of the most prominent is Let-7, which targets the RAS gene, reduces MAPK
expression and tumour growth (Ricarte-Filho et al. 2009). MiR-146b is the most
frequently upregulated miR in thyroid cancer and is considered a poor prognostic
indicator (Ramirez-Moya and Santisteban 2019). In particular, miR-146b inhibits the
actions of PTEN, which regulates the PI3K/Akt pathway. DICER1 expression is also
reduced by expression of miR-146b, which forms a negative feedback loop (Ramirez-
Moya et al. 2019). MiR-146b and several other thyroid cancer associated miRs such

as miR-221 and miR-222 are particularly associated with the BRAF V600E mutation
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(Chou et al. 2010)(Table 7.1). RAS-like tumours have their own associated miR
including miR-183 and miR-182. Additionally, miR-221 and miR-222 have been
associated with lymph node metastasis and grade of tumour (Sun et al. 2013). The
miR-221 has also been postulated as a marker of recurrence (Dai et al. 2017). The
study showed that of eight miRs studied, miR-221 and miR-222 were significantly
associated with PTC recurrence, alongside several clinical factors such as TNM stage.
MicroRNA-221 was the only independent risk factor for PTC in a multivariate Cox
proportional hazard analysis. However, a detailed analysis of miRs implicated in

thyroid cancer recurrence has not been undertaken.

BRAF-like RAS-like

Signalling High MAPK signalling Low MAPK signalling, PI3K/Akt
signalling

Genetic BRAF V600E mutation, RET NRAS, HRAS, KRAS, EIF1AX

alterations fusions, BRAF fusions PAX8/PPAR, NTRK22g-del
mutations

Histological Classical, tall cell Follicular variant

variants

miR profile miR-21, miR-146b, miR-204, miR-183-5p, miR-182-5p

miR-221/222

Table 7.1: MicroRNA profile of RAS-like and BRAF-like thyroid tumours, from (Riesco-
Eizaguirre and Santisteban 2016). In BRAF-like tumours miR-21, miR-146b, miR-221, miR-
222 are upregulated and miR-204 is downregulated; in RAS-like tumours miR-182 and miR-

183 are upregulated.

7.1.3 MicroRNAs and TCGA
Thyroid cancer specific analysis of TCGA data has so far identified six miR clusters

associated with BRAF- or Ras- like status and mRNA expression (Agarwal et al. 2014).
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Interestingly, two BRAF associated clusters (5 and 6) were associated with recurrence.
Cluster 5 had high expression of miR-146b and miR-375 and low expression of miR-
204 whereas Cluster 6 had high expression of miR-21 and low expression of miR-204.
However, the possible functional role of miRs implicated in recurrence has not been
examined. The objective of this chapter was to investigate the profile of miRs
differentially expressed in recurrent compared to non-recurrent patients. From these,
several of the most differentially expressed miRs were selected for further study in
vitro. In particular, the role of candidate miRs was studied by transfection of miR mimics

or inhibitors in thyroid cancer cell lines.

7.2 Materials and Methods

7.2.1 Bioinformatic analysis of differential expression of microRNAs in
recurrent versus non-recurrent patients
The median differential expression of each miR was conducted in the same manner
as for the RNA data (section 6.2.1) computed in R. Downloaded TCGA data were
normalised to reads per million counts. The absolute differential expression data
generated a list of 62 miRs that were significantly differentially expressed (Appendix 1;
Table 10.4). From these, the most relevant miRs in thyroid cancer were selected, using
a literature review of miR expression in thyroid cancer. The expression level of the miR
in normal tissue, non-recurrent patient primary tumour tissue and recurrent patient

primary tumour tissue was plotted (Figure 7.1).
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7.2.2 Transfection and knock down of microRNAs

TPC-1, Cal-62 and SW1736 thyroidal cell lines were seeded into 6-well plates for 24
hours. They were then transfected with the miR negative control mimic (CN-001000-
01-05), miR-221-5p mimic (C-301163-01-0002), miR-486-5p inhibitor (IH-300746-05-
0002) or miR-1179 inhibitor (IH-301320-01-0002) (Dharmacon, Colorado, USA). To
transfect cells, one millilitre per well of Opti-MEM (Life Technologies) was added to 6
Ml lipofectamine RNAIMAX (Invitrogen) and incubated for 5 minutes. The microRNA
mimic or inhibitor was then added to a final concentration of 100 nM. The RPMI
medium was removed from cells and replaced with the Opti-MEM-transfection mix.
Cells were then incubated for 4-6 hours prior to the RPMI media being replaced.
Subsequent assays were then typically performed 20 hours later. Transfection and

knockdown were confirmed with microRNA Real Time quantitative PCR (RTgPCR).

7.2.3 MicroRNA extraction

The cells were seeded in a 6 well plate and transfected with either miR mimic or
inhibitor. After 48 hours incubation miR extraction was performed. Medium was
removed from the confluent cells and cells were washed with PBS. Cells were lysed
by addition of 700 ul Qiazol Lysis Reagent (Qiagen). The following steps are based on
the miRNeasy Micro Kit (Qiagen) protocol. The cell lysate was transferred to a
microcentrifuge tube and vortexed for one minute. The sample was then incubated at
room temperature for five minutes, then 140 pl of chloroform were added and mixed
for 15 seconds. This was then incubated at room temperature for a further five minutes.
The sample was then centrifuged at 13,000 x g at 4 °C for 25 minutes. The sample

had separated into three phases, and the upper colourless aqueous phase was moved
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into a new collection tube and mixed with 525 ul of 100% ethanol. The sample-ethanol
mix was then spun through a RNeasy MinEute spin column (Qiagen) for 15 seconds
at 10,000 rpm at room temperature. The column was then washed with 500 ul Buffer
RPE and spun for 15 seconds at 10,000 rpm at room temperature. A second wash
was performed with 80% ethanol, spun for 2 minutes at 10,000 rpm at room
temperature. Another 10,000 RPM five-minute spin was then performed to dry the
column. The miR sample was then eluted in 14 ul of nuclease free water and quantified

using the NanoDrop 1000 Spectrophotometer (ThermoFisher Scientific).

7.2.4 Real time PCR of microRNAs

The RT-PCR was preceded by polyadenylation to add a poly(A) tail to extracted miRs,
addition of an adapter ligand, and then reverse transcription. A complementary DNA
(cDNA) amplification step was then taken prior to the RTqPCR. These steps were
performed using the TaMan Advanced miRNA Assay (ThermoFisher Scientific) and
TagMan Advanced miRNA cDNA Synthesis Kit (ThermoFisher Scientific). The poly(A)
tailing reaction was performed by adding 3 pl of Poly(A) Reaction Mix (0.5 uyl 10X
Poly(A) Buffer, 0.5 ul ATP, 0.3 pl Poly(A) Enzyme and 1.7 ul RNase-free water) to 2 pl
of miR sample (diluted to 5 ng/pl). The samples were vortexed briefly and then

centrifuged before being placed in the thermocycler (Table 7.2).

Step Temperature Time

Polyadenylation 37 °C 45 minutes
Stop reaction 65 °C 10 minutes
Hold 4°C hold

Table 7.2: Thermocycler parameters for poly(A) tailing reaction
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The adaptor ligation step was performed by adding 10 ul of Ligation Reaction Mix (3
Ml 5X DNA Ligase Buffer, 4.5 yl 50% PEG 8000, 0.6 yl 25X Ligation Adaptor, 1.5 yl
RNA Ligase, 0.4 pyl RNase-free water) to the 5 pl from the poly(A) tailing step. The
samples were vortexed briefly and then centrifuged before being placed in the

thermocycler (Table 7.3).

Step Temperature Time

Ligation 16 °C 60 minutes
Hold 4°C Hold

Table 7.3: Thermocycler parameters for Adaptor ligand reaction.

The reverse transcription reaction was performed by adding 15 ul of the Real Time
Reaction Mix (6 yl 5X RT Buffer, 1.2 pyl 25mM dNTP Mix, 1.5 uyl 20X Universal RT
Primer, 3 pl 10X RT Enzyme Mix, 3.3 ul RNase-free water) to the adaptor ligand
reaction sample. The samples were vortexed briefly and centrifuged before being

placed in the thermocycler (Table 7.4).

Step Temperatur Time

e
Reverse 42 °C 15 minutes
transcription
Stop reaction 85 °C 5 minutes
Hold 4°C hold

Table 7.4: Thermocycler parameters for reverse transcription reaction.

The miR-amplification step (miR-Amp) was performed by adding 45 pl of miR-Amp

Reaction Mix (25 pl 2X miR-Amp Master Mix, 2.5 pl 20X miR-Amp Primer Mix, 17.5 pl
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RNase-free water) to 5 ul of the reverse transcription reaction sample. The samples

were vortexed briefly and centrifuged before being placed in the thermocycler (Table

7.5).
Enzyme 1 95 °C 5 minutes
activation
Denature 14 95 °C 3 seconds
Anneal/Extend 60 °C 30 seconds
Stop 1 99 °C 10 minutes
Hold 1 4°C Hold

Table 7.5: Thermocycling parameters for miR amplification reaction.

A one in ten dilution of the cDNA from the miR-Amp step was prepared. A PCR
Reaction Mix (10 uyl 2X TagMan Fast Advanced Master Mix, 1 yl 20X TagMan
Advanced miRNA Assay and 4 ul RNase-free water) was prepared for each miR. 20X
TagMan Advanced miRNA Assay probes used were: hsa-miR-221-5p TagMan™
Advanced miRNA Assay (A25576/478778_mir), hsa-miR-1179 TagMan™ Advanced
mMiRNA Assay (A25576/478626_mir), hsa-miR-486-5p TagMan™ Advanced miRNA
Assay (A25576/478128_mir), hsa-miR-24-3p TagMan™ Advanced miRNA Assay
(A25576/477992_mir), and hsa-miR-25-3p TagMan™ Advanced miRNA Assay
(A25576/477994 _mir). MicroRNA 24 and 25 were used as controls, selected as
recommended by the ThermoFisher technical guide (ThermoFisher Scientific 2016);
miR-24 was a miR reported to have stable expression across most human tissues, and
miR-25-3p was recommended as a tissue-specific miRNA normaliser for cancer cell
lines. Five microlitres of the diluted cDNA sample was added to 15 ul of the PCR
Reaction Mix in the PCR reaction plate. The samples were vortexed briefly and

centrifuged before being placed in the thermocycler for the real time PCR (RTqQPCR)
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(Table 7.6). Each TaqgMan probe contained the fluorescent reporter 6-
carboxyfluorescein (FAM) at the 5 end and a 3’ non-fluorescent quencher minor

groove binder (NFQ-MGB).

Step Cycles Temperature Time

Enzyme 1 95 °C 20 seconds
activation

Denature 40 95 °C 3 seconds
Anneal/Extend 60 °C 30 seconds
Hold 1 4°C Hold

Table 7.6: PCR thermocycling parameters for miR real-time PCR reaction.

7.3 Results

7.3.1 MicroRNA analysis of TCGA data

The microRNA analysis of TCGA data demonstrated that 62 miRs were significantly (p
<0.05) differentially expressed in recurrent versus non-recurrent thyroid cancer
patients (Appendix 1; Table 10.4). The expression levels of these miRs in the recurrent
thyroid cancer patient tumours were plotted compared to the non-recurrent patient

tumours and the normal thyroid tissue (Figure 7.1).
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Figure 7.1: Differential expression of selected miRs in recurrent patient primary tissue

compared to non-recurrent patient primary tissue. *p < 0.05, **p < 0.01, **p < 0.001.

An enrichment analysis was performed to assess the biological processes and
molecular functions affected by the group of 62 miRs and a pathway analysis was
performed (Figure 7.2). The biological process analysis pointed overwhelmingly
towards gene silencing (as expected) and angiogenesis related processes. The
molecular function analysis predominantly highlighted RNA binding and RNA
polymerase binding mechanisms, which would again be expected in a study on the
effects of miRs. In the pathway analysis miRNAs in cancer was highlighted by the

KEGG pathway analysis, and RNA silencing pathways from BioSystems: REACTOME
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(Figure 7.3). However, the false discovery rate (FDR) increased for all the pathways
except the miRNAs in cancer, so this is the only pathway accepted as reliable and
significant. In terms of novel information these results highlight a link between miR and

angiogenesis that would not have been highlighted by investigation of each miR alone.

GO: Molecular function analysis
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Figure 7.2: Enrichment analysis of 62 significantly differentially expressed miRs from the open
source online enrichment portal ToppGene (https://toppgene.cchmc.org) by Gene Ontology
analysis. GO: Molecular function analysis and GO: Biological Process Analysis. All bars p <

0.0007 (***¥).
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Figure 7.3: Enrichment analysis of 62 significantly differentially expressed miRs using open
source online enrichment portal ToppGene (https://toppgene.cchmc.org) by miR pathway
analysis. For Pathway analysis the pathway ‘MicroRNAs in cancer’ from KEGG analysis, and
pathways ‘mRNA 3’ -end processing’, ‘RNA Polymerase Il Transcription Termination’,
‘Cleavage of Growing Transcript in the Termination Region’, ‘Transport of Mature Transcript
to Cytoplasm’ from BioSystems: REACTOME analysis. * p < 0.05, ** p < 0.01, ** p < 0.001,

***p < 0.0001.

The top fifteen differentially expressed miRs in recurrent thyroid cancer were examined
in the literature in relation to thyroid disease and cancer. MiR-221 is well defined as a
oncomiR in thyroid cancer, and inhibition confers a less aggressive cell behaviour in
thyroid cell lines (Diao et al. 2017). Reduced expression of miR-486 and miR-1179
have been linked to thyroid cancer, but not implicated to date in recurrence (Hu et al.

2016, Rosignolo et al. 2017). In order to examine differentially expressed miR function
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the three candidate oncomiRs miR-221, miR-486 and miR-1179 were selected for

functional experiments.

7.3.2 Significant change in miR expression in transfected cells
In order to assess successful miR delivery, relative miR level were determined in TPC-
1 and SW1736 cells transfected with miR mimics and inhibitors by PTqPCR (Figure

7.4).

Amplification Plot
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2 4 L] L] 10 12 14 16 18 2 2 2 2 2 ki 2 3 *» 38 0
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Figure 7.4: Example of RTqPCR ampilification plots for miRNA expression. TPC-1 parental

cell line with miR 24 and 25 (controls) and miRs 221, 486 and 1179 amplifying successfully.

Importantly, there was a significant increase in miR-221 levels (p < 0.0001) in miR-221
mimic transfected cells, and a decrease in both miR-486 (p < 0.05) and miR-1179 (p <
0.05) in TPC-1 cells transfected with each miR inhibitor respectively (Figure 7.5A). A
similar trend was observed in SW1736 cells (Figure 7.5B). This demonstrates

successful overexpression and knockdown of the miRs respectively.
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Figure 7.5: Transfection (miR-221) and knockdown (miR-486 and miR-1179) illustrated by real
time PCR (RTqPCR). A) TPC-1 cell line B) SW1736 cell line. Fold change compared to control

miR-25, one-tailed t-test performed. n = 3, *p < 0.05, ** p <0.01, ***p < 0.001.

The effect of miR transfection and knockdown on expression of the other miRs was
also examined, in order to try to discern if any of the miRs were potential regulators of
each other. It appears that miR-221 and miR-486 had a reciprocal effect on expression
observed in the SW1736 cells (Figure 7.6B) whilst miR-1179 only significantly

impacted miR-486 expression in the TPC-1 cell line.
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Figure 7.6: Effect of miR transfection (miR-221) and knockdown (miR-486 and miR-1179) on
expression levels of other miRs assessed by RTqPCR. A) TPC-1 cell line B) SW1736 cell line.

Fold change, two tailed t-test performed. n = 3, *p < 0.05, **p < 0.01, ***p < 0.001.

7.3.3 Interaction of miR transfection on other miR expression

The expression of miR-221, miR-486 and miR-1179 from the TCGA data were plotted

against each other (Figure 7.7).
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Figure 7.7: Bioinformatic prediction of the miR expression interaction between miRs from the

TCGA data.

This consolidates the links between the miRs' expression but does not demonstrate

causation beyond what was observed in the RTqQPCR data. It appears likely that miR-
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1179 affects miR-486 expression and the relationship between miR-486 and miR-221
is reciprocal. It may be therefore that the link between miR-1179 and miR-221
expression is due to the effects of miR-486. Repeated measures of this RTqPCR data
at different timepoints would be required to examine the causality of these effects in

more detail.

7.3.4 Functional assays in microRNA transfected cells

Having successfully demonstrated miR transfection (Figure 7.5), a cell migration assay
(cell scratch wound) was performed using miR-transfected TPC-1 and SW1736 cells
(Figure 7.8). Of particular significance was an increase in migration in cells with miR-
486 and miR-1179 knockdown at 24 hours in TPC-1 cells (p < 0.001) (Figure 7.8), but
not in those with miR-221 overexpression (p = ns). A similar trend was observed in
SW1736 cells (p < 0.01), although a significant increase in cell migration was evident
at an earlier time point of 8 hours in miR-486 ablated cells compared to controls (p <

0.05; Figure 7.8).
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Figure 7.8: Cell migration assay comparing control miR (negative control mimic), miR-221
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mimic, miR-486 inhibitor and miR-1179 inhibitor transfected cells in two cells lines (TPC-1 and
SW1736). Representative images of the scratch wound healing shown, 10x magnification. n =

2.

Cell proliferation assays were also performed with an MTS assay but did not
demonstrate a significant difference between miR-transfected cells and controls
(Figure 7.9). This demonstrates that the effect on migration apparent in Figure 7.8 is a

true migratory effect not due to cellular proliferation.
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Figure 7.9: A & B: Cell proliferation assay (MTS) comparing control miR (negative control
mimic), miR-221 mimic transfection, miR-486 inhibitor transfection and miR-1179 inhibitor

transfection (A: TPC-1 cell line and B: SW1726 cell line) All non-significant, n = 2.

7.3.5 Effect of miR transfection on NIS expression

MicroRNAs bind mRNA to effect post-translational changes in protein expression. To
examine if the selected miRs had an effect on thyroid iodine metabolism, protein was
extracted from the transfected cells as described in section 2.4. The protein was
quantified, and a Western blot performed, which was probed for NIS. Over-expression
of miR-221 and inhibition of miR-1179 caused a reduction in NIS protein in both cell

lines (TPC-1 and SW1736).
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Figure 7.10: Overexpression of miR-221 and knockdown of miR-1179 reduces NIS expression.
MiIR transfection (mock transfection, control miR, miR-221 mimic, miR-486 and miR-1179
inhibitor) effect on NIS expression in two cell lines (TPC-1 and SW1736). Western blot probed

for NIS with anti-NIS rabbit polyclonal antibody (ProteinTech) 24324-1-AP 1:1000 v/v. N = 1.

7.4 Discussion

7.4.1 MicroRNA analysis of TCGA data

The miRs miR-221, miR-486 and miR-1179 were highlighted as of potential importance
in recurrent thyroid cancer by the analysis of the most differentially expressed miRs in
TCGA data in thyroid cancer recurrence. Therefore, their functional properties were
investigated in vitro. MiR-221 was selected for further investigation as expression of
miR-221 is upregulated in differentiated thyroid cancer consistently across different
studies (Leonardi et al. 2012). Several target genes have been postulated as the target
of miR-221 including the proto-oncogene tyrosine-protein kinase KIT, the matrix
metalloproteinase Tissue Inhibitor Of Metalloproteinase 3 (TIMP3) (Diao et al. 2017,
He et al. 2005) and the metastasis suppressor Reversion-inducing-cysteine-rich

protein with kazal motifs (RECK) (Wei et al. 2019). It has been highlighted as a miR
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differentially expressed in cancer versus normal tissue, and even proposed as a
prognostic biomarker for tumour recurrence (Dai et al. 2017). A study looking at
recurrence risk factors (including a limited number of miRs) in thyroid cancer showed
miR-221 was the only independent risk factor for recurrence (HR 1.41; 95%CI 1.14—
1.95, P=0.007) (Dai et al. 2017). In that analysis miR-486 and miR-1179 were not

assessed.

MicroRNA 486 was of interest as it has been demonstrated to be under expressed in
differentiated thyroid cancer (Wojcicka et al. 2016) and associated with cancer stage,
survival and recurrence (Wen et al. 2018). Interestingly, it has also been proposed as
one of the miRs in a two-miR-marker for carcinoma in follicular thyroid nodules
(Stokowy et al. 2015); this is important as cytological analysis is unable to differentiate

between benign and malignant in follicular neoplasms.

Similarly, miR-1179 is also under-expressed in thyroid cancer (Hu et al. 2016, Wojcicka
et al. 2016). It was of particular interest in this study as it was the most differentially
expressed miR in terms of median differential expression. Also, functional studies of
the effects of miR-1179 have not been conducted. One study identified all three miRs
(miR-221, miR-476 and miR-1179) as potential biomarkers for thyroid cancer but did
not associate them with recurrence, while miR-146 and miR-222 were associated with
risk of recurrence (Rosignolo et al. 2017). A key difference was that the study by
Rosignolo et al. used clinical factors to predict risk of recurrence, whereas here the
available TCGA data had patients with confirmed instances of thyroid cancer

recurrence.
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7.4.2 Functional effects of miR transfection

Despite several preceding studies demonstrating the oncogenic nature of miR-221 in
thyroid cancer, the results were not replicated here (Diao et al. 2017, Wei et al. 2019).
One of these studies was conducted in the TPC-1 cell line but used miR-221
knockdown and reduced cell proliferation and migration as markers of miR-221
oncogenic activity (Diao et al. 2017). An important finding was that miR-486 and miR-
1179 demonstrated significantly increased wound healing at 24 hours in two thyroidal
cell lines, indicating that they are not just passengers with reduced expression in
thyroid cancer recurrence, but have an active role in oncogenesis. This is even with a
relatively modest knockdown of miR-1179 as seen in the RTgPCR quantification

(Figure 7.5).

To investigate the potential targets of miR-486 by pathway analysis the miR pathway
prediction software DIANA miRpath v3.0 (Vlachos et al. 2015) was used. A list of the
significantly mutated genes from the TCGA thyroid bioportal (Cerami et al. 2012) was
entered into the DIANA database, along with miR-486. This generated five predicted
KEGG pathways: arrhythmogenic right ventricular cardiomyopathy, lysine degradation,
central carbon metabolism in cancer, glycosphingolipid biosynthesis and microRNAs
in cancer. The genes in the microRNAs in cancer are MET, NRAS and PTEN (matched
in Tarbase) — these are all drivers in thyroid cancer and are possibilities as targets of
miR-486. One target of miR-486 that has been validated in cell lines is the extracellular
matrix protein fibrillin-1 (Ma et al. 2016). This may have an impact on thyroid

carcinogenesis, but it is likely that miR-486 has multiple targets (Saiselet et al. 2016).
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In functional investigations of miR-1179, one study found that the circular RNA
hsa_circ_0039411 affected cell growth, migration and invasion by acting as a sponge
for miR-1179 in papillary thyroid cancer (Yang et al. 2019). To further investigate how
miR-1179 has its functional effect, the same pathway analysis in DIANA miRpath v3.0
was performed. This came up with six pathways: ECM-receptor interaction, mismatch
repair, pathways in cancer, endometrial cancer, colorectal cancer and adherens
junction. The largest pathway was Pathways in cancer, with four genes: the cell-cell
adhesion gene CTNNB1, the transcription factor E2F3, the DNA mismatch repair gene
MSH2 and the ECM protein gene LAMCA1. It is evident that the role of miR-1179 in PTC

is complex and further work is required.

7.4.3 miR expression in different cell lines

An intriguing observation was the apparent interaction of miR-486 with the other two
miRs. MiR-221 and miR-486 seem to both regulate each other, with miR-486
influencing miR-221 expression in both cell lines, which is of interest when considering
the established importance of miR-221 in thyroid cancer. MiR-486 expression was also
reduced by the knockdown of miR-1179 which interestingly was the most differentially
expressed miR between recurrent and non-recurrent patient tumour samples
(Appendix 1; Table 10.4). It would be interesting to explore these interactions further

to see which pathways they impart their effect through.

7.4.4 Conclusions & future directions
Current treatment of thyroid cancer recurrence is particularly difficult when disease

becomes radioiodine refractory (Yang et al. 2017). The loss of NIS protein expression
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by miR-221 overexpression and miR-1179 knockdown may therefore be important.
Surprisingly, neither miR-221 or miR-1179 appear to impact NIS expression directly
according to the bioinformatic prediction software mirPath or TargetScan (data not
shown). NIS expression can be influenced by many different pathways and the miR-
1179 and miR-221 effect may act by affecting one of these. It would be critical in future
work to confirm the precise relationship between NIS with these miRs by using
functional assays, such as radioiodine uptake assays. It would also be useful to better
define this potentially novel pathway associated with NIS knockdown, in case it can be

exploited clinically.

Another consideration is that miRs may have a significant role in prognostics as they
are better preserved in FFPE tissue than DNA and RNA are, have been successfully
detected in diagnostic FNAc (Pallante et al. 2006) and also have been evaluated with
some success as potential serum markers of recurrence (Gomez-Pérez et al. 2019,
Zhang et al. 2017). MicroRNAs are complex in their interactions with genes, as they
normally have multiple gene targets, which makes their interactions difficult to
differentiate and validate (Saiselet et al. 2016). This brings about complexity in using
miRs in cancer therapeutics. However, there is a more immediate potential role for

miRs such as miR-221, miR-486 and miR-1179 as prognostic indicators.
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8 Conclusions and future directions

8.1 The challenge of recurrent thyroid cancer

Thyroid cancer recurrence is associated with increased morbidity and mortality (Kruijff
et al. 2014, Young et al. 2013). Differentiated thyroid cancer recurrence is more
challenging to treat than primary disease (Perros et al. 2014) and can be both surgically
irresectable and radioiodine resistant (Haugen et al. 2016). If this is the case, there are
limited treatment options, with significant associated morbidity (Pacini et al. 2006,
Haugen et al. 2016). Early detection of recurrent disease is thought to impact
favourably on patient outcomes (Cooper et al. 2006, Perros et al. 2014). Prediction of
recurrence can therefore aid patients by both tailoring their treatment to their disease

risk and increasing their post-treatment recurrence surveillance.

8.2 Mutations as drivers of thyroid cancer recurrence

The Cancer Genome Atlas provided a large volume dataset of somatic mutations (and
raw sequencing data files) with matching clinical information, and an analysis of the
patients who had recurred was undertaken to identify somatic mutations as markers of
recurrence. Three potential mutational drivers identified were IMPDH2 S280C,
PFKFKB4 Y366C and DICER1 D1810H which were taken forward into functional cell
line studies. Neither the IMPDH2 S280C mutation nor the PFKFB4 Y366C mutation
demonstrated a profound effect on cell line behaviour. While this may have been
limited to an extent by the models used, no associated aggressive phenotype was
seen. A functional effect was seen on knockdown of DICER1 in the CRISPR DICER1

knockout cell line, possibly representative of a loss-of-function mutation. However, the

193



Chapter 8 Conclusions and future directions

complete knockout of the DICER1 function does not represent the complexity of the
impact of the hotspot mutation, and further studies into the effect of the hotspot

mutations on cellular function and miR profile would be interesting.

While the mutational profile of thyroid cancer is becoming more transparent (Agarwal
et al. 2014) the somatic mutations highlighted by this NGS analysis of recurrent thyroid
cancer did not appear to highlight new and distinct drivers of recurrence. This may well
be because the initiating mutations are well defined and recurrence is dominated by
acquisition of further mutations, similar to the mechanism behind dedifferentiation of
thyroid cancer (Landa et al. 2016), and therefore these mutations are not apparent on

the patient’s initial histology, which is what the analysis in this PhD was centred on.

8.3 Gene expression in thyroid cancer recurrence

RNA expression analysis is a useful way to explore a cancer cell phenotype. The
MRNA expression analysis performed highlighted important pathways in thyroid
cancer recurrence including cell adhesion, ECM organisation, response to hypoxia,
angiogenesis and the endoplasmic reticulum. Particularly overexpressed individual
genes included FN1, ITGa3 and the proto-oncogene MET. FN1 has been long
associated with cancer aggressiveness (Sponziello et al. 2016, da Silveira Mitteldorf
et al. 2011) and its effect on both cell adhesion and cell motility potentially generate
the ability for tumours to metastasise and recur. The interaction of the cancer cell with
the ECM is clearly important, and the novel validation of ITGa3 as an oncogenic factor
in thyroid cancer cell lines is interesting. The final gene MET appears to be a driver in

thyroid oncogenesis and a factor in thyroid cancer treatment resistance and
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recurrence. Cell work on radioiodine resistance and the use of MET inhibitors would
potentially be useful to determine applicability of these drugs in thyroid cancer to help

inform clinical trials of targeted therapy.

Combining these three genes as biomarkers for the clinical application of determining
recurrence risk could be beneficial for patients. In the case of MET, knowing that MET
is overexpressed in an individual patient’s tumour may open up therapeutic options if

required in the future.

8.4 MicroRNA expression in thyroid cancer recurrence

There is variable expression of miRs in thyroid cancer at presentation in patients that
recurred compared to those that did not. The variable expression of miR-221, miR-486
and miR-1179 was investigated here by replicating overexpression or knockdown in
thyroid cancer cell lines. Certainly, it appears that the knockdown of miR-486 and miR-
1179 affects the migratory nature of the thyroid cancer cell lines, suggesting that they
may be functionally linked to cancer progression. The use of miR therapeutically is
somewhat limited by the off target and differing effects on different tissues, although
some targeted miR therapeutics are being considered in ATC (Wojcicka et al. 2016).
Targeted delivery can also be challenging, especially in recurrent thyroid cancer.
Therefore this new information might be more suited to being exploited as a diagnostic

tool, especially if it is combined with information from the mRNA expression data.

Treatment of thyroid cancer recurrence is especially difficult when the disease

becomes radioiodine refractory (Yang et al. 2017) so the repression of NIS protein
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expression by the miR-221 mimic and the miR-1179 inhibitor is interesting (n = 1) but
needs replication. The pathways by which this occurs have not been explored in this

PhD but may provide further understanding of how to restore radioactive iodine avidity.

8.5 Future directions

Knockdown of NIS with miR-1179 knockdown and miR-221 overexpression and
correlation with functional studies such as radioiodine activity would confirm the effect
of the miRs on NIS. Further to this, reversal of this effect in less radioiodine avid cell
lines would be experimentally interesting in terms of addressing potential new
therapies. Further investigation of MET inhibition as a targeted therapy, possibly in
combination with other targeted drugs may be of clinical use in patients with very

difficult aggressive disease.

Creation of a clinical prediction biomarker tool using the overexpressed genes FN1,
ITGa3 and MET in combination with miR-221, miR-486 and miR-1179 levels could help
to determine the risk of disease recurrence for patients with thyroid cancer. This in turn
could be developed clinically to quantify risk of recurrence and help allocate patients
to more or less invasive treatment and to an appropriate level of post-treatment

surveillance.

8.6 Concluding remarks
While the impact of driver mutations in genes such as BRAF, RAS, EIF1AX and the

TERT promotor in thyroid cancer is clear, there does not appear to be an obvious set

196



Chapter 8 Conclusions and future directions

of driver mutations common to patients with recurrent thyroid cancer. This may be due
to the acquisition of a higher mutational burden with time, as seen in the model of
progressive dedifferentiation to anaplastic thyroid cancer. Alternatively, it may be that
the important mutations in thyroid cancer are already known, and yet are not ideal as
predictive markers of thyroid cancer recurrence. However, the expression levels of
both RNA and miRs on initial patient presentation appear to correlate with thyroid
cancer recurrence. Particularly interesting are the genes FN1, ITGa3 and the miR 486
and 1179, with the association between expression and cellular migration established.
If these varied expression levels can be harnessed as a clinical tool, this could

potentially help direct individualised patient care.
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Patient ID
TCGA-BJ-A0Z2
TCGA-BJ-A28X
TCGA-BJ-A290
TCGA-BJ-A2N9
TCGA-BJ-A2NA
TCGA-BJ-A3PU
TCGA-BJ-A45]

TCGA-DE-A0Y3
TCGA-DE-
A4MC
TCGA-DE-
A4MD

TCGA-DE-AG9K
TCGA-DJ-
A1QO0

TCGA-DJ-A2Q3
TCGA-DJ-A3UO
TCGA-DJ-A3VL
TCGA-DJ-A4UR
TCGA-DO-A1KO
TCGA-E3-A3E3
TCGA-E8-A432

TCGA-EL-A3CZ
TCGA-EL-
A3GO

TCGA-EL-A3GU
TCGA-EL-A3GX
TCGA-EL-A3MX

Sex
Male
Female
Male
Female
Male
Male
Female
Female

Female

Male
Female

Male
Female
Male
Male
Female
Female
Female
Female
Female

Female
Female
Female
Female

Age
57
32
70
42
77
52
51
60

43

71
58

69
61
63
38
36
30
49
57
37

31
72
41
66

Tumour Stage

T2 NO M1
T3 N1a MO
T3 N1a MO
T2 NO MO
T3 NO MO
T3 N1a MO
T3 NO MO
T4a N1b M1
T3 Ni1b MO
T3 Ni1b MO
T3 NO MO
T3 NO MO
T3 N1a MO
T3 N1b MO
T1a NO MO
T3 N1b M1
T3 Ni1b MX
T2 NO MO
T2 NO MO
T1 Nla MO
T2 NO MO
T3 N1 MO
T2 N1 MO
T4 N1 M1

Neoplasm Histologic Type Name

Thyroid Papillary Carcinoma - Follicular (>= 99% follicular patterned)
Thyroid Papillary Carcinoma - Tall Cell (>= 50% tall cell features)
Thyroid Papillary Carcinoma - Tall Cell (>= 50% tall cell features)
Thyroid Papillary Carcinoma - Classical/usual

Thyroid Papillary Carcinoma - Classical/usual

Thyroid Papillary Carcinoma - Classical/usual

Thyroid Papillary Carcinoma - Tall Cell (>= 50% tall cell features)
Thyroid Papillary Carcinoma - Classical/usual

Thyroid Papillary Carcinoma - Classical/usual

Thyroid Papillary Carcinoma - Classical/usual
Thyroid Papillary Carcinoma - Classical/usual

Thyroid Papillary Carcinoma - Tall Cell (>= 50% tall cell features)
Thyroid Papillary Carcinoma - Tall Cell (>= 50% tall cell features)
Thyroid Papillary Carcinoma - Classical/usual

Thyroid Papillary Carcinoma - Follicular (>= 99% follicular patterned)
Thyroid Papillary Carcinoma - Follicular (>= 99% follicular patterned)
Thyroid Papillary Carcinoma - Classical/usual

Thyroid Papillary Carcinoma - Classical/usual

Thyroid Papillary Carcinoma - Classical/usual

Thyroid Papillary Carcinoma - Classical/usual

Thyroid Papillary Carcinoma - Classical/usual
Thyroid Papillary Carcinoma - Classical/usual
Thyroid Papillary Carcinoma - Classical/usual
Thyroid Papillary Carcinoma - Classical/usual
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Laterality
Left lobe
Left lobe
Left lobe
Right lobe
Bilateral
Left lobe
Bilateral
Bilateral

Right lobe

Right lobe
Right lobe

Bilateral
Left lobe
Bilateral
Right lobe
Right lobe
Bilateral
Right lobe
Left lobe
Left lobe

Right lobe
Left lobe
Right lobe
Left lobe
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Vital Status
Alive
Alive
Alive
Alive
Alive
Alive
Alive
Alive

Alive

Alive
Alive

Alive
Alive
Alive
Alive
Alive
Alive
Alive
Alive
Alive

Alive
Alive
Alive
Dead



TCGA-EL-A3T2
TCGA-EL-A4K6
TCGA-EL-A4KI

TCGA-EM-A2P1
TCGA-EM-
A3FM
TCGA-EM-
A3ST

TCGA-EM-A4FF
TCGA-EM-
A4FU

TCGA-ET-A39K
TCGA-ET-A3BT

TCGA-ET-A3BV
TCGA-ET-
A3DO

TCGA-ET-A40Q
TCGA-FE-A22Z
TCGA-FE-A230
TCGA-FE-A233
TCGA-FE-A234
TCGA-FE-A237
TCGA-H2-A3RI

Female
Male
Male
Male

Male

Female
Female

Male

Female
Female
Female

Female
Male

Female
Female
Female
Female
Female
Female

55
75
63
33

57

62
40

35
48
60
47

33
38
61
30
18
26
19
29

T2
T4
T3
T2

T2

T3
T1b

T3
T3
T2
T2

T2
T3
T4a
T3
T2
T2
T3
T3

N1
N1
NO
N1b

N1b

NO
N1

NX

N1a
N1b
N1a

NX
N1b
N1
N1a
NX
N1
N1
NO

MO
MX
MX
MX

MX

MX
MX

MX
MX
MX
MX

MX
MX
MX
MX
MX
MX
MX
MX

Thyroid Papillary Carcinoma - Classical/usual
Thyroid Papillary Carcinoma - Classical/usual
Thyroid Papillary Carcinoma - Classical/usual
Thyroid Papillary Carcinoma - Classical/usual

Thyroid Papillary Carcinoma - Classical/usual

Thyroid Papillary Carcinoma - Follicular (>= 99% follicular patterned)
Thyroid Papillary Carcinoma - Classical/usual

Thyroid Papillary Carcinoma - Follicular (>= 99% follicular patterned)
Thyroid Papillary Carcinoma - Classical/usual

Thyroid Papillary Carcinoma - Tall Cell (>= 50% tall cell features)
Thyroid Papillary Carcinoma - Classical/usual

Thyroid Papillary Carcinoma - Classical/usual

Thyroid Papillary Carcinoma - Tall Cell (>= 50% tall cell features)
Thyroid Papillary Carcinoma - Follicular (>= 99% follicular patterned)
Thyroid Papillary Carcinoma - Classical/usual

Thyroid Papillary Carcinoma - Classical/usual

Thyroid Papillary Carcinoma - Classical/usual

Thyroid Papillary Carcinoma - Classical/usual

Thyroid Papillary Carcinoma - Classical/usual

Table 10.1: Clinical parameters for recurrent thyroid cancer patients included in somatic mutation analysis
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Right lobe
Right lobe
Bilateral
Left lobe

Right lobe

Right lobe
Left lobe

Left lobe
Left lobe
Isthmus
Left lobe

Right lobe
Right lobe
Left lobe
Left lobe
Right lobe
Right lobe
Bilateral
Left lobe
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Alive
Alive
Alive
Alive

Alive

Alive
Alive

Alive
Alive
Alive
Alive

Alive
Alive
Alive
Alive
Alive
Alive
Alive
Alive



-
o9

a g N N

Position

129034262

140477826 CTGCTGAGGTGTAGGT

21468303
93552546
58560012
58560012
33141287
12297911
44520006
60511927
95557639
52433173
38697694
103029463
28087060
34649475
65008100
49062646
49064023
64967937
150017335
99220480
111986019
24774944
48561154
62198498
119798739
106016280
38889182
52033046
39370316
134050953
1232375
53814142
56397582
97858473
85552042
94858951
94858951
7837370
247420154
175446092
219503377
124121061

Reference

AT

AAGG

> 0O O 4 0 0O o0 0 & H

=
O o0 0
L o

TG
AT
TG
GT
GA

AC
TC

CCTT
CA
TTC

Alt

TG

CT

4 » 060 @ 4> 4 0 > >» A4 4 +4 3

=z
Z 0o 40 >» 40 0 >» 3

> 0O » O 4 » >»

Filter
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS

Gene
ARHGAP32
BRAF
SP4
CHD2
CNOT1
CNOT1
COL11A2
ZNF136
CTSA
CDH4
DICER1
DNAH1
DNAH8
DYNC2H1
FAM76A
GALT
HSPA2
IMPDH2
IMPDH2
JMJD1C
LYPD6EB
MMS19
MXI1
NEFM
PFKFB4
PRIC285
RAB11FIP2
RNF128
SCN11A
SIGLEC6
SIRT2
SLA
SLC6A18
SNX18
SUOX
TECPR1
TGOLN2
TTC37
TTC37
VAMP3
VN1R5
WIPFA1
ZNF142
OR8G1
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SS
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic
Somatic

Somatic
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vc
Frame_Shift_Del
In_Frame_Del
In_Frame_Del
Frame_Shift_Ins
Missense_Mutation
Missense_Mutation
Missense_Mutation
Nonsense_Mutation
Frame_Shift_Ins
Missense_Mutation
Missense_Mutation
Missense_Mutation
Frame_Shift_Ins
Frame_Shift_Del
Frame_Shift_Del
Missense_Mutation
Missense_Mutation
Missense_Mutation
Missense_Mutation
Frame_Shift_Del
Frame_Shift_Del
Frame_Shift_Del
Intron
Frame_Shift_Del
Missense_Mutation
Frame_Shift_Del
Frame_Shift_Del
Frame_Shift_Ins
Missense_Mutation
In_Frame_Del
Frame_Shift_Del
Frame_Shift_Del
Missense_Mutation
Frame_Shift_Del
Frame_Shift_Del
Frame_Shift_Del
Frame_Shift_Del
Missense_Mutation
Missense_Mutation
Missense_Mutation
Missense_Mutation
Missense_Mutation
Missense_Mutation

Silent

VT
DEL
DEL
DEL
INS
SNP
SNP
SNP
SNP
INS
SNP
SNP
SNP
INS
DEL
DEL
SNP
SNP
SNP
SNP
DEL
DEL
DEL
DEL
DEL
SNP
DEL
DEL
INS
SNP
DEL
DEL
DEL
SNP
DEL
DEL
DEL
DEL
SNP
SNP
SNP
SNP
SNP
SNP
SNP

SIFT Polyphen2

0.01 1
0.01 1
0 1
0 1
0 1
0 1
0 1
1

0 0.999
0 1

0 0.996
0 1
0.01 1
0.01 1
0 1
0 1

0 0.952
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12 104100607 G T PASS STAB2 Somatic  Missense_Mutation  SNP 0 0.999
11 124121061 C A PASS OR8G1 Somatic Silent SNP
12 104100607 G T PASS STAB2 Somatic  Missense_Mutation  SNP 0 0.999

Table 10.2: List of the 47 variants from TCGA Mutect vcf file analysis
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Genes Median Diff W p value
FN1 353701.486 7201 0.00376792 |
TG 218135.677 12504 0.00311069
SLC34A2 61440.0868 7603 0.01416126
FTH1 13899.7015 8009  0.04497247
S100A6 11731.9057 7798  0.0252301
HSP90B1 6575.5353 12560 0.00254107
HSPA5 6524.3576 13254 0.00015395
ITGA3 5908.8077 7406  0.00757069
CALR 5735.3045 12000 0.01638821
ACTG1 5248.7467 7145  0.00308849
MET 4412.7637 7696  0.01874962
PROS1 3831.5854 7787  0.02444859
ZFP36L1 3809.4879 7313  0.00554885
TIMP3 3125.9834 12580 0.00236195
PDIA3 3095.5959 12587 0.00230204
SQSTM1 2997.4883 7167  0.00334083
EGR1 2931.5528 12203 0.00868348
PLVAP 2798.8076 12784  0.0010919
PPL 2674.0898 8035 0.04813132
VEGFA 2563.5843 12142  0.0105602
PPIB 2447.4012 11757 0.03301714
MYH14 2351.8587 7269 0.00477414
APP 2327.8479 11603 0.04977939
RGS5 2324.4882 12538 0.00275238
SPARCLA1 2292.7339 13598 3.12E-05
CPE 2269.2728 12499 0.00316683
A2M 2237.6495 12502 0.00313304
S100A1 2137.4636 7696  0.01874962
TPO 2082.4104 12509 0.00305546
IGFBP7 2051.9799 13042 0.00038443
PABPC1 2045.0202 7217  0.00398558
KCNJ16 2033.7837 12570 0.00245001
TM7SF4 1988.2786 7711 0.0195997
FCGBP 1958.4645 12307 0.00616096
PDK4 1948.5597 11629 0.04652934
DPP4 1875.6236 7350 0.00628623
MucC1 1760.1563 7739  0.0212789
VAT1 1682.1978 6767 0.00073518
EPAS1 1633.0726 13264 0.00014726
AHNAK2 1608.0723 7571  0.01282921
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Table 10.3: Median differential RNA expression recurrent patients versus non-recurrent patients

(primary tumour sample) top 40 significant genes.

~ hsa-mir-1179 13170  0.00036003 |
hsa-mir-1233-1 9681 0.00108624
hsa-mir-3649 9681 0.00108624
hsa-mir-554 9681 0.00108624
hsa-mir-648 9681 0.00108624
hsa-mir-145 12652 0.00270044
hsa-mir-3658 9493.5 0.00293778
hsa-mir-139 12619 0.00303868
hsa-mir-455 12617 0.00306038
hsa-let-7b 12598 0.0032736
hsa-mir-363 12557 0.00378054
hsa-mir-556 7413.5 0.00494259
hsa-mir-600 11481 0.00500639
hsa-mir-126 12410 0.00623858
hsa-mir-3074 12384 0.00679957
hsa-mir-100 12328 0.00816446
hsa-mir-1277 7529 0.00910783
hsa-mir-636 7619 0.0097946
hsa-mir-935 12256.5 0.01026014
hsa-mir-221 7585 0.01087612
hsa-mir-548f-4 9516 0.011758
hsa-mir-20b 12132 0.01507391
hsa-mir-513a-2 8303 0.01732066
hsa-mir-3190 7994.5 0.01878554
hsa-mir-3622a 12053 0.01879619
hsa-mir-4284 8397 0.01907757
hsa-mir-190 12052 0.01912891
hsa-mir-3189 7928.5 0.01966642
hsa-mir-3926-1 12016 0.02124198
hsa-mir-3922 7849 0.02342212
hsa-mir-486 11937 0.02661626
hsa-mir-346 11935 0.02676493
hsa-mir-3126 11445 0.02683648
hsa-mir-30c-2 11931 0.02706835
hsa-mir-1294 11885 0.02720769
hsa-mir-200c 7909 0.02838542
hsa-mir-193a 11910 0.02870323
hsa-mir-7-2 11895.5 0.02987934
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hsa-mir-586 9539.5 0.0303763
hsa-mir-133a-1 11886 0.03067512
hsa-mir-195 11851 0.03375874
hsa-mir-491 11844 0.0344063
hsa-mir-1825 9402 0.03483756
hsa-mir-3167 9702 0.03560623
hsa-mir-3646 9702 0.03560623
hsa-mir-3665 9702 0.03560623
hsa-mir-4263 9702 0.03560623
hsa-mir-548i-2 9702 0.03560623
hsa-mir-1185-2 8723 0.035647
hsa-mir-1184-1 9703 0.03649748
hsa-mir-130a 11806 0.03810971
hsa-mir-450a-2 11794.5 0.03929523
hsa-mir-3688 8356 0.04317771
hsa-mir-939 11747.5 0.04444387
hsa-mir-1278 8765 0.04503439
hsa-mir-514-1 8098 0.04714562
hsa-mir-19b-1 8113 0.04900298
hsa-mir-222 8116 0.0493817
hsa-mir-153-2 11705 0.04963555
hsa-mir-23c 11704 0.04974332
hsa-mir-146a 8120 0.04989049
hsa-mir-30b 11703 0.04989049

Table 10.4: Median differential microRNA expression recurrent patients versus non-recurrent patients

(primary tumour sample) all significant miRs (total n=62).
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