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Abstract

Currently, the treatment of differentiated thyroid cancer combines surgical resection of the
tumour and thyroid with post-surgical radioiodide therapy to ablate remaining cancer cells.
Patients may be refractory to radioiodide treatment due to dysregulated expression of the
Na*/I symporter (NIS) or its transport to the plasma membrane of thyroid cancer cells.
Although some studies have achieved increased expression of NIS, mislocalisation of the
protein inside the cell remains common in thyroid tumours. This has led to recent studies
exploring the post-translational processing of NIS, which have revealed therapeutic

opportunities for targeting NIS-interacting proteins to modulate radioiodide uptake.

This thesis appraised the established NIS interactor valosin-containing protein (VCP), as well
as two new binding partners — moesin and annexin Al. Novel strategies for targeting VCP
using the inhibitors CB-5083 and CB-5339 resulted in an increase in radioiodide uptake across
multiple cellular models. Clotrimazole, which has previously been used as a VCP inhibitor but
has limited in vivo utility due to its low bioavailability, was chemically modified. Structural
analogues of clotrimazole demonstrated moderately improved effects on iodide uptake and
improved bioavailability compared to the parent compound. The putative NIS interactors
moesin and annexin A1l were shown to bind NIS via NanoBiT technology and to modulate its
iodide uptake function, providing two entirely novel potential therapeutic targets in

radioiodide refractory differentiated thyroid cancer.
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1.1 The Thyroid and Thyroid Hormones

1.1.1 Thyroid Anatomy

The thyroid is a bi-lobed endocrine organ located anterior to the trachea in the neck (Figure
1A), that functions to synthesise thyroid hormones triiodothyronine (T3) and
tetraiodothyronine/thyroxine (T4). T3 and T4 tightly regulate the metabolic rate of somatic
cells and exert their effects through the thyroid hormone receptors (THR). The anatomy of
the thyroid consists of densely packed spheroid structures called follicles which make up the
functional units of the thyroid. Each follicle is comprised of polarised epithelial cells encircling
a viscous colloid centre (Figure 1.1B). Deep capillary networks supply oxygen and nutrients to
the follicular cells in this highly vascular organ. The central colloid contains the glycoprotein
prohormone thyroglobulin, in its pre- and post- iodinated forms. Polarisation of the follicular
cells allows for spatial separation of proteins that are relevant to thyroid function including
the sodium/iodide symporter (NIS) and pendrin which function as basolateral and apical
iodide transporters, respectively (Carrasco, 1993; Royaux et al., 2000; Scott et al., 1999). The
thyroid hormone transporter monocarboxylate transport-8 (MCT8) is also found on the
basolateral, capillary-facing membrane to transport thyroid hormone out of the follicular cell
and into systemic circulation (Friesema et al., 2003). Parafollicular cells lie adjacent to the
follicles in the connective tissue matrix and secrete calcitonin which regulates calcium

homeostasis.
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Figure 1.1 The structure of the thyroid gland and substructure of thyroid follicular cells.

(A) The posterior view of the thyroid gland displaying the parathyroid glands located

behind.
The production of thyroid hormones is regulated by the hypothalamic-pituitary-thyroid axis
(Figure 1.2). Thyroid hormone (TH) synthesis is initiated by release of thyrotropin-releasing
hormone (TRH) from the hypothalamus which is first produced as a pro-peptide before
undergoing post-translational modifications to form a functional tripeptide. TRH travels
through axon terminals in the brain to the median eminence where it enters the capillary
circulation supplying the pituitary and acts on the anterior pituitary to stimulate release of
prolactin and thyroid stimulating hormone (TSH) (Harris et al., 1978). Mutations within the
gene encoding TRH can result in central hypothyroidism in both mice and humans (Collu et

al., 1997; Yamada et al., 1997).
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TSH travels in the circulatory system to the thyroid where it binds to its cognate TSH receptor
(TSHR) triggering an internal signalling cascade (Figure 1.7), which culminates in the
upregulation of master gene transcription factors Paired-Box 8 (PAX8), Thyroid Transcription
Factor-1 (TTF1) and forkhead box protein E1 (FoxE1) via cAMP-mediated signalling (Carvalho
and Dupuy, 2017; Kogai et al., 1997). Collectively, these transcription factors regulate
expression of thyroid specific genes including NIS (SLC5A5), thyroglobulin (TG) and thyroid

peroxidase (TPO) which subsequently aid thyroid hormone synthesis.

Hypothalamus-Pituitary-Thyroid
(HPT) Axis

Hypothalamus

Pituitary
gland

Thyroid

N

Figure 1.2 The hypothalamus pituitary thyroid axis. This axis reqgulates the stimulation of thyroid
hormone synthesis with positive and negative feedback loops. TRH — thyrotropin releasing
hormone; TSH — thyroid stimulating hormone; T3- triiodothyronine; T4- tetraiodothyronine.
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Figure 1.3 depicts the full process of thyroid hormone synthesis beginning with iodide uptake
from the blood and resulting in the secretion of hormones T3 and T4. NIS expression in the
thyroid is key for uptake of dietary iodide from the circulatory system supplying the thyroid.
NIS is synthesised through canonical protein synthesis pathways and trafficked to the
capillary-facing basolateral membrane surface adjacent to capillaries where it has access to
circulating iodide (Dai et al., 1996). lodide accumulates in the thyroid at concentrations over
twenty times higher than plasma levels. A capillary-to-thyroid Na* gradient is maintained by
Na*/K* ATPase pumps on the basolateral membrane to enable uptake of scarce iodide ions
against the concentration gradient (Carrasco, 1993). Simultaneously, the thyroid hormone
precursor protein, thyroglobulin (Tg), is synthesised in the follicular cell and translocated into
the colloid of the follicle by exocytosis. lodide is moved into the colloid at least in part via an
apically expressed iodide transporter, pendrin (Royaux et al., 2000; Scott et al., 1999). In the
colloid, iodide undergoes organification by TPO from monovalent anionic iodide to diatomic
iodine using H.0; generated by the enzyme DUOX2 as a reducing agent. Expression of the
membrane-bound-glycoprotein TPO is under the regulation of TSH signalling. During

organification, the iodine is simultaneously coupled to specific tyrosyl residues on

TPO
thyroglobulin in the following reaction: Tg+ 1~ + H* + H,0, —— (Tg—1) + 2H,0

where a proton is donated by the carboxylic acid group of tyrosine.

Expression of the membrane-bound-glycoprotein TPO is under the regulation of TSH
signalling. lodide-bound-thyroglobulin is taken back into the follicular cell by non-specific
pinocytosis and is hydrolysed into mono/di-iodotyrosine and three different isomers of
thyroid hormone: T3, reverse T3 (rT3) and T4. Cleavage of the iodinated thyroglobulin

polymer into thyroid hormone molecules is biased towards the less biologically active

5
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hormone T4 in an approximately 80:20 ratio (Mortoglou and Candiloros, 2004). T4 is
converted to T3 by de-iodinating enzymes in peripheral tissues, primarily the kidney, liver,
and skeletal muscles (Bianco et al., 2002; Lei et al., 2003). The de-iodinating enzymes D1, D2,
and D3 are responsible for production of T3 in the blood from T4 and clearance of the
metabolically inert rT3. The iodotyrosine compounds are recycled and thyroid hormones are
released from the follicular epithelial cells into the capillary circulation by basolateral
membrane proteins belonging to the monocarboxylate-transporter family of proteins

(Friesema et al., 2003); Figure 1.3).



Chapter 1 General Introduction

Capillary
| - W\/\ Proteolysis
Follicular Cell i R
i |-
(I- |- oA
I- - Sy
Pendrin 4
|
]
I
r
2I-— 12 I
¥
N H" + H;0, — 2 H;0 /
h o Endocytosis
Oxidation and conjugation : S
1 L4
Colloid &° R

Thyroglobulin

Figure 1.3 The process of thyroid hormone biosynthesis. lodide is taken into the follicular cells
from the circulation by the sodium iodide symporter, and organified in the colloid of the follicle
in a reaction in which hydrogen peroxide is reduced and the iodide groups are conjugated to
thyroglobulin chains. The Tg-l is taken back into the follicular cell where it is cleaved into
thyroid hormones T3 and T4 which are transported into the capillaries via MCT8. Na+ - sodium
ions; I- -iodide ions; NIS — Na+/I- symporter; TPO — thyroid peroxidase enzyme; MCT8-
monocarboxylate transporter 8; T3 triiodothyronine; T4- tetraiodothyronine; rT3 — reverse
triiodothyronine.
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1.1.2 Mechanism of Action of Thyroid Hormone

T3 and T4 are poorly soluble and travel in the circulatory system bound to plasma proteins
thyroxine-binding globulin, albumin, and transthyretin. TH receptors have a near-15-fold
higher binding affinity for T3 than T4 and hence T4 is locally modified to T3 by de-iodinating
enzymes in tissues. T3 binds to the TH receptor that mediates changes in expression of genes
containing thyroid hormone response elements (TREs). TREs are made up of two
hexanucleotide AGGTCA half sites separated by four nucleotides present upstream of the
promoter in TH-targeted genes. Thyroid hormone receptors in complex with T3 bind to one
or both sites and may also heterodimerise with the retinoic acid receptor to regulate gene

expression (Zhang and Lazar, 2000).

One of the primary functions of TH is to increase the basal metabolic rate. T3 can stimulate
translocation of Na*/K* ATPase to the membrane and increase its functional activity, raising
ATP and oxygen consumption (Lei et al., 2003). To meet these higher demands in oxygen
consumption, T3 also mediates mitochondriogenesis and thermogenesis through uncoupling
oxidative phosphorylation in the mitochondrial membranes. T3 increases the permeability of
the inner membrane to protons resulting in increased oxidation of respiratory cofactors to
compensate and maintain ATP synthesis homeostasis which subsequently drives heat
production from the TCA cycle (Brand et al., 1992; Kalderon et al., 1995; Kalderon et al., 1992).
Whilst this work was evaluated in rodent models, the effects of TH on mitochondrial
membrane potential are mimicked in clinical observations for patients with subclinical
hypothyroidism and patients with Grave’s disease transitioning from hyperthyroidism to a

euthyroid state (Chng et al., 2016; Kvetny et al., 2010). Thyroid hormones mobilise triglyceride
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lipids from adipocytes and induce degradation via beta-adrenergic stimulated lipolysis
(Haluzik et al., 2003; Hellstrom et al., 1997). TH also has well-documented roles in
carbohydrate metabolism: T3 stimulates gluconeogenesis through increases in genes
regulating this process (Feng et al., 2000). Despite TH stimulating hepatic glucose secretion
through gluconeogenesis, studies have not demonstrated dysregulation of thyroid hormone

signalling in patients with type 2 diabetes (Diez et al., 2011; Gopinath et al., 2008).

T3 and T4 can also have acute, non-genomic pathways through interactions with cellular
enzymes. Non-genomic roles of thyroid hormone include modulation of calcium Ca%* -ATPase
pumps, activation of PI3K and MAPK pathways and acting on the integrin avf33 receptor to
promote translocation of thyroid hormone receptor B from the cytoplasm to the nucleus (Cao
et al., 2009; Galo et al., 1981; Lin et al., 2009). T3 can also interact with integrin on the plasma
membrane to induce cell migration and angiogenesis, which may be critical in the progression
of malignancy (Liu et al., 2014). Indeed, lower T3 levels have been associated with better
outcomes in multiple cancers (Cristofanilli et al., 2005; Nelson et al., 2006). Additionally, the
T4 metabolite and thyroid hormone agonist, tetraiodothyroacetic acid is under investigation
as an anti-metastatic therapy which functions via disrupting the TH-integrin avp3 interaction

(Mousa et al., 2018; Schmohl et al., 2019).

1.1.3 Thyroid Disease States

Thyroid dysfunction can arise for a variety of reasons. (Table 1) defines the biochemical
definition for the different states of thyroid dysfunction. Thyrotoxicosis is a condition of

thyroid hormone excess due to any physiological cause, while hyperthyroidism refers to
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thyroid hormone excess specifically due to overproduction by the thyroid gland; however,
these terms are sometimes used interchangeably in the literature. Hyperthyroidism is
characterised by an increase in the basal metabolic rate, cardiovascular symptoms, and
sympathetic nervous system symptoms. Typical clinical presentation includes shortness of

breath, atrial fibrillation, unexplained weight loss, anxiety, or tremor.

The most common cause of hyperthyroidism is the autoimmune condition Grave’s disease.
Grave’s disease arises due to production of antibodies against the TSH receptor which hyper-
stimulate the thyroid gland to secrete above-normal levels of thyroid hormone, as outlined in
(Table 1). Grave’s disease can also lead to sight-threatening orbitopathy characterised by a
variety of ophthalmological symptoms including eyelid retraction, photophobia, oedema and

corneal ulceration (Bahn, 2010).

Condition Thyroid Stimulating Hormone Thyroid Hormones
Overt Hyperthyroidism < 0.1mlU/L or undetectable Elevated T4 or T3
Overt Hypothyroidism > 4.5 mlU/L Low T4
Subclinical TSH< 0.1 mIU/L, Normal T4 and T3
Hyperthyroidism clearly low
0.1 mIU/L <=TSH < 0.4 mIU/L, low Normal T4 and T3
but detectable
Subclinical 4.5 mIU/L < TSH <10 mIU/L, mildly Normal T4
Hypothyroidism elevated
TSH >=10 mlU/L, Normal T4

markedly elevated

Table 1-1 The biochemical definition of thyroid dysfunction. Adapted from (Rugge et al.,
2015).

10
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Hypothyroidism can be a result of lack of production of thyroid hormone by the thyroid gland
(primary hypothyroidism) or lack of pituitary or hypothalamic hormones resulting in lower
stimulated release of thyroid hormones from the thyroid (central hypothyroidism). Primary
hypothyroidism is more common and can result from other diseases including Hashimoto’s
Thyroiditis (HT). Hashimoto’s is an autoimmune disease arising from production of antibodies
against thyroid proteins such as Tg, TPO, and TSH, leading to diminished thyroid hormone
production. The sustained immune response observed during HT can lead to enlargement of
the thyroid into goitre. Hypothyroidism typically presents with symptoms including
unexplained weight gain, sleep apnoea, changes in motor activity (El-Shafie, 2003) and can be
treated using synthetic thyroid hormone analogues, firstly levothyroxine (synthetic T4) which
more closely mimics the physiological state of T4 bias but liothyronine (synthetic T3) can be

administered in case of levothyroxine intolerance.

1.2 Thyroid Cancer

1.2.1 Classification of Thyroid Cancer

Carcinomas arise from tumour formation from epithelial cell layers and thyroid carcinomas of
follicular cell origin can be classified into 2 main groups: well-differentiated and poorly-
differentiated. Well-differentiated thyroid cancers (DTC) include papillary carcinomas and
follicular carcinomas which comprise 80 % and 5-10 % of all thyroid cancer diagnoses,
respectively. Poorly-differentiated thyroid cancers (PDTC) include anaplastic carcinomas
which are highly metastatic and invasive and make up 2-5 % of thyroid cancers (Figure 1.4).

Medullary thyroid carcinomas (MTC) are derived from parafollicular cells which make up the

11
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remaining 5-10 % of thyroid cancer diagnoses (Figure 1.4). A significant proportion of MTC
diagnoses are a result of germline mutations in the RET proto-oncogene while papillary,
follicular, and anaplastic carcinogenesis typically arises from somatic mutations. Sub-groups
of thyroid cancer display characteristic mutational profiles that can determine response to

treatment and overall prognosis, as discussed in section 1.2.3.

Papillary and follicular thyroid cancers have a 5-year survival rate of over 90 %, however these
cancers remain a substantial public health problem given the continued rise in incidence of
differentiated thyroid cancers over recent years (lto et al.,, 2018; Milano, 2018). A
retrospective cohort study of 360 anaplastic thyroid cancer patients calculated a dismal 5-
year survival of 11 % and a median overall survival of nine months (Xu et al., 2020). This study
demonstrated aggressive, advanced cancers have common driver mutations with papillary
thyroid cancer including BRAF and RAS mutations and a higher incidence of mutations in TERT
promoter, PI3K-Akt-mTOR pathway activating mutations, histone methyltransferase and
mismatch excision repair pathways and TP53 mutations. This is consistent with the theory
that anaplastic thyroid cancers arise from differentiated tumours of follicular cell origin after
accumulating further mutations that drive evolution to a poorly differentiated, advanced

tumour (Landa et al., 2016).

12
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Papillary Thyroid Cancer
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lesser extent H/N/K-Ras

S-year survival >90%

Follicular Thyroid Cancer

5-10% all cases

Common Mutations: PI3K-Akt
Pathway, H/N/K-Ras, TERT,
PPARy

5-year survival > 90%

Poorly Differentiated and
Anaplastic Thyroid Cancer

2-5% all cases

- NIS Expression

Common Mutations: TERT, H/N/K-
Ras, BRAF VE0OE

5-year survival ~ 10%

cell

Medullary Thyroid Cancer

5-10% all cases

25% cases have genetic basis
Common mutations: RET
tyrosine

kinase

S-year survival > 80%

Figure 1.4 A summary of the classification of thyroid cancers. There are four distinct groups
of thyroid cancers which display characteristic mutation profiles and 5-year survival prognosis.
Data derived from (A et al., 2011; Abdullah et al., 2019; Duan et al., 2019; Landa et al., 2016).

1.2.2 Incidence and Demographics of Thyroid Cancers Worldwide

The global incidence of thyroid cancer has increased over recent years (Berontiene et al.,

2017; James et al., 2018; Lim et al.,, 2017). This increase has partly been driven by
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developments in diagnostic imaging techniques and the frequency of scanning both of which
can increase the frequency of subclinical findings. However, other factors have been
suggested to contribute to rises in thyroid cancer diagnoses, including rising obesity (Kim et

al., 2015; Marcello et al., 2014; Zhao et al., 2012).

Exposure to ionising radiation is a known risk factor for papillary thyroid carcinoma, which
typically present with RET/PTC rearrangements (Fugazzola et al., 1995; Klugbauer et al.,
1995). Nuclear disasters such as the Chernobyl nucelar power plant disaster resulted in
accumulation of volatile iodide species in the thyroids of nearby populations and there was
significantly increased incidence of thyroid cancer diagnoses for many years after the event

(Drozdovitch et al., 2013).

Rate of thyroid cancer diagnosis in the US by
gender
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Figure 1.5 Gender disparity between males and females diagnosed with differentiated
thyroid cancer. Data downloaded from Surveillance, Epidemiology and End Results (SEER)
Program (1969-2018) (www.seer.cancer.gov/popdata), National Cancer Institute, DCCPS,
Surveillance Research Program, released December 2019.
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Thyroid cancer has a well-documented bias towards female incidence (Figure 1.5). A
randomised study of patients undergoing thyroidectomies and lobectomies observed a 1:2.85
male-to-female ratio for differentiated thyroid cancers overall (Ortega et al., 2004) and 1:3.03
male-to-female ratio for papillary thyroid cancers specifically (Lupi et al., 2007). Interestingly,
a gender disparity was not observed in more aggressive, anaplastic carcinomas, nor in
patients above the age of 80 years old (Kilfoy et al., 2009; Ortega et al., 2004). The prevalence
of thyroid cancer in women peaks between 40 and 49 while men peak at 65 to 69 years of

age (Figure 1.6).

Rate of thyroid cancer diagnosis by age of onset and
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Figure 1.6 A diagnosis of differentiated thyroid cancer typically presents earlier in females
than males. Data downloaded from Surveillance, Epidemiology and End Results (SEER)
Program (1969-2018) (www.seer.cancer.gov/popdata), National Cancer Institute, DCCPS,
Surveillance Research Program, released December 2019.

1.2.3 Molecular Basis of Thyroid Cancer

There are multiple genetic mutations in human cancers which act as gateways to uncontrolled
cell growth and tumourigenesis, and thyroid cancer is enriched for specific mutation driver

events. This includes activation of the mitogen-activate protein kinase pathway (MAPK) via
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mutations in the BRAF or N/H/K-RAS genes, activation of PI3K-Akt-mTOR pathways either
through activating mutations in key pathway proteins or inactivating mutations in the PTEN
negative regulator of the pathway. Additionally, mutations in key tumour-suppressor and

proto-oncogenes including tyrosine kinase RET, TERT and TP53 can all contribute towards

malignancy.
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Figure 1.7 Molecular signalling pathways that contribute to the tumorigenesis and
progression of thyroid cancer. Most thyroid cancers display dysregulation of the MAPK
(orange) pathway with additional mutations found in the PI3K (green) pathway, TP53 loss-
of-function mutations and PPARYy fusion proteins. TSH dysregulation also contributes to a
dedifferentiated phenotype in thyroid cancer. Adapted from Hsiao and Nikiforov, 2014.
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1.2.3.1 BRAFV5%%t Mutation and BRAF Gene Fusion Events

The gain-of-function BRAFV®9%E mutation is the most common driver mutation in papillary
thyroid cancer. This transverse genetic mutation BRAF™7994 resulting in the substitution of a
valine for a glutamic acid on the activation loop of the BRAF protein kinase. BRAFV600F
monomers are capable of dimerising and activating in the absence of upstream Ras signalling,
resulting in a constitutively active signal and high MAPK pathway output (Yao et al., 2015).

Independent studies have measured BRAFV6%t mutation status in approximately 38 — 45 % of
papillary thyroid carcinomas while 47 % of PTC samples in The Cancer Genome Atlas (TCGA)
database for PTC samples harbour BRAFV®9t mutations (Cerami et al., 2012; Gao et al., 2013;

Network, 2014).

BRAF activation results in higher MAPK pathway output (Figure 1.7), which enriches
expression of genes that control entry into the cell cycle and proliferation (Brunet et al., 1999;
Network, 2014). BRAF activation by gene fusion events have been recorded in a small number
of thyroid cancer cases and display increased MAPK transcriptional output. BRAF and non
BRAF-fusion driven cancers were typically detected in younger papillary thyroid cancer
patients, an observation which is recapitulated in poorly differentiated and anaplastic thyroid
cancers (Landa et al.,, 2016; Network, 2014). BRAF fusion events involved chromosomal
rearrangements with LMO7, MKRN1, FAM114A2 and AGK and most fusions conserved the
kinase domain of BRAF (He et al., 2018; Network, 2014). There is an expansive spectrum of
mechanisms behind BRAF activation, which only serves to highlight the importance of this
oncogene to thyroid tumourigenesis. Here, the most common activation mutation, BRAFV600E,

is discussed.
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BRAF mutation status is associated with the aggressiveness of disease. While small studies
have suggested the BRAFY6%E mutation in papillary thyroid cancer is observed more
commonly in males than in females (Nakayama et al., 2007; Xu et al., 2003), this has not been
observed in larger patient cohorts such as the TCGA or meta-analyses which report non-
statistically significant differences between BRAF mutation status and gender (Lee et al.,

2007; Lupi et al., 2007; Network, 2014).

Multiple mouse models have been generated to study the pathogenesis of BRAFV®%%E-driven
papillary thyroid tumours and to investigate efficacy of new treatments and drug
combinations which can form the basis of human clinical trials. In vivo models of thyroid-
specific expression of BRAFV®0E have been generated by coupling the oncogene to promoters
of thyroid specific genes such as thyroglobulin. In early animal models, this construct resulted
in tumour development, but subsequent tumour dedifferentiation was accompanied by a loss
in expression of thyroid specific genes including thyroglobulin which therefore reduced
expression of the oncogene construct (Knauf et al., 2005; Rusinek et al., 2015). This negative
feedback loop necessitated the development of a new model of thyroglobulin promoter-
driven Cre recombinase with an oestrogen ligand binding domain fusion to enable tamoxifen-
induced oncogene activation of BRAFV®%F, |n 2011, a doxycycline-inducible, thyroid specific
BRAFVY6%%% mouse model showed promising results when treated with small molecular MAPK
inhibitors targeting MEK or BRAFY®F protein including tumour regression and restoration of

radioiodide avidity, discussed in section 1.2.4.4 (Chakravarty et al., 2011).
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1.2.3.2 Ras Mutation

Activation of N-RAS, K-RAS and H-RAS oncogenes was detected in 49 % of follicular thyroid
carcinomas, 28 % of poorly differentiated and 24 % of anaplastic thyroid carcinomas (Landa
et al., 2016; Nikiforova et al., 2003). Despite rarely occurring in classical papillary thyroid
cancer, 30-45 % of follicular variant papillary thyroid cancers harbour activating RAS
mutations demonstrating a bias of Ras activation in follicular patterned tumours. Studies of
thyroid cancer genotypes have found genetic mutations in RAS and BRAF to be mutually
exclusive (Landa et al., 2016; Network, 2014). This suggests that MAPK activation is the
dominant driver in thyroid cancer regardless of the mutational event that is driving
constitutive MAPK signalling, although there are distinct differences between carcinomas
with RAS and BRAF mutations. BRAF signals through the MAPK pathway by phosphorylating
MEK1/2 while Ras phosphorylates Raf kinases and also binds p110a (Figure 1.7). P110a is the
catalytic subunit of PI3K encoded by PIK3CA, thereby Ras additionally signals to effectors of
the PI3K-Akt-mTOR pathway and resulting in differences in the tumour transcriptomes and
behaviours arising from RAS-driven and BRAF-driven tumours. RAS mutations in PTC are more
associated with the preservation of iodine related genes including TG and SLC5A5, and are
less likely to have a radioiodide-refractory phenotype than BRAFY%F _driven tumours
(Durante et al., 2007). Through transcriptomics analysis it has been shown that RAS-driven
tumours typically have a lower flux through the MAPK pathway than BRAFY%¢ tumours
(Network, 2014). This variation in transcriptional output may be due to negative feedback
mechanisms further down the MAPK pathway which are abrogated by the BRAFV6%F mutation

but preserved in RAS mutant tumours.
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Under normal signalling conditions, activation of Ras is dependent on by binding by GTP and
subsequent hydrolysis of this nucleotide to GDP inactivates Ras. Ras-activating mutations
typically fall in codon Q61 which results in inhibition of the autocatalytic GTPase function and
permanently GTP-bound, active Ras. In some tumours, mutation of codon G12 in Ras also
results in protein with an increased affinity for GTP and a bias towards the active isoform.
NRAS®? mutations are more common than KRAS or HRAS in thyroid cancers (Gupta et al.,
2013; Lemoine et al., 1989).

Despite RAS mutations being the most common oncogenic drivers in human cancer overall,
targeted pharmacological inhibition of Ras has been challenging. Currently, an siRNA-based
treatment for KRAS®?P pancreatic tumours administered by intratumoral injection is under
phase Il clinical trials as one of the first specific anti-Ras drugs (NCT01676259) and it remains
to be seen whether this mechanism of inhibition is effective. This treatment targets the KRAS
isoform while NRAS and HRAS mutations are most frequently found in thyroid cancers; for
this to be translated to thyroid cancer treatment, the treatment would require optimisation
against these specific isoforms. Treatment of patients with advanced thyroid cancer with the
MEK1/2 inhibitor selumetinib demonstrated preferential restoration of iodide uptake in
patients with RAS mutations over BRAFV6%F mutant tumours, indicating MAPK inhibitors may
be effective against RAS-driven thyroid cancer (Ho et al., 2013), also discussed in section

1.2.4.4.

1.2.3.3 PAX8/PPAR-Gamma Fusion

Paired Box Gene 8, or PAXS, is one of three master transcriptional regulators for thyroid
specific genes. In normal thyroid follicular cells, PAX8 is upregulated upon binding of
circulatory TSH to the TSH receptor on the outer membranes of the follicular cell, and is
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essential in embryonic thyroid development and post-natal thyroid function into adulthood
(Mansouri et al., 1998; Marotta et al., 2014). PAX8 works synergistically with the transcription
factor TTF1, as despite both proteins being expressed in extrathyroidal tissues they are only
co-expressed within the thyroid that where they co-operatively regulate thyroid specific gene
expression (Di Palma et al., 2003). PAX8 knock-out mouse models and in vitro PAX8 knock-
down experiments have been used to study downstream target genes of PAX8. These studies
identified genes encoding TG, TPO, SLC5A5 and DUOX2 that are specific to thyroid function
(Di Palma et al., 2011; Ohno et al., 1999; Zannini et al., 1992). Interestingly, multiple studies
also reported PAX8 to modulate expression of genes involved in phosphatidylinositol-3-kinase
and MAPK signalling pathways which are paramount in thyroid tumorigenesis (Di Palma et al.,

2011; Ruiz-Llorente et al., 2012).

The peroxisome proliferator-activated receptor gamma (PPARYy) is a ligand-activated nuclear
receptor family transcription factor which regulates cellular processes such as differentiation
of adipose tissue and insulin sensitivity (Kim and Ahn, 2004; Rosen et al., 1999). PPARy must
heterodimerise with the retinoic X receptor to bind DNA and regulate gene expression
(Chandra et al., 2008). In the PAX8/PPARYy rearrangement, the majority of the PAX8 coding
sequence is fused in frame to the coding exons of PPARy. The resulting fusion protein is
oncogenic and cells transfected with this protein exhibit increased growth rates and
decreased apoptosis which may also accelerate growth (Gregory Powell et al., 2004). The
precise mechanism behind the oncogenic properties of the fusion protein are not clear, but
the presence of another less frequent PPARy fusion protein in thyroid follicular carcinomas-
CREB3L2/PPARy- suggest that the PPARy portion of the protein is necessary for the

carcinogenic activity of the fusion protein (Lui et al., 2008). Although the effect of the fusion
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protein in patients is not defined, in vitro studies of the function of the fusion protein using
xenograft models indicates increased cell growth and decrease apoptosis in cells, but
decreased angiogenesis (Reddi et al., 2010). In addition, PPARy has been reported to have
tumour suppressor properties and it has been suggested that PAX8/PPARYy fusion protein is
oncogenic simply by abrogating the normal anti-tumour function of wild-type PPARy (Raman

and Koenig, 2014).

The PAX8-PPARYy fusion protein driver is more commonly found in follicular thyroid cancers
and is a rare event in papillary thyroid cancer. A study of 88 tumours found 36 % of follicular
thyroid carcinomas harboured the PAX8/PPARy chromosomal rearrangement, and that this
fusion event was predominantly mutually exclusive to follicular carcinomas with RAS
mutations (Nikiforova et al., 2003). The presence of PAX8/PPARy rearrangement in follicular
carcinomas correlates with increased capsular and vascular invasion (French et al., 2003;

Nikiforova et al., 2003).

1.2.3.4 PI3K-Akt-mTOR Pathway

The PI3K-Akt-mTOR pathway also promotes key biological processes including metabolism,
growth, proliferation, survival and motility (Osaki et al., 2004). The pathway is tightly
regulated by the phosphatase PTEN which dephosphorylates the pathway intermediate PIP3,
and prevents downstream signalling (Figure 1.7). A link between the PI3K pathway and
thyroid cancer is demonstrated through the increased incidence of goitre and risk of thyroid
cancer in patients with Cowden syndrome harbouring germline PTEN mutations (Liaw et al.,
1997; Nelen et al., 1997). Activation of PI3K signalling has been shown to reduce NIS
expression at the transcriptional level and inhibition of PI3K signalling is associated with
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increased NIS expression via the upregulation of PAX8 and post-translational regulation of NIS
(Kogai et al., 2008). Inhibition of other components of the PI3K-Akt-mTOR pathway have
yielded varied effects on iodide uptake; inhibition of mTOR does not affect radioiodide uptake
but inhibition of AKT1/2 increases iodide uptake by decreasing iodide efflux and enhancing

iodide affinity to NIS and the rate of iodide transport (Liu et al., 2012).

Phosphatidyl-inositol-3-kinase (PIK3) is an enzyme heterodimer made up of a regulatory p85
and a catalytic p110 subunit and each subunit has multiple variants encoded by different
genes. The alpha and beta variants of p110 are expressed ubiquitously while the delta subunit
is primarily expressed in cells which function in adaptive immunity. PIK3CA encodes the p110a
subunit of the PI3K complex. Although PIK3CA mutations are not commonly observed in
papillary thyroid cancer, they are overrepresented in poorly differentiated and anaplastic
thyroid cancers (ATC). Missense mutations in PIK3CA were identified in 18 % of anaplastic
thyroid cancers and truncating mutations in PTEN were identified in 15 % of ATCs (Landa et
al., 2016). The same dataset showed PIK3CA mutations often co-occur with BRAF mutations
whereas PTEN truncations often co-occur with NF1 mutations in ATC. Mutations in PIK3CA
and PTEN are rarely seen in papillary thyroid cancers implying a role in progression of papillary
carcinoma to less differentiated tumours. This hypothesis is strongly supported by mouse
models showing that induction of PIK3CA is inadequate for initiating tumour formation, but
when co-expressed with the BRAFV6%% driver the observations were faster progression and
histological features typical of anaplastic tumours compared to BRAFY®%E driven tumours
alone (Charles et al., 2014). Another mouse model combining BRAFV%¢ oncogenic driver with
loss of one PTEN allele showed 67 % of mice displayed lung metastases compared to just 22

% of BRAFV6®E only mice (Shimamura et al., 2018). This supports the activation of the PI3K-
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Akt pathway as key to further dedifferentiation and tumour progression. However, as BRAF
activation and PTEN haploinsufficiency are rarely observed in human thyroid cancers this
limits the physiological relevance of the second model. These mouse models also provide
opportunities to investigate drug combinations. For example, melanoma mouse models
currently indicate activation of the PI3K pathway promotes resistance to RAF inhibitors
suggesting dual inhibition of MAPK and PI3K pathways may be a promising combination in
radioiodide refractory or anaplastic thyroid cancer. Despite this combination showing
promising synergistic results in mice (EIMokh et al., 2017), a human trial on patients with
advanced solid-tumours using MEK inhibitor pimasertib and pan-PI3K inhibitor voxtalisib
reported significant toxicities resulting in many cases of dose de-escalation or treatment
discontinuation (Schram et al., 2018). Other early-phase trials have also reported toxicities
and limited efficacy of dual pathway inhibition compared to single- agent treatments (Bardia
et al., 2020; Ramanathan et al., 2020; Shapiro et al., 2020). Further trials into combined MAPK

and PI3K inhibition remain ongoing.

1.2.3.5 RET Fusions and RET/PTC Rearrangements

The first genetic mutation associated with thyroid cancer was the RET/PTC rearrangement
(REarranged during Transfection/Papillary Thyroid Carcinomas) (Nikiforov, 2002). This
chromosomal inversion results in coupling RET tyrosine kinase to the 5’ portion of different
genes, and at least thirteen different fusions have been reported (Nikiforov, 2002; Santoro
and Carlomagno, 2013). The rearrangement activates the RET tyrosine kinase in the absence
of its normal ligand, the glial cell-derived neurotrophic factor (Pierotti et al., 1992). Receptor
tyrosine kinases signal internally through PI3K and MAPK pathways to stimulate cell

proliferation. Aberrant activation of RET results in higher MAPK output and PI3K-Akt-mTOR
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signalling and a similar phenotype to tumours driven by BRAFV®%t and PI3KCA mutations.
PCCL3 cells transfected with RET/PTC have lower TG, TPO and TSHR mRNA, and decreased
iodide uptake (Santoro et al., 1993). In tumours driven by a RET/PTC rearrangement both Tg
and NIS expression in the presence of TSH were decreased, which can be reversed by
introduction of a MEK inhibitor to block downstream components of this pathway (Knauf et
al., 2003). In vitro experiments demonstrated doxycycline-induced expression of RET/PTC
oncogenes act as a weak tumour initiating event that disrupts normal TSH signalling (Wang et
al., 2003). Germline missense mutations in the RET gene, the majority being M918T or A883F,
are a known cause of Multiple Endocrine Neoplasia Type 2, the group of diseases to which
familial medullary thyroid cancer belongs (de Groot et al., 2006). The RETM®8T mutation is

found in half of sporadic MTC cases (Santoro and Carlomagno, 2013).

1.2.3.6 TERT Promoter Mutations

Reactivation of the telomerase reverse transcription (TERT) enzyme is observed in 90 % of
aggressive human cancers (Yuan et al., 2019). The TERT complex uses an RNA template to add
six base repeats making up a telomere onto the overhanging 3’ end of chromosomal DNA,
thus increasing the number of divisions a cell may undergo before replication of the DNA
causes loss of coding regions and genomic instability. Mutations in the TERT promoter (TERTp)
region may drive expression of TERT by acting as de novo response elements for the ETS family
of transcription factors (Bell et al., 2015). The ETS family of transcription factors are a
downstream target of the MAPK pathway, and TERTp mutations are commonly found in
conjunction with MAPK pathway activating mutations in BRAF or RAS. In gastric cancer,
mutations in the proximal promoter region binding sites of transcriptional repressors such as
EBF1 may prohibit binding and result in de-repression of TERT and reactivation of expression
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(Xing et al., 2020). Mouse models used to study global overexpression of wild-type TERT
exhibit tumour formation (Artandi et al., 2002). Despite these models exhibiting lengthened
telomeres, the extent to which the oncogenic properties of TERT reactivation stem from
telomere maintenance rather than an alternative function of inducing telomerase enzyme
activity are still disputed. This is partly because TERT transgenic mice develop neoplasia in
mammary tissues where telomeres are not expected to be short enough to induce

senescence and thus benefit from telomere elongation (Artandi et al., 2002).

TERTp mutations are usually found to be in low frequency and sub-clonal in papillary thyroid
cancer- where there is heterogeneous distribution of these mutations throughout some of
the tumour cells. However, these mutations are found in a much higher frequency in poorly
differentiated thyroid cancers and in anaplastic tumours. In less-differentiated tumours the
TERTp mutation is found to be clonal i.e., present in all cells of the tumour (Landa et al., 2016).
The frequency of TERTp mutations also increases with disease stage and frequency: 9 % of
papillary thyroid carcinoma, 40 % of poorly differentiated thyroid cancer and 73 % of
anaplastic thyroid cancers (Landa et al., 2016). In this study, TERT mutation was a strong
predictor of development of distant metastases and mortality, with an average survival of 147
days versus 732 days in ATC patients without TERTp mutation. TERTp mutations frequently
co-occur in with TERT copy number alternations in later stage tumours which further amplifies
TERT expression (McKelvey et al., 2020). The preference for cells harbouring TERTp mutations
and copy number variations as cells dedifferentiate indicates reactivation of TERT-mediated
limitless replicative potential and avoidance of senescence is key to maintaining the growth

and survival of highly aggressive tumours.
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Multiple studies indicate that the acquisition of a TERTp mutation in a BRAFV®%_driven
tumour confers an increased risk of recurrence and aggressive tumour characteristics. A
retrospective review of 25 well differentiated, locally-advanced thyroid tumours identified
twelve samples with co-occurring TERT promoter and BRAF mutations of which eight patients
experienced recurrent disease, with a data-derived recurrence rate of 58.3 % versus 47.4 %
(BRAFV®9%E only) or 50 % (TERTp mutation only) (Mady et al., 2020). In addition, four out of
the five patients in this cohort who harboured both BRAFV®°%t and TERTp mutation developed
distant metastases. This study supported previous findings that patients with PTC who
displayed co-existing BRAFV®%%F and TERTp mutations had dismal disease free survival and
elevated risk of recurrence compared to patients with either mutation alone (Xing et al.,
2014). This indicates that TERT reactivation on a BRAFV®%¢ background could be considered
as a discrete genetic profile associated with worse outcomes and may be used prognostically
when deciding how aggressively to treat such tumours. The high prevalence of TERTp
mutations in advanced cancers such as ATC suggests that initial mutations in pathways
governing cell proliferation - such as BRAFY®%F or RAS mutations - are sufficient in initiating
tumourigenesis and sustaining early-stage tumour growth, but require additional mutations,

such as TERT reactivation, to transform to more aggressive malignant states.

1.2.3.7 Additional Oncogenes Associated with Thyroid Cancer

Thyroid cancers with substantial loss of thyroid specific gene expression, such as SLC5A5, are
considered more aggressive and difficult to treat with radioiodide. Therefore, changes in gene
expression that indirectly affect function of NIS also contribute to the pathogenesis of thyroid
cancer. Pituitary-tumor-transforming-gene Binding Factor (PBF) was identified as the first
functional interactor of NIS and mediates its internalisation into intracellular vesicles (Smith

27



Chapter 1 General Introduction

et al., 2009). Both PBF and its partner pituitary-tumor-transforming-gene (PTTG) are
oncogenic in thyroid cells and have been shown to inhibit iodide uptake in vitro (Boelaert et
al., 2007; Kim et al., 2006; Stratford et al., 2005). Consequently, patients with elevated PBF
expression display more aggressive tumour characteristics including higher recurrence, DNA
damage and a correlation with positive BRAFY®%%F mutation status (Read et al., 2017; Stratford
etal., 2005). Two other functional interactors of NIS, ARF4 and VCP, as well as the implications
for thyroid cancer aggressiveness and the response to treatment will be discussed in Section

1.3.6.

Both the PI3K-Akt-mTOR pathway and the MAPK pathway may be stimulated by TSH
(Pomerance et al., 2000; Suh et al., 2003). As such, hormones which stimulate TSH secretion
from the pituitary have also been implicated as pro-tumourigenic. This includes human
chorionic gonadotrophin produced during pregnancy and TRH in the post-partum period
which may account for the strong female bias in thyroid cancer development (Amino et al.,
1981; Rahbari et al., 2010; Yoshimura and Hershman, 1995). In addition, TSH and chorionic
gonadotrophin share 40 % sequence homology of protein primary structure and can cross-

react with the opposite receptor (Kraiem et al., 1994).

1.2.4 Diagnosis and Treatment of Thyroid Cancer

Patients who present with suspected thyroid cancer will undergo a fine needle aspiration
(FNA) biopsy to confirm diagnosis by histopathology. Blood tests to measure TSH, T3 and T4
levels can be used to indicate a diagnosis of hypo or hyperthyroidism but cannot conclusively
diagnose a carcinoma. If the FNA biopsy also proves to be suspicious of cancer, a

hemithyroidectomy is generally performed for histological confirmation. A
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hemithyroidectomy involves removal of either the right or left thyroid lobe under general

anaesthetic and the specimen is examined to confirm or exclude thyroid cancer.

1.2.4.1 Surgical Resection and Radioiodide Ablation Therapy

Upon the diagnosis of thyroid cancer, a complete thyroidectomy is performed to remove the
remaining thyroid lobe and carcinoma. Diagnosed individuals who undergo a thyroidectomy
are required to take lifelong T4 supplements to maintain systemic thyroid hormone action.

The birth of nuclear medicine began in the 1940s with animal studies and small case-studies
describing use of 1*?8 and 130 to study iodide uptake in the thyroid and to treat thyroid
disorders (Keston et al., 1942; Sawin and Becker, 1997). In 1946, two seminal papers were
published reporting the use of iodide radioisotopes to treat Grave’s disease-associated
hyperthyroidism (Chapman and Evans, 1946; Hertz and Roberts, 1946). In the following years,
the use of a cyclotron to generate a more stable 1*3! isotope expanded use of this novel
therapy to patients with thyroid carcinomas (Seidlin et al., 1948). Currently, the British
Thyroid Association guidelines recommend post-operative treatment with 1*3! for patients
with tumour >4 cm, with presence of gross extrathyroidal invasion and/or distant metastasis.
Injections of recombinant human TSH are administered in the 48 hours prior to radioactive
iodine to increase uptake. Radioiodide uptake usually induces ablation of residual thyroid

cancer cells and micro-metastatic disease.
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1.2.4.2 Radioiodide-Refractory Thyroid Cancer

Up to 15 % of DTC patients and 50 % of metastatic DTC patients are refractory to radioiodide
therapy, a complication of thyroid cancer that is associated with poorer outcomes (Sciuto et
al., 2009; Worden, 2014; Xing et al., 2013). Using conventional FDG-PET/CT imaging,
radioactive iodide uptake can be verified (Figure 1.8). Patients display darker regions where
there is overt iodide uptake. In patients without cancer this would typically be seen in the
stomach, bladder, salivary gland, and thyroid. Uptake in the thyroid suggests patients are
more likely to respond to radioiodide treatment. This imaging modality may also be used to
identify local and distant metastases, as demonstrated by red arrows in (Figure 1.8, panel A).
Typically, if a patient does not respond to radioiodide therapy, there is no obvious uptake in
the lower neck region corresponding to thyroidal uptake (Figure 1.8, panel B). Patients with
radioiodide refractory thyroid cancer are considered to have more aggressive disease due to
the dedifferentiation of the carcinoma resulting in lack of NIS expression and therefore NIS-

mediated iodide uptake.
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1.2.4.3 Approved Treatments for Radioiodide Refractory Thyroid Cancer

Figure 1.8 Anterior and posterior radiological imaging of a female patient with metastatic
papillary thyroid cancer using a I'?? tracer to assess radioiodide avidity of the tumours. Red
arrows in Panel A show examples of radioiodide-avid lesions in the neck and lung area and
residual thyroid tissue which were subsequently treated with radioiodide. After disease
progression, the same patient in panel B did not display uptake of 1*?3 tracer in keeping with
radioiodide-refractory disease. Adapted from (Lengana et al., 2019).

Multiple anti-cancer drugs have undergone, and are currently undergoing, randomised
controlled trials to assess their efficacy in a radioiodide refractory thyroid cancer setting.
Patients who experience progressive disease after the trifecta of surgical resection,
radioiodide therapy and TSH suppression therapy may be offered tyrosine kinases as further
treatment. In 2018, the UK’s National Institute for Health and Clinical Excellence (NICE)
approved the multikinase inhibitors lenvatinib and sorafenib for treating progressive, locally
advanced, or metastatic DTC. These decisions were based on data from the SELECT and

DECISION trials, respectively (Brose et al., 2014; Schlumberger et al., 2015). These drugs
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remain the only post-radioactive iodide treatment options for patients with differentiated
thyroid cancer. Lenvatinib inhibits ligand binding to the receptors VEGFR1, 2 and 3, FGF1, 2,3
and 4 and PDGFR alpha receptors for vascular endothelial growth factor (VEGF), fibroblast
growth factor (FGF) and platelet-derived growth factor (PDGFR) (Matsui et al., 2008).
Sorafenib is also active against the VEGF and PDGFR receptors and also RET and RAF kinases

(Wilhelm et al., 2008).

Other treatment strategies are currently under evaluation in randomised controlled trials
including targeting PPARy with bexarotene (NCT00718770) and the PDL-1 receptor with
monoclonal antibody therapy pembrolizumab (NCT02688608), but these studies have not yet
reported clinical findings. Combinations of multikinase inhibitors that simultaneously target
multiple components of the MAPK pathway are described in more detail in section 1.2.4.4.

There are no approved treatment options specifically for anaplastic thyroid cancer in the UK
and patients are offered radiotherapy and/or chemotherapy. Vandetanib and cabozantinib
are both approved treatments for medullary thyroid cancer and offered to patients on the
NHS through NICE technology appraisals 463 and 550, respectively. The outcome of medullary
thyroid cancer is not affected by radioiodide treatment as this carcinoma arises from

parafollicular cells which neither uptake iodide nor synthesise thyroid hormone.
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1.2.4.4 Targeting the MAPK Pathway in Thyroid Cancer

As a result of the prominent role BRAFV®9 and RAS mutations play in thyroid cancers,
inhibition of the MAPK pathway has been an attractive therapeutic target for many years. A
doxycycline inducible BRAFV6%F mouse model generated by Chakravarty et al demonstrated
induction of the oncogene resulted in high grade papillary thyroid tumours with features of
poorly differentiated cancer (Chakravarty et al., 2011). In this model, both withdrawal of the
BRAFV69E jnduction and inhibition of the protein with small molecular MAPK inhibitors was
enough to restore NIS expression on the basolateral membrane of the mouse thyroids (Figure

1.9), and to make the mice susceptible to 13! induced DNA damage.
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Figure 1.9 Treatment with MAPK inhibitors may restore NIS expression at the plasma
membrane. Top panel shows restoration of NIS protein (brown) at the plasma membrane of
thyroid tissue extracted from dox-inducible BRAF%F transgenic mice, after doxycycline
withdrawal. The lower panel shows similar effect of NIS staining at plasma membrane after
treatment with small MAPK inhibitors PLX4720 and PD901. Adapted from Chakravarty et al, 2011.
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These experiments provided preclinical evidence that inhibition of the MAPK pathway may
restore radioiodide avidity in humans and paved the way for a randomised clinical trial using
the MEK1/2 inhibitor selumetinib on patients with metastatic thyroid cancer NCT00970359).
This trial resulted in only four out of nine patients with BRAFV6%% driven cancer displaying an
increase in iodide uptake whereas all five patients with NRAS mutations showed increased
1131 avidity (Ho et al., 2013). While this contrasted with the murine data, it was proposed that
MAPK activation by BRAFV6%F was so strong that selumetinib was unable to inhibit the
pathway, as compared to NRAS-mutant tumours. Additionally, treatment of thyroid
carcinomas with MAPK inhibitors was shown to promote activating mutations in other
tyrosine kinases, including the human epidermal growth factor receptor 3 (HER3) which signal
via PI3K-Akt-mTOR signalling (Montero-Conde et al., 2013). In this mechanism, HER3
activation relieves the MAPK signal blockade and drives resistance to MAPK inhibitors. Further
trials with other MAPK inhibitors demonstrated a restoration of iodide uptake at similar rates
of success for BRAFY®0F driven tumours. Treatment with dabrafenib restored avidity in six out
of ten patients (Rothenberg et al., 2015) (NCT01534897). A larger scale study of 51 patients
with BRAFV%E _driven PTC showed the specific BRAFV®%% inhibitor vemurafenib induced a
partial response in 38.5 % of patients who had not received prior treatment with a VEGFR
inhibitor (Brose et al., 2016) (NCT01286753). In 2015, seven patients with BRAFV®%E anaplastic
thyroid cancer were treated with vemurafenib. Of this small cohort, one patient achieved a
complete response, another displayed partial response, but four patients developed
progressive disease, while data on the final patient were missing (Hyman et al., 2015)
(NCT01524978). In the same trial, patients with BRAFY6%F mutant cutaneous melanoma
responded more positively to vemurafenib, again showing that a common oncogenic driver

does not equate to drug response in different cancers.
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To enhance the response to MAPK inhibitors and reduce drug resistance which may evolve, a
double-agent treatment with the BRAF inhibitor dabrafenib and the MEK1/2 inhibitor
trametinib was developed, and demonstrated a robust response in a 2017 trial on sixteen
patients with anaplastic thyroid cancer (Subbiah et al., 2018). In 2018, this treatment strategy
received approval from the United States Food and Drug Administration (FDA), which marked
the first authorisation for MAPK inhibitors in any thyroid cancer setting (NCT02034110). This
drug combination is not currently approved by the UK’s Medicine and Healthcare Regulatory

Agency (MHRA), and therefore is not offered to NHS patients.

Although the last decade has shown significant progress in targeting the molecular pathways
of thyroid cancer, and in some cases improving tumoural iodide uptake, it is clear that the
complexities of this disease are not yet fully understood. Further investigations into the key
requirements for iodide uptake in thyroid tumours and the effect of combinatorial drug

approaches on tumour growth will likely underpin future treatment of thyroid cancer.

1.3 The Sodium/lodide Symporter

1.3.1 NIS Function

The sodium-iodide symporter (NIS) is encoded by the SLC5A5 gene located on the short arm
of chromosome 19. The cDNA of the gene was first cloned in 1996 allowing further
characterisation of the protein (Dai et al., 1996). NIS is a 618 amino acid membrane protein
with 13 transmembrane helices and multiple asparagine residues which undergo N-linked
glycosylation (Figure 1.10). The N-terminus of NIS is extracellular and the COOH terminus is

cytosolic (Levy et al., 1998). NIS mediates active iodide transport in the thyroid and in some
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non-thyroidal tissues including the stomach and salivary glands. In the latter two tissues, the
function of the iodide transporter is not fully known but is thought to move iodide from the
blood into the gastrointestinal tract to be reabsorbed in the small intestine for iodide-

conserving purposes (Nicola et al., 2009).

In addition to transporting iodide, NIS actively transports perchlorate and perrhenate ions
(ClIOs and ReOs) and other monovalent anions. The ClOs4 anion is typically used as a
competitive inhibitor for iodide ions in in vitro radioiodide uptake experiments to control for
non-NIS mediated iodide uptake, for example through non-specific halide channels. NIS
transports different ions in different stoichiometries. Na* and | are transported in a 2:1
stoichiometry and Na*and ClO4™ are transported in a 1:1 stoichiometry (Dohan et al., 2007,
Eskandari et al., 1997). Binding of the Na* and I ions are sequential, with the cation binding
first to induce a small conformational change that facilitates anion binding (Eskandari et al.,

1997).

The first reported mutation in SLC5A5 resulting in defective iodide transport was T354P which
was identified in eight Japanese patients presenting with a variety of symptoms including low
iodide uptake in absence of iodide excess, diffuse goitre and apparent or latent
hypothyroidism (Matsuda and Kosugi, 1997). Initially, a mutation at G93R was identified as a
compound heterozygous germline mutation (G93R/T354P) in a 22-year-old male patient
presenting with goitrous hypothyroidism and an iodide-transport defect. G93R and G543E
mutations result in minimal iodide transport while the G93E/Q mutant transport Na* and
perchlorate in a 2:1 stoichiometry as opposed to its’ normal electroneutral transport (Kosugi

et al., 1998; Paroder-Belenitsky et al., 2011). Further analysis of the G93 residue suggested it
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has a role in coordinating the conformational change between the outwardly facing and
inwardly facing open cavity and the Kn(I") of NIS (Paroder-Belenitsky et al., 2011). In addition,
a single allele of wild-type NIS is sufficient to maintain iodide uptake and hence these
mutations are only pathogenic in patients who display homozygous or compound

heterozygous mutant alleles of SLC5A5.

Itis the iodide importing function of NIS that is exploited by post-adjuvant radioiodide therapy
in DTC patients. As mentioned in section 1.2.4, UK patients with thyroid cancer will typically
be offered a full thyroidectomy and suspicious lymph node removal followed by post-surgical
radioiodide therapy with beta emitting 1*3! to ablate residual malignant cells and micro-
metastatic disease. Papillary thyroid cancer cells are morphologically different from normal
follicular epithelial cells and can lose their polarised organisation, leading carcinomas to
display a spectrum of avidity for radioiodide uptake (Guo et al., 2014; Ma et al., 2014). Despite
this, the success of radioiodide therapy relies on both the expression of NIS, and its trafficking

to the basolateral membrane, which will be discussed in section 1.3.5.

Feng et al were the first to propose an alternative non-pump function of NIS when they
reported a role for cell migration in cells that overexpress hypoglycosylated, cytoplasmic NIS
via activation of RhoA GTPase. In this study, overexpression of NIS in thyroid cells resulted in
a pro-migratory phenotype which was dependent on RhoA activation by the Rho-guanine
nucleotide exchange factor LARG. Additionally, activation of the PI3K-Akt-mTOR signalling
was associated with localisation of NIS in the cytoplasm rather than plasma membrane and
this was also shown to be dependent on LARG. Data indicated that the effects of NIS

localisation were associated with changes in the glycosylation state of NIS- with PTEN

37



Chapter 1 General Introduction

knockdown resulting in decrease glycosylated NIS. NIS is known to be glycosylated at three

sites when performing its canonical pump function (Figure 1.10).

Extracellular

Intracellular

1 - Sequence Numbers 643
| - Transmembrane Domains
| - ExM Domains

A— N-linked glycosylation sites

Figure 1.10 The structure of the sodium/iodide symporter protein. 13 transmembrane domains and
a C-terminal intracellular tail to which interacting proteins have been shown to bind. N-linked
glycosylation sites are situated on the extracellular loops of the protein. Adapted from Hingorani et
al 2010.
Feng et al postulated that loss of N-linked glycosylation results in a cytoplasmic NIS-LARG
interaction which stabilises the protein and the downstream effects of this interaction include
enhanced cell migration (Feng et al., 2018). PTEN knockdown alleviates the negative
regulation of the PI3K-Akt-mTOR pathway enabling higher pathway flux, a phenotype also
seen in RAS-driven thyroid tumours. Thyroid carcinomas more commonly display loss of NIS
expression over mislocalisation of NIS to the cytoplasm, however here it was demonstrated

that cytoplasmic NIS may generate a pro-tumourigenic cell migratory phenotype in tumours

with activated PI3K signalling.
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1.3.2 NIS Structure

In lieu of a resolved crystal structure of NIS, a 3-D homology model based on the Vibrio
parahaemolyticus sodium/galactose transporter, vSGLT, has been used as a template to
identify key amino acid residues relating to structure and function (Paroder-Belenitsky et al.,
2011). Despite having only 27 % sequence homology between NIS and vSGLT, many Na*
transporter proteins- including both NIS and vSGLT- display the same fold as a way of
coordinating Na* substrate binding. This shared critical fold is sufficient to provide
mechanistic information on NIS and was used to investigate NIS dimerisation (Thompson et

al., 2019).

NIS was proposed to dimerise following observation of a high molecular weight band (135
kDa — 180 kDa) on Western blots generated from co-immunoprecipitation experiments. NIS
was confirmed to dimerise in vitro via the residues Y242, T243 and Q417 (Thompson et al.,
2019). Mutation of these residues has a varied effect on the ability of NIS to uptake iodide,
and uptake was significantly reduced when two or more of these sites were mutated. The
chronology of NIS dimerisation with other post-translational protein modifications such as

glycosylation and the functional relevance of dimerisation are not yet understood.
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Figure 1.11 The proposed structure of dimeric NIS. 8 key residues at the interface between two
monomers are hypothesised to aid formation of the dimer of which Y242, T243 and Q417 were
shown to be critical for dimerisation. Adapted from Thompson et al, 2019.

NIS has been reported to have four key phosphorylation sites which affect functionality.
Phosphorylation at Thr-577 was shown to be important in protein stability, pSer-43 and pSer-
581 affected the velocity of iodide transport, and pThr-49 affected the conformation of NIS
at the plasma membrane (Vadysirisack et al., 2007a). The kinases and phosphatases that
regulate these phosphorylation events have not been identified, nor it is known how
phosphorylation at these sites might be aberrantly regulated in cancer or whether this may

affect radioiodide uptake.

1.3.3 Epigenetic Regulation of NIS

SLC5A5 expression is largely contained to the thyroid, stomach, and salivary gland tissues.
However, certain non-thyroidal tumours have been shown to have elevated intracellular NIS

protein including breast and prostate cancers as well as some metastases originating from
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these primary cancers (Renier et al., 2010; Wapnir et al., 2003). This has led to research into
non-canonical, tumour promoting properties of NIS which may function independently of its
iodide pump role. It has been proposed that mislocalisation of NIS to the cytoplasm allows
interactions with different proteins and results in non-pump functions of NIS as discussed in

section 1.3.1 (Feng et al., 2018).

As part of the hypothalamus-pituitary-thyroid axis TSH regulates the expression of NIS on an
mRNA and protein level (Figure 1.2). The addition of TSH to media of thyroid cells stimulates
an increase in NIS mRNA expression from 3 hours post-addition, peaking at 24 hours and
resulting in an accompanied increase in iodide uptake (Kogai et al., 1997). Activated TSH
receptors stimulate iodide uptake via cyclic-AMP pathways which modulate PKA (Figure 1.7),
although this cannot be recapitulated by exogenously increasing cAMP with the potent
adenylyl cyclase activator forskolin, indicating that TSH-induced iodide organification is more

complex than just cAMP signalling (Totsuka et al., 1983).

NIS is expressed in lactating breast tissue to accumulate iodide in the milk for thyroid
hormone synthesis in newborns. However, NIS expression in breast cancers is TSH-
independent (Tazebay et al., 2000). Notably, increased cytoplasmic NIS in breast cancer is
associated with higher malignancy in cell lines and poorer patient prognosis (Chekhun et al.,
2017; Lukianova et al., 2016). NIS has an oestrogen-response element in its upstream
promoter region which is a possible explanation for above-normal levels of NIS expression in

oestrogen-driven breast cancer.

41



Chapter 1 General Introduction

Micro-RNAs (miRNAs) are non-coding RNA oligomers which bind to the 3’ untranslated region
of mRNA and have been shown to both promote degradation and prevent translation of
MRNA. Synthesis of micro-RNAs is mediated by the DICER endoribonuclease complex.
Mutations in DICER underpin DICER1 syndrome, characterised by a higher lifetime risk of
endocrine cancers and benign tumours. This substantiates the association between RNA
processing and thyroid tumourigenesis and has prompted studies into how miRNAs affect the
characteristics of thyroid malignancy. The micro-RNA profile of a cancer cell often diverges
from its non-malignant counterpart and up or down regulation of specific miRNAs can lead to
dysregulation of SLC5A5 expression and a reduction in iodide uptake. miR-146b-3p, miR-
146b-5p and miR-339-5b have all been demonstrated to bind to NIS mRNA and reduce iodide

uptake via impaired translation (Lakshmanan et al., 2015; Riesco-Eizaguirre et al., 2015).

Expression of the SLC5A5 gene is also known to be suppressed by the MAPK pathway via a
two-factor mechanism involving both promoter methylation and histone deacetylation (Choi
et al., 2014; Zhang et al., 2014). Inhibition of the MAPK pathway temporarily relieves SLC5A5
silencing and restores responsiveness to radioiodide in mouse and human studies (Brose et
al., 2014; Chakravarty et al., 2011). As mentioned in section 1.2.4.4, efficacy of MEK and BRAF

inhibitors are being explored as a therapeutic strategy for RR-DTC.

1.3.4 Therapeutically Inducing NIS Expression in vitro and in vivo

The clinical trials of MAPK inhibitors described in section 1.2.4.4 showed restoration of iodide
uptake in primary and metastatic lesions in some patients. Globally, further trials have sought

to target NIS expression directly to improve radioiodide uptake. Epigenetic silencing of the
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SLC5A5 gene is seen ubiquitously across advanced thyroid cancer and histone deacetylation
of the SLC5A5 promoter can be driven by BRAFV®?F (Zhang et al., 2014). Histone deacetylase
inhibitors (HDACi) have been studied to reintroduce NIS expression in thyroid cells. The
HDACi suberoylanilide hydroxamic acid (SAHA), works well in vitro to increase expression of
SLC5A5 (McCabe Group, unpublished data (Wachter et al., 2018; Zhang et al., 2014). In 2008,
19 differentiated and medullary thyroid cancer patients with radioiodide refractory disease
were treated with SAHA, but this trial did not demonstrate any decrease in tumour growth in
response to this treatment (Woyach et al., 2009); NCT00134043). However, this study was
not designed to test the avidity of radioiodide after treatment, and only three patients in the
cohort had post-treatment radioiodide scans of which one patient displayed increase uptake.
Given the strong response of radioiodide uptake after treatment with SAHA in vitro, clinical
trials specifically testing the response to radioiodide therapy after pre-treatment with SAHA
may offer better results in thyroid cancer patients than utilising SAHA to reduce tumour

growth.

The specific cause and effect of NIS expression and measurable iodide uptake has been used
by the Spitzweg group to induce exogenous NIS expression in non-thyroidal tumours. This
system involves delivering the NIS-encoding SLC5A5 gene to tumour sites in mice via
polyplexes or NIS-expressing mesenchymal stem cells (MSCs) (Urnauer et al.,, 2019) . The
polyplex system uses EGFR-targeting peptides on the surface of the complex to deliver the
genetic material specifically to tumour cells; NIS-expressing MSCs take advantage of the
nature of stem cells to home in on tumour sites and accumulate in the tumour
microenvironment, which may be enhanced by external beam radiation therapy or regional

hyperthermia (Knoop et al., 2013; Schug et al., 2018; Tutter et al., 2020). Radioiodide can then
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be administered and uptake in the tumour region measured using 1*?3 scintigraphy. This
system may also be used to image tumours and metastatic lesions. This strategy offers the
therapeutic potential to enable thyroid-specific iodide uptake to non-thyroidal tumours and

expand the use of radioiodide across multiple cancers.

1.3.5 NIS Trafficking and Dysregulation

Protein trafficking describes the many processes by which newly synthesised proteins are
delivered to the correct membrane or subcellular compartment and recycled back into the
cytoplasm for degradation to be turned over. Disruption in protein trafficking can result in
protein mislocalisation and disturb normal cellular function. In cancer, protein trafficking is
often perturbed and can contribute to malignant characteristics including metastasis and

invasion (Tzeng and Wang, 2016; Yarwood et al., 2020).

In vitro and in vivo studies have so far sought to increase NIS expression in thyroid cancer
cells. However, increases in NIS expression are not consistently accompanied by a rise in NIS-
mediated iodide uptake (Vadysirisack et al., 2007b). This implies that post-translational
processing of NIS is dysregulated in thyroid cancer such that inducing NIS expression does not
correlate with restoration of iodide avidity. Disruption to NIS trafficking has been shown to
occur in differentiated thyroid cancer and negatively affects radioiodide uptake (Fletcher et

al., 2020).

One of the first studies looking into NIS trafficking between the ER and Golgi network to the
plasma membrane identified AP-B1, a subunit of the clathrin adaptor protein y-adaptin/AP1,

as a key determinant of targeted NIS trafficking to the basolateral membrane (Martin et al.,
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2019). siRNA knockdown of both subunits of the y-adaptin/AP1 protein, AP-1A and AP-1B
showed severe mis-sorting of NIS to apical membrane in MDCK polarised cell models although
NIS retained iodide uptake capability (Koumarianou et al., 2014). Computer simulations have
also indicated that AP-1B recognises a conserved mono-leucine based sorting signal in the
intracellular C-terminal tail of NIS. In these experiments, truncation of the NIS C-terminus
from the region proximal to the thirteenth transmembrane domain, which covers this
conserved mono-leucine sorting signal, and resulted in protein that was retained

intracellularly in the ER (Martin et al., 2019).

1.3.6 The Sodium-lodide Symporter Interactome

In a recent investigation into post translational processing and trafficking of NIS, previously
unknown proteins interactors of NIS were identified using co-immunoprecipitation and
tandem mass spectrometry (Fletcher et al., 2020). A shortlist of proteins was generated by
comparing the number of peptides bound to NIS, number of experimental repeats in which
these peptides were detected, and described roles of the peptides in post-translational
protein processing. ADP-Ribosylation Factor 4 (ARF4) and valosin-containing protein (VCP)
were studied from this shortlist and their role in NIS trafficking was further explored (Fletcher
et al 2020). ARF4 was demonstrated to positively modulate NIS trafficking to the plasma
membrane while VCP was shown to mediate degradation of NIS by ER-associated degradation
as further discussed in Chapter 3. The original data from the mass spectrometry experiments
identified moesin and annexin Al as putative NIS interactors in the plasma membrane

fraction of the cell lysate which is further discussed in Chapter 5 (Fletcher, 2018); Table 1-2).
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Entrez Gene ID Whole Cell/ Plasma | Average Number of
Membrane Fraction | Scores Peptldes

NIS HUMAN Na*/I- Symporter Both 284.6

ARF4_HUMAN ADP-ribosylation Factor 4 Plasma Membrane 121.9 13
Only

VCP_HUMAN Valosin Containing Whole Cell Only 161.0 12

Protein/p97

MSN_HUMAN Moesin Plasma Membrane 76.3 3
Only

ANXA1 HUMAN Annexin Al Plasma Membrane 157.6 7
Only

Table 1-2 Mass spectrometry list of NIS and putative interacting proteins including moesin
and annexin A1 from MDA-MB-231 cell stably expressing NIS. VCP and ARF4 were validated
as NIS interacting proteins by Fletcher et al 2020. The third column indicates whether a
peptide was identified in the membrane fraction of cell lysates, whole cell lysate or both. The
fourth column indicates average Mascot score,a predictor of the significance of the predicted
peptide binding, the score threshold for validation is >70 and higher scores correlate with
lower chance of random binding. The fifth column indicates number of peptides matched to
the protein which bound to NIS across three biological experimental repeats.

1.3.6.1 ARF4

Through multiple in vitro assays, a small GTPase ARF4 was shown to bind to NIS and modulate
its intracellular movement (Fletcher et al., 2020). This demonstrated the first evidence of
direct interactors of NIS since identification of PTTG1-IP Binding Factor (Smith et al., 2012;
Smith et al., 2009) . Some differentiated thyroid cancers display downregulation of ARF4, a
phenotype that corresponds to a reduction in iodide uptake in vitro. In addition, vesicles on
which NIS was observed to colocalise with ARF4 moved faster than vesicles containing NIS but
not ARF4 (Fletcher et al., 2020). These data indicate that ARF4 is a positive regulator of NIS
trafficking to the plasma membrane. However, there are currently no pharmacological agents
to enhance this interaction to improve trafficking of NIS to the plasma membrane. As with
binding clathrin adaptor proteins, the c-terminal tail of NIS was shown to be important again
in binding ARF4 via a conserved four-nucleotide VAPK motif (Fletcher et al., 2020). This
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demonstrates that the C-terminal tail of NIS contains amino acids binding sites for multiple

protein interactors which facilitate the movement of NIS around the cell.

1.3.6.2 VCP

1.3.6.2.1 VCP Structure and Function

In the aforementioned study on novel NIS interacting proteins, VCP was also demonstrated
to bind to NIS and mediates is degradation (Fletcher et al., 2020). Valosin containing protein
(VCP), also known as p97, is a multimeric protein complex that functions in multiple cell
systems including protein turnover, autophagy, and DNA damage repair (Bodnar and
Rapoport, 2017a; Ju et al., 2009; Wang et al., 2004). This investigation specifically focusses on
the role of VCP in endoplasmic reticulum-associated protein degradation (ERAD), a quality
control process that removes aberrantly folded proteins from the secretory system and

diverts them towards proteasomal degradation.

Monomers of VCP are made up of an N domain, D1 and D2 ATPase domains and a flexible C-
terminal tail (Figure 1.12A). Six monomers are arranged to form a central pore through which
proteins are translocated and unfolded from the tertiary protein structure (Figure 1.12B). ATP
hydrolysis at the D1 domain regulates cofactor binding and oligomerisation, while the D2
domain contributes most of the ATP hydrolysis to drive enzyme activity (Chia et al., 2012;
Song et al., 2003). Other proteins, such as Ufd1l and Npl4, act as cofactors to facilitate VCP
function. Cofactors typically bind to the N domain of VCP, and a 20 amino acid conserved VCP-
interacting motif has been identified in known cofactors gp78, SVIP and ANKZF1 (Hanzelmann

and Schindelin, 2011). Cofactors are thought to share common binding regions on the N-
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terminus and in the linker between N and D1 domains of VCP monomers, possibly to preclude
binding of multiple cofactors with competing functions and instead favour sequential binding
to regulate the sequence of events required for VCP to facilitate protein degradation. The
Ufd1/Npl4 cofactor has been shown as essential for eukaryotic viability; yeast models
harbouring transgenic temperature sensitive Ufd1 alleles exhibited genome instability upon

thermally induced breakdown of UFD1 protein (Nie et al., 2012).

N1-D1 Linker: 188- D1-D2 Linker: 463- C-terminal Tail: 764-

Direction of protein l

movement through pore

D2

Figure 1.12 2-D and 3-D structure of valosin-containing protein (VCP). (A) The structure of the
VCP protein, made up of 806 amino acids. VCP is split into three domains: N,D1 and D2 separated
by short linker regions. (B) 2.3A resolution Cryo-EM structure of VCP from Banerjee et al 2016.
This structure was downloaded from the protein data bank entry 5FTK and the N, D1, D2 domains
were colour coded using UCSF Chimera program; N domains sit planar to D1 ATPase domain when
D1 is bound to ADP. D2 domain sits beneath D1 domain. Proteins move through the central pore
of the VCP complex from the cis to trans side.

3-D electron microscopy structures of VCP in complex with Ufd1/Npl4 (UN) cofactors
indicated that the UN heterodimer binds to the N domain directly on top of the D1 domain

when there is no bound adenosine nucleotide. Upon nucleotide binding, the range of
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positioning of the N domain and UN cofactor becomes highly dynamic and the N domains
move from being planar with the D1 domains to an upwards conformation (Bebeacua et al.,
2012). This study provides mechanistic information about the interaction between VCP and
its cofactor the UN complex, and suggested that the role of the cofactors is to aid recruitment
of substrates to VCP for ERAD, which then interact directly with VCP for unfolding.

Proteostasis is essential in balancing a cell’s protein load with its capacity for correct protein
folding by the endoplasmic reticulum (ER). After translation, plasma membrane bound
proteins are translocated to the ER to undergo chaperone-mediated folding and N-linked
glycosylation. Misfolded proteins may be either extracted from the ER and diverted towards

the ERAD pathway or remain in the ER for correct refolding.

During ERAD, the N-glycan branches of misfolded proteins are trimmed to leave an a-1,6-
linked mannose residue which is recognised by the carbohydrate binding protein lectin (Ferris
etal., 2014). Now tagged as a misfolded protein, the polypeptide inserts into an ER membrane
pore protein, first identified in yeast as the Hrd1l RING finger ligase and subsequently in
humans as gp78 (Carvalho et al., 2010; Gardner et al., 2000; Wu and Rapoport, 2018). The
polypeptide is exported from the ER lumen to the cytosol where ubiquitin groups are added
by ubiquitin ligases. Ubiquitination prevents translocated proteins returning to the ER and
enables cofactors of VCP, the Ufd1/Npl4 complex, to recognise the protein as an ERAD
substrate. On the cis side of VCP, the peptide chain remains attached to the UN cofactor and
this is trimmed by the deubiquitinating enzyme Otul (Kim et al., 2014). Some ubiquitin
moieties may remain attached and move through the VCP pore, during which they are likely
to unfold and refold on the trans side, suggesting that the central pore can accommodate at

least two polypeptides at once (Wu and Rapoport, 2018). The ATP hydrolysis cycle by the D1
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domain regulates cofactor positioning via conformational changes and may also facilitate
oligomerisation into a functional VCP hexamer. ATP hydrolysis by the D2 domain exerts a
ratcheting mechanical force required to move the polypeptide through the central pore from
the cis to the trans side, simultaneously unfolding the protein (Blythe et al., 2017; Bodnar and
Rapoport, 2017b). Whether the protein can be directly degraded by the proteasome or
requires shuttling factors to move between VCP and the proteasome is not understood, but

after the peptide is released from VCP it becomes degraded by the 26S proteasome (Figure

1.13).
Endoplasmic
reticulum
@ misfolded associated
pE _ degradation
@ retrotranslocation (ER AD)
ER LUMEN

L
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so8CcaROBSOERBOREDS 8800000000000 00080000COCOGOGOISOIOIOGSCODOSOSS

CYTOSOL

26S proteasome

Figure 1.13 The process of endoplasmic reticulum associated degradation begins with (1)
identification of misfolded proteins in the ER which (2) exit the ER through a trans-membrane pore
protein, (gp78 has been proposed to function as the channel for retro-translocation based on
homology to yeast pore protein Hrd1). After exit from the ER, (3) ubiquitin groups are added to the
misfolded protein and (4) the protein is fed through the VCP/P97-UN channel where the secondary
structures are unfolded. The ubiquitin groups are removed on the trans side by ubiquitin ligases and
(5) the protein is degraded by the 26S proteasome.
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1.3.6.2.2 VCP in Human Cancers

Although protein synthesis and degradation pathways are not inherently oncogenic, high
levels of cell turnover in cancers cause dependencies on these pathways to sustain tumour
growth. Consequently, tumour growth can be vulnerable to disruptions in these pathways
and targeting this dependency has been explored through the use of proteasomal inhibitors
as anti-cancer agents (Goy et al., 2005; Richardson et al., 2003). Bortezomib has been
approved by the MHRA for use in multiple myeloma and mantle cell lymphoma but trials have
shown a lack of therapeutic effect in solid tumours (Huang et al., 2014). Tumour reliance on
protein homeostasis pathways is evidenced through the dysregulation of key proteins such
as ubiquitin ligases and the proteasome (Chen et al., 2017; Qi and Ronai, 2015). Analysis of
multiple human cancers shows a moderate upregulation of VCP gene expression (Figure
1.14A). In patients with thyroid cancer, VCP overexpression was associated with poorer
survival, and this decrease in survival based on VCP overexpression was significantly more

pronounced in patients who received I'3! treatment (Figure 1.14B).
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Figure 1.14 Analysis of VCP expression in human cancers (A) The VCP gene is overexpressed
in multiple human cancers compared to matched normal controls, fold change in VCP
expression in above plots. Cancer vs Normal n values: THCA Thyroid Carcinoma, 509 vs 59;
LUSC lung squamous cell carcinoma, 501 vs 51; BRCA Breast invasive carcinoma, 1100 vs
112; ESCA esophagael carcinoma 185 vs 11; PRAD prostate adenocarcinoma, 498 vs 52. (B)
VCP overexpression is associated with significant decrease in disease-free survival across
papillary thyroid cancer dataset THCA; this is more pronounced in patients who received 13
treatment for thyroid cancer. High and low VCP expression defined as upper and lower
quartile of mRNA expression, respectively. Adapted from Fletcher et al 2020.

Fletcher et al demonstrated that VCP directly interacts with the sodium/iodide symporter
(NIS) by mass spectrometry, co-immunoprecipitation, and proximity ligation assays, and that

the overexpression of VCP reduced the proportion of NIS at the plasma membrane of cells.
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The authors proposed that VCP mediates degradation of NIS through ERAD, resulting in
decreased iodide uptake. These data presented a mechanistic link between the decreased
survival in patients who received radioiodide treatment and patients who had concomitant
upregulation of VCP expression displayed in Figure 1.14B. Radioiodide avidity of cells was
increased in vitro through silencing of VCP by siRNA and by pharmacologically inhibiting VCP
function (Fletcher et al., 2020). Based on these data, this investigation builds on the
hypothesis that increases in radioiodide uptake in thyroid cancer cells may be achieved by

treatment with VCP inhibitors.

Fletcher et al utilised the E375Q E575Q (QQ) ATPase-deficient mutant of VCP to demonstrate
that the NIS interacts with VCP independently of the VCP ATPase capacity (Rumpfetal., 2011).
In contradiction of this, clotrimazole and CB-5083 were described to directly inhibit the
ATPase function of VCP in vitro (Anderson et al., 2015; Fletcher et al., 2020; Segura-Cabrera
et al., 2017). It therefore remains unclear whether the interaction between NIS and VCP is
part of the canonical ERAD function of VCP, which is reliant upon on ATP hydrolysis, or
whether NIS interacts with VCP via other pathways, such as autophagy, regardless of ATPase
capacity. The use of VCP inhibition as a therapeutic strategy for restoring radioiodide avidity

in thyroid cancer cells will be discussed in depth in Chapters 3 and 4.
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1.3.6.3 Moesin

1.3.6.3.1 Moesin Structure and Function

Moesin is a 68 kDa member of the ezrin-moesin-radixin (ERM) family of membrane-
interacting proteins encoded by the MSN gene. ERM proteins contain a conserved amino-
terminal FERM domain which interacts with integral plasma membrane proteins, an extended
alpha helical domain and a c-terminal domain that interacts with F-actin (Figure 1.15A). The
helical domain acts as a hinge to allow the c-terminus and FERM domain to interact in the
inactive state. Moesin is activated by phosphorylation of Tyr-558 which temporarily stabilises
the open, active conformation of the protein (Huang et al., 1999; Nakamura et al., 1996). This
post-translational modification is dependent on rho-associated kinase (Hébert et al., 2008;
Oshiro et al., 1998). Once activated, moesin binds to actin via its FERM domain and thereby
links the cytoskeleton with integral plasma membrane proteins. Moesin and closely related
family proteins ezrin and radixin were observed to bind CD44 and CD43 membrane proteins
via positively charged amino acids clustered in the juxta-membrane region of these proteins-
defined by the thirty amino acids in the cytoplasmic C-terminus immediately beneath the final
transmembrane domain (Yonemura et al., 1998). Site-directed mutagenesis of the tri-basic
motifs present in these proteins markedly reduced moesin binding by GST-pull-down assay
(Brown et al., 2006). ERM proteins have also been demonstrated to interact with
glycoproteins in leukocytes and the adhesion regulator L-selectin. Mutation of either R357 or
K362 codons in the juxta-membrane region of L-selectin results in decreased moesin binding

(Ivetic and Ridley, 2004).
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Figure 1.15 The structure of the MSN gene encoding Moesin (A) Moesin, ezrin and radixin genes
share a common structure of an N-terminal FERM domain with three modules F1, F2 and F3 that form
a clover shape in the tertiary protein structure; an extended alpha helical domain and a C-terminal,
membrane-interacting domain. Adapted from Michie et al 2019.

Multiple studies have positioned moesin as a bridge between the formation of clathrin-coated
vesicles and the cell cytoskeleton remodelling that facilitates endocytosis (Barroso-Gonzalez
et al.,, 2009; Nomachi et al., 2013). Barroso-Gonzales et al described the co-distribution of
moesin with components of clathrin coated-structures in the membrane and demonstrated
that an interaction between the N-terminal domain of moesin and phosphatidylinositol-4,5-
bisphosphate was essential for internalisation of clathrin-coated vesicles. In T-cells, moesin
was shown to regulate internalisation of S1IPR1, a G-protein coupled receptor for sphingosine-
1-phosphate which acts as a key mediator for lymphocyte behaviour (Cyster and Schwab,
2012; Nomachi et al.,, 2013). Nomachi et al reported that moesin-deficient cells did not
internalise SIPR1 when stimulated with the cognate ligand, and utilisation of clathrin inhibitor
pitstop-2 abrogated S1PR1 internalisation, demonstrating that internalisation was dependent
on moesin and mediated by clathrin-dependent endocytosis. In contrast, moesin was
copurified with early endosomes after fractionation of BHK renal cells, and siRNA knockdown
of moesin did not affect clathrin-mediated internalisation of the transferrin receptor (Muriel

et al., 2016). These data suggest that moesin may not have an exclusive role in clathrin-
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mediated endocytosis but may bind specifically to client proteins and facilitate their

internalisation via multiple mechanisms.

1.3.6.3.2 Moesin in Human Cancers

Upregulation of moesin has been noted in squamous cell carcinomas, breast cancer, and
glioblastoma (Wang et al., 2017). In glioma, moesin upregulation arises from decreased miR-
200c, which normally targets moesin for degradation, and moesin has been shown to act in
an oncogenic fashion by increasing cell proliferation and promoting metastasis (Alam et al.,
2017; Zhu et al., 2013). The underlying mechanism by which moesin overexpression confers

these characteristics is not known.

1.3.6.4 Annexin Al

1.3.6.4.1 Annexin Al Structure and Function

Annexin Al, encoded by the ANXA1 gene, is one of twelve calcium-dependent phospholipid
binding annexins. Annexin Al has a C-terminal protein core that is conserved across annexin
proteins and contains four calcium ion binding sites, and a protein-specific N-terminal region
(Figure 1.16). The third annexin domain repeat contains a nonapeptide sequence called
antiflammin-2 which exerts anti-inflammatory effects when isolated and introduced

exogenously to cells (Miele et al., 1988).
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Figure 1.16 The structure of the ANXA1 gene encoding Annexin A1. Four homologous
repeats towards the C-terminal end are comprised of five alpha-helices which form a core
region with multiple calcium binding sites in the tertiary protein structure. In the third
repeat, labeled Ill, a 9 amino acid sequence called antiflammin-2 is a nonpeptide which when
isolated also exerts anti-inflammatory effects. Peptide Ac 2-26 isolated from the N-terminal
region can reproduce the anti-inflammatory effects of endogneous Annexin Al. Image
adapted from Gavins and Hickey, 2012.
When Ca?* binds to annexin proteins it induces a conformational change, which enables the
protein to bind to negatively charged phospholipids including phosphatidylserine,
phosphatidic acid and phosphatidylinositol-4,5-bisphosphate. Upon calcium entry into the
cell from the extracellular milieu or intracellular stores, annexin Al rapidly re-localises to
membranes where it can function in many roles which utilise its membrane binding
properties. Phosphorylation of serine-27 by Protein Kinase C is necessary for annexin Al-
membrane localisation but recruitment of annexin Al to specific membranes is determined

by the availability of the negatively-charged phospholipids to which the protein binds

(D'Acunto et al., 2014); (Rentero et al., 2018).

The canonical function of annexin Al is to mediate the anti-inflammatory effects of
glucocorticoids. Annexin Al inhibits phospholipase A2 subsequently blocking the release of

arachidonic acid and preventing synthesis of pro-inflammatory eicosanoids including

57



Chapter 1 General Introduction

prostaglandin (Hannon et al., 2003; Kim et al., 1994; Solito et al., 1998). Glucocorticoids
positively regulate the expression of ANXA1 and induce secretion of annexin Al into the
extracellular region where it binds to its cognate G-protein coupled receptor FPR2, and
induces an anti-inflammatory intracellular signalling cascade. Given the absence of a
signalling peptide in the primary sequence of annexin Al, it is inferred that the protein is
secreted via a different process that the ER-Golgi secretory pathway to exert paracrine effects
(Christmas et al.,, 1991). While externalised annexin Al has well-characterised anti-
inflammatory functions, the full-length cytoplasmic protein has been implicated in an array
of intracellular functions including vesicle trafficking and autophagy. The main role for
annexin Al in vesicle trafficking focusses on tethering the ER and endosome membranes, and
regulating protein trafficking between the plasma membrane and lysosome or recycling
endosomes via multivesicular bodies (MVB) (Eden et al., 2016). Histological examination has
shown annexin Al localises to endosome membranes and data suggest annexin Al can act as
a tether at membrane contract sites between ER and endosomes containing epithelial growth
factor receptor (EGFR), and facilitate inward vesiculation of these endosomes to form
multivesicular bodies (Diakonova et al., 1997; White et al., 2006). Knockdown of annexin Al
resulted in a reduced number of organelles with membrane contact sites between EGFR-
containing multivesicular bodies and the ER (Eden et al., 2016). Interestingly, there was no
change in the quantity of membrane contact sites between non-EGFR containing MVBs and
the ER, suggesting annexin A1 may be involved in recycling specific proteins including EGFR.
Other members of the annexin family also have described roles in pre-endocytic plasma
membrane curvature and budding of clathrin-coated vesicles, but annexin Al has not been
implicated specifically in these processes (Boye et al., 2017; Driicker et al., 2013; Lin et al.,

1992). Annexin A1l has been shown to be upregulated more than three-fold upon starvation-
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induced autophagy, and knockdown of ANXA1 expression reduces autophagic degradation
(Kang et al., 2011). The authors of this study opined that the previously described role of
annexin Al in MVB dynamics may assist formation of autophagosomes prior to lysosomal

degradation.

In 2003, Hannon et al published the first ANXA17- mouse model (Hannon et al., 2003). In this
model, tissues displayed a compensatory up or down regulation of other annexin family
members implying a functional redundancy between the proteins which have highly
conserved C-terminal domain and membrane binding properties. Defects in the secretory
pathway resulted in an inability to secrete insulin from pancreatic beta-cells upon glucose
stimulation. ANXAI7/- mice also showed protection against influenza virus via reduced viral
uptake and trafficking of the internalised virus to the late endosome. Annexin Al- deficient
mice displayed significantly increased tumour growth compared to wild-type mice, for
carcinogen-induced breast tumours (Ang et al., 2009). Comparatively, orthotopic breast and
lung cancer models displayed significantly slower tumour growth, metastasis, and
vascularisation in the absence of annexin A1 and proposed novel pro-angiogenic functions of
annexin Al (Bist et al., 2011; Yi and Schnitzer, 2009). The disparate results of these in vivo
studies support the notion that the role of annexin Al in cancer is dependent on tumour cell

origin and stage of disease.

1.3.6.4.2 Annexin Al in Human Cancers

Despite annexin Al conferring anti-inflammatory effects and large efforts being made to

replicate its function in settings of inflammatory disease, ANXA1 overexpression has been
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determined to be detrimental in many cancers (Bai et al., 2004; Duncan et al., 2008; Liu et al.,
2011; Rondepierre et al., 2009). In models of hepatocellular carcinoma, upregulation of
ANXA1 preceded tumour nodule development and correlated with both severity of disease
and tumour stage (de Coupade et al., 2000). Downregulation of annexin Al protein has been
observed in vitro via treatment with anti-inflammatory indomethacin in HCT116 cells, the
NFkB inhibitor eurycomanone in A549 cells, and the p38 MAPK inhibitor SB203580 in
colorectal BCS-TC2 cells (Lecona et al., 2008; Wang et al., 2006; Wong et al., 2012). These
drugs do not exclusively affect annexin Al protein level and a specific annexin Al inhibitor

has not yet been developed.

Interestingly, multiple cancers typically display downregulation of annexin Al in correlation
with tumour severity, and indicate that downregulation of annexin A1 may serve as an early
indicator of tumour progression. This highlights the complexity of annexin Al’s function in
cancer pathways, suggesting it may have a tissue-specific role as either tumour-suppressor or
oncogene. Annexin Al was reported to be downregulated in head and neck squamous cell
carcinoma resulting in increased EGFR phosphorylation, and signalling of downstream PI3K-
Akt-mTOR signalling (Raulf et al., 2018). This study adds to the data implicating annexin Al as
a regulator of EGFR signalling through facilitating lysosomal degradation of the internalised

active receptor and curtailing the signalling cascade.

1.4 Aims and Hypothesis

Recent developments in understanding the regulation of NIS at the transcriptional,
translation and post-translational levels have led to in vitro improvements in radioiodide

uptake. Differentiated thyroid cancers can be uniquely treated by radioiodide ablation
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therapy, the success of which hinges on adequate NIS expression and function. Current
treatment strategies to re-differentiate thyroid tumours and induce iodide uptake capabilities
do not address the post-translational processing of NIS. As such, the dysregulation of proteins
involved in NIS trafficking to the membrane may hinder the efficacy of treatments that
successfully increase SLC5A5 expression. Optimising radioiodide uptake in tumours would not
only improve the efficacy of treatment but may reduce the number of patients who go on to
receive tyrosine kinase inhibitors. Despite numerous ongoing trials, tyrosine kinase inhibitors
have adverse side effects and are therefore unsuitable for long term treatment for patients

who have persistent disease after radioiodide therapy.

New proteins implicated in NIS synthesis and processing may present novel therapeutic
targets that may be pharmacologically modulated to improve the quantity of functional,
plasma membrane bound NIS in thyroid cancer cells prior to administering radioiodide
therapy. The understanding of VCP-mediated NIS degradation has thus led to a breakthrough
in identifying drug treatments that may enhance radioiodide uptake. Despite multiple
compounds with anti-VCP activity reported in the literature, achieving meaningful VCP
inhibition in vivo has made slow progress. This is a result of both tolerability of the compounds
in vivo and reduced efficacy due to physical properties such as bioavailability. As a widely
studied protein that is reported to be dysregulated in malignancy, VCP is an attractive anti-
cancer target and the experiments of this thesis sought to improve VCP inhibition in the
specific setting of differentiated thyroid cancer through multiple pharmaceutical approaches.
It was hypothesised that specific VCP inhibitors, which have recently been developed, may
elicit increased NIS-mediated iodide uptake as previously observed with repurposed allosteric

inhibitors of VCP, such as clotrimazole. It was also hypothesised that the VCP inhibitor activity
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of clotrimazole may be enhanced by structural modifications which may also modulate the
chemical characteristics of this drug, such as logP value, to improve bioavailability of the
compound in vivo.

Further, this PhD sought to identify additional components of the NIS protein interactome
that contribute to NIS trafficking, and determine whether these proteins may be appropriate
molecular targets for pharmaceuticals to improve NIS-mediated iodide uptake. It was
hypothesised that additional analysis of putative NIS interactors previously identified by mass
spectrometry may identify further NIS-interacting proteins and enhance understanding of

post-translational processing of NIS in thyroid cancer.

The primary aims were to:
e Assess the efficacy of specific VCP inhibitors in the context of inducing radioiodide
uptake in thyroid cancer cells.
e Modify the biochemical profile of the known VCP inhibitor clotrimazole to improve
potency for increasing iodide uptake in vitro.
e Investigate further NIS interactors which may have roles in post-translational
processing of NIS and may act as therapeutic targets for improving NIS-mediated

iodide uptake.
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2 Materials and Methods
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2.1 Cell culture

2.1.1 Cancer Cell Line Culture

Cells were cultured in RPMI (Gibco) or DMEM (Sigma) cell culture medium supplemented with
10 % foetal bovine serum (Gibco), penicillin-streptomycin (Gibco) and L-glutamine (Gibco;
added to RPMI only). Cells were grown in 75 cm? flasks and seeded in cell culture plates which

were incubated at 37°C with 5 % CO> in a humidified environment.

TPC1 and 8505C cells were kindly donated by Dr Rebecca Schweppe. TPC1 cells are derived
from an adult female papillary thyroid tumour and are characterised by RET-CCDC6 fusion,
TERT promoter mutation C228T, and mutations in CDKN2A and STAG2 (Landa et al., 2019).
8505C cells are derived from the anaplastic thyroid tumour of a 78-year-old female. 8505C
cells are homozygous for the BRAFV6%E mutation, and harbour mutations in NF2, TP53, and
the TERT promoter region (Landa et al., 2019). Hela cells were obtained from the European
Centre for Authenticated Cell Cultures. Hela cells were the first human cell line to be
continually grown in culture and derive from the endocervical adenocarcinoma of a 30-year-
old female patient. The tumour from which Hela cells were extracted was driven by human
papilloma virus type 18 which underpins the propagation of this cell line in culture. Hela cells
do not have reported oncogenic driver mutations although it is possible these may be
acquired during extended periods of cell culture. Hela cells are the most common contributor
to cell line contamination and therefore were cultured, split, and seeded in separate
incubators to non-Hela cell lines. N-thy-ORI3.1 cells are derived from the thyroid of a healthy
female patient, and were used briefly in this investigation and were thankfully received from

Dr Vicki Smith. L87-NIS cells were kindly donated by Professor Christine Spitzweg (Ludwig-
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Maximilians University, Munich) with thanks to Nathalie Schwenk. L87 mesenchymal stem
cells are derived from the bone marrow of a haematologically normal 70-year-old male
patient. In these cells, NIS is driven by the CMV promoter. Both N-thy-ORI 3.1 and L87-NIS

cells were originally immortalised using SV40 virus for continuous cell culture.

HelLa and U20S host cell lines for the Flp-In™ T-Rex™ inducible cell systems (Invitrogen) were
received from Professor Grant Stewart (University of Birmingham, UK). These cells had
previously been transformed with the pFRT/lacZeo vector and were characterised as having
a single FRT recombination site stably integrated into the genome. The development of these

cell lines to produce tetracycline inducible BRAF systems is described in Section 2.9.

TPC1 and 8505C cells stably transfected with NIS and YFP constructs were kindly provided by
Dr Martin Read and Kate Brookes. NIS expression in these cell lines was maintained by cell
culture in media supplemented with 500 pg/ml geneticin (Gibco). Cells were tested for
mycoplasma bacterium (Jena Bioscience) every six months against positive and negative

controls, with consistently negative results.

At 80-90 % confluency cells were split and seeded. Seeding densities are displayed in (Table
2-1). Media was aspirated from 75 cm? flasks and cells were washed with 5 ml sterile PBS. 1
ml 0.25 % trypsin was added, and flasks were incubated for three to five minutes at 37°C to
complete detachment from the flask base. Cells were resuspended in 9 ml RPMI or DMEM
media, and 10 pl cell suspension was transferred to cytometer and counted under a 10x
objective. An average of four squares was used to calculate number of cells per ml, and

subsequently the correct number of cells to seed into 6-well or 24-well plates. Radioiodide
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uptake assays performed at Ludwig-Maximilians University, Munich employed 12-well plates

and the specific densities and volumes used in this experiment are described in section 2.4.

Specific seeding densities depended on the cell lines and the length of time between seeding

and harvesting, and are outlined in (Table 2-1).

Blais 6-well plate 24-well plate
Volume 2 ml 500 pl
72 hour 24 hour 72 hour o
. 48 hour . 48 hour
siRNA . drug SiRNA .
transfection transfection | hour drug
knockdown treatment | knockdown
treatment
TPC1 - 7.5 x 10 1.5 x 10° - - -
8505C - 1.0 x 10° 1.5 x 10° - - -
TPC1-NIS 3x10° - 2.5x10° 8x 10* - 7.5 x 104
8505C-NIS 3x10° - 2.5x 10° 8 x 10* - 7.5 x 104
L87-NIS - - 2.5x10° - - 7.5 x 104
3.5x 10° - - 8.75 x 104 -

Hela -

Table 2-1. Densities at which each cell line was seeded for experiments in 6-well and 24-

well plates. Experiments involving longer incubation between seeding and harvesting

required lower numbers of seeded cells to be 90-100 % confluent at the final experimental

timepoint.

2.1.2  Primary Thyroid Culture

Primary thyroid samples were collected from the Queen Elizabeth Hospital Birmingham via

the Human Biomaterials Resource Centre (Project Number 17-291) with informed patient

consent and local ethics approval. The thyroid tissue was cut into small pieces and digested

in HBSS and 0.2 % Type |l collagenase (Worthington) for 12-16 hours with end-over-end
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rotation. After incubation, the sample was sieved to remove undigested pieces of
extracellular matrix or surgical clips, then collected in a 50 ml Falcon tube with HBSS. The
sample was centrifuged at 300 g for three minutes and resuspended in HBSS six times to
remove erythrocytes and thyroglobulin aggregates from the cell pellet. 0.1 ml cells were
resuspended in 50 ml Coon’s modified Ham’s F12A media (Biochrom F0855) supplemented
with 4 % FBS, pen-strep, L-glutamine (as above), 2 mg/mlinsulin (Sigma 16634) and 300 mU/ml
TSH (Sigma T8931) and plated 500 pl per well of a 24-well plate. Two to three days after
plating, medium was removed and replaced with Coon’s media without FBS, supplemented
with insulin and TSH, as above. The plate remained incubated in 37°C with 5 % CO; and
adequate humidity for five to six further days before performing drug treatment and
subsequent radioiodide uptake assay. 12 wells per sample were separated to measure TSH
responsivity. In these wells, media was changed to serum-free and TSH-free three days after
plating, TSH was re-introduced five days later at doses of 0 mU/L, 300 mU/L, 1 U/L and 10
U/L. Experimental wells were cultured in 300 mU/I TSH as described in (Eggo et al., 1996).
Cultures that responded to 300 mU/L in the TSH dose response curve were taken forward for

analysis.

2.2 Plasmid Preparation

2.2.1 Table of Plasmids

Mammalian expression vectors used to generate the data in this thesis are described in detail
in Table 2-2 and the vector maps are displayed in Figure 2.1. All plasmids contain either an
ampicillin or kanamycin resistance cassette for selecting transformed bacteria. All plasmids
are driven by the human cytomegalovirus promoter. Plasmids were used for transient

transfection of cells and compared to transfection with an empty expression vector control.
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Moesin and annexin Al full length coding sequences were received in pCMV3 vectors (Sino
Biological: moesin HG-13866-UT and annexin Al- HG-12113-UT) and inserted into the
pcDNA3.1 (+) vector. Lyophilised moesin and annexin Al plasmids were resuspended in 100
ul nuclease-free water. Moesin and annexin Al coding sequences were digested with Xbal
and Kpnl restriction enzymes (Promega), in 10x multi-CORE buffer (Promega) and H.O then
run on a 2 % agarose gel at 140 V for thirty minutes. Bands corresponding to moesin and
annexin Al coding sequence and linearised pcDNA3.1 vector were excised and purified using
Qiaquick Gel Purification Kit (Qiagen). Digested pcDNA3.1 was ligated to both moesin and
annexin A1 cDNA using T4 DNA Ligase (NEB) in a T4 DNA Ligase buffer (NEB) and nuclease-

free water for one hour at room temperature.

No insert pcDNA3.1 (+) Ampicillin
NIS cds with c- pcDNA3.1 (+) Ampicillin
terminal HA tag

NIS cds with c- peGFP Ampicillin
terminal GFP tag

Moesin cds pCMV3 Ampicillin
Annexin Al cds pCMV3 Ampicillin
VCP cds PcDNA3.1 (+) Ampicillin

LgBiT tag for N-or pBIT1.1-N/C-[TK/LgBiT] Kanamycin
C- terminal tagging
SmBIT tag for N-or | pBIT2.1-N/C-[TK/SmBIT] Kanamycin
C- terminal tagging

Nanoluc luciferase | PcDNA3.1 (+) Ampicillin
BRAFYTand PcDNAS5/FRT/TO Ampicillin
BRAFVGOOE

None pOG44 Ampicillin

Table 2-2 Plasmids used in this investigation, including gene of interest, vector backbone
and nature of the resistance marker. Cds = coding sequence.
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Figure 2.1 Plasmid maps of vectors used in this investigation. (A) pcDNA3.1 (+) vector was the

primary vector used in transformations containing the genes-of-interest NIS, MSN, ANXA1 and VCP

with associated tags; (B) The pCMV3 vector was purchased from Sino Biological containing the MSN
and ANXA1 open reading frames which were transferred to pcDNA3,.1 (+). (C) The pEGFP-N3 vector
contained the NIS open reading frame for use in imaging and protein-protein interaction studies. (D)

and (E) were co-transfected into HeLa and U20S cells with a single recombination site stably

transfected into the genome to generate Flp-In™ T-REx™ Tet-inducible BRAF cell systems, where (E)

contained BRAFYT and BRAFV%9%E jnserts.
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2.2.2 Transformation of DNA into E. coli

Plasmids were transformed into the DH5a strain of E. coli. 10 ng DNA were mixed with cells
and incubated on ice for thirty minutes before being shocked at 42°C for forty-five seconds.
250 pl SOC media was added (2 % tryptone, 0.5 % yeast extract, 10 mM NaCl, 2.5 mM KCl, 10
mM MgClz, 10 mM MgS04 and 20 mM glucose; Sigma) and samples were shaken horizontally
at 37°C for one hour before being centrifuged at 13000 rpm and resuspended in 50 ul SOC
media and plated on antibiotic plates and incubated for 16 hours. Ampicillin plates were made

from LB-agar and 100 pg/ml carbenicillin or 50 pg/ml kanamycin.

2.2.3 Purification of Plasmid DNA

Colonies were picked from antibiotic-LB-Agar plates after 16 hours of incubation at 37°C.
Colonies were resuspended in 10 ml LB bacterial broth and incubated for 8 hours at 37°C with
shaking at 225 rpm. Next, the culture was processed via miniprep or maxiprep purifications.
Minipreps were performed using Wizard SV Plus Miniprep System (Promega) following the
manufacturer’s instructions with the addition of 96 % ethanol in an equal volume to
supernatant after precipitation of proteins and chromosomal DNA to maximise binding of
plasmid DNA to the column and increasing DNA concentration in the final elution. Where
large volumes of plasmid were required, the 10 ml starter culture was transferred to 150 ml
LB broth for overnight shaking incubation at 225 rpm and 37°C. The following morning the
culture was processed using the GenElute HP Plasmid DNA Maxiprep kit (Sigma) following the
manufacturer’s instructions. DNA concentration was quantified using a NanoDrop 1000

spectrophotometer (Thermo Fisher) and the 260 nm/280 nm ratio was used as an indicator
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of purity. Only DNA preparations with a concentration above 500 ng/ul and a 260/280 nm

ratio of 2.1 or above were used for downstream transfections.

2.2.4 Sequencing

Once purified, 500 ng DNA in 5 pl H,0 were sent for Sanger sequencing, performed by Source
Bioscience, UK. Sequencing primers used in this thesis are documented below (Table 2-3).
CMV_Forward and BGH_Reverse primers were supplied by Source Bioscience. All other
primers were designed using Primer3 software and ordered from Sigma-Aldrich as 0.05 uM

desalted oligomers. Data was received as .abi chromatogram files and analysed using

Chromas software version 2.6.6.

Primer Sequence (5’ 2 3’) Target Gene(s)

CMV_Forward CAACGCGACTTTCCAAAATG

VO, VO-LgBIiT, VO-SmBIT,
MSN WT, VCP WT, NIS WT
BGH_Reverse TAGAGGGCACAGTCGAGG VO, VO-LgBiT, VO-SmBIT,
MSN WT, VCP WT, NIS WT
and ANXA1 WT.

VCP_Forward TTGCCCAGACCCTTCAGC VCP WT, VCP- SmBIT, VCP-
LgBiT
NIS_Forward TGGCTTCTTGCCCACCAATG NIS-HA, NIS-SmBIT, NIS-

LgBiT, NIS-SmBIT k554a
AND R555A mutants

MSN_Forward GAAGGCCCTCACTTCGGAGC  MSN WT, MSN- SmBiT,
MSN-LgBiT

ANXA1_Forward TGAAAGGTGGTGGAACTCGCCA ANXA1 WT, ANXA1-

SmBIT, ANXA1-LgBiT
Table 2-3 Primers used to sequence plasmids in this investigation, supplied by Source
Bioscience UK or Merck Life Science.
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2.3 Transfection

2.3.1 Plasmid DNA Transfection

Cells were transfected with 0.25 pug and 1 pug DNA in 24-well plates and 6-well cell culture
plates, respectively. DNA was added to serum-free media Opti-MEM (Gibco) and incubated
at room temperature for five minutes. Lipofectamine reagent TransIT-LT1 (Mirus) was added
at a 3:1 ratio of TransIT-LT1 (ul) to DNA (ug), and incubated at room temperature for thirty
minutes to facilitate formation of DNA-lipofectamine complexes. 25 pl and 100 pl were added
dropwise to 24-well plates and 6-well cell culture plates, respectively incubated at 37°C for

48 hours.

2.3.2 siRNA Transfection

small-interfering-RNAs were used in this investigation to assess the downstream effect of
mRNA knockdown of target genes (Table 2-4). All siRNAs were received as lyophilised powder
and resuspended in 50 pl nuclease-free water for 100 uM stock and rocked for thirty minutes
before long term storage at -20°C. Opti-MEM serum free medium and lipofectamine
RNAIMAX (Thermo Fisher) were mixed at a ratio of 12 pl lipofectamine per 1 ml OptiMEM,
and incubated at room temperature for five minutes. siRNA was added for a final
concentration of 0.2 uM and incubated at room temperature for twenty minutes. Media was
removed from plated cells and replace with optiMEM, RNAIMAX and siRNA solution: 1 ml per
well for 6-well plates and 250 pl per well for 24-well plates. Plates were incubated for five
hours at 37°C before siRNA solution was replaced with standard cell culture medium. Assays

were performed 72 hours after transfection to ensure adequate knockdown of the gene-of-
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interest and removal of translated protein by normal protein turnover. Protein was harvested

simultaneously to each assay and Western blot analysis used to confirm knockdown.

Non-targeting control | Dharmacon ON-TARGET SMARTpool, 4
D-001810-10-05
VCP Sigma-Aldrich MISSION | 3

#1 Hs-02_00118726, #2 Hs01_00118728
#3 Hs02_0034009, pooled

Moesin Dharmacon ON-TARGET SMARTpool, 4
L-011732-00-0005
Annexin Al Dharmacon ON-TARGET SMARTpool, 4

L-011161-00-0005

Table 2-4 siRNAs used for knockdown experiments in this investigation, targeting a minimum
of 3 regions in each mRNA transcript.

2.4 Radioiodide Uptake Assay

Experiments performed at the University of Birmingham

Where cells were to be transfected, cells were seeded at a density of 5 x 10* cells per well,
transfected 24 hours after seeding and radioiodide uptake analysis was performed 48 hours
after transfection. Alternatively, where cells were to undergo drug treatments, cells were
seeded at 7.5 x 10% cells per well, and drug treatments were performed 24 hours after seeding

and radioiodide uptake analysis was performed 24 hours after treatment.

100 uM sodium perchlorate (NaClOa), a strong competitive inhibitor of NIS-mediated iodide
uptake, was added to two wells per condition for one hour and incubated at 37°C. 1*?°

(Hartmann Analytic) was diluted in sodium iodide to 1.2 x 10° counts per minute in 5 pl
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solution, 5 pl was added per well and plates were incubated at 37°C a further hour. After this,
media was aspirated, and cells were washed with cold Hanks Balanced Salt Solution to halt
uptake and remove remaining 1'2° in solution. Cells were lysed with 2 % SDS solution and
lysates were transferred to measuring tubes. Counts per minute were quantified using a
Berthold Gamma Counter LB2111. Lysates were transferred to microcentrifuge tubes and
protein concentration of the samples was analysed via BCA colorimetric assay. Counts per
minute were normalise to protein concentration to calculate iodide uptake values. Uptake
measured in wells treated with NaClOs were subtracted from untreated wells to analyse

specific NIS-mediated iodide uptake only.

Experiments performed at Klinikum Grofshadern, Munich, Germany

Cells were seeded into 12-well plates at a density of 1.5 x 10° cells per well for both
radioiodide and MTT assay and both plates were identically treated with clotrimazole 24
hours after seeding. On day three, 1 x 10° counts per minute of 1'%>solution (10 mM Nal, HBSS,
HEPES buffer adjusted to pH 7.3 with KOH) was added to wells of radioiodide plates and
incubated at 37°C for forty-five minutes. At the same time as iodide addition, NaClO4 was
added to one well per condition to a final concentration of 100 uM. After incubation, media
was aspirated, and wells were washed with HBSS/HEPES solution. NaOH was used to lyse cells
and plates were shaken at room temperature for fifteen minutes to complete lysis. Lysates

were measure on a Berthold Gamma Counter.

At the same time as iodide addition, MTT reagent was added to the second plate and
incubated at 37°C for two hours. Media was aspirated under fume hood and

DMSOQ/isopropanol solution was added to wells to dissolve the formazan dye produced only
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by living cells. 120 ul solution was transferred to a 96-well plate and measured at 620 nm on
Tecan plate reader. The final iodide uptake analysis data was plotted as count per minute

iodide uptake over absorbance at 620 nm.

2.5 Protein Preparation and Western Blotting

2.5.1 Protein Isolation

Cells were seeded at a density of 1 x 10° cells per well in 6-well plates and transfected with 2
ug DNA 24 hours after seeding. On day 4, media was removed, and cells were washed with 1
ml PBS, then lysed using 120 ul RIPA buffer (TRIS, NaCl, Igepal (Sigma), Sodium deoxycholate,
100 mM EDTA) containing 60 pl protease inhibitor per 1ml RIPA (Sigma). Protease inhibitor
cocktail contains aprotinin, bestatin, leupeptin and pepstatin in DMSO to inhibit serine,
cysteine, and acid proteases. Where phosphorylated proteins were to be studied
downstream, two phosphatase inhibitors were added containing sodium orthovanadate,
sodium molybdate, sodium tartrate, cantharidin, p-bromolevamisole oxalate and calyculin A
in DMSO (Sigma). This combination inhibits protein phosphatase 1 and 2A, alkaline
phosphatase, acid phosphatase, tyrosine phosphatases and serine/threonine phosphatases

to preserve target phosphate sites such as phospho-ERK1/2 and phospho-Akt.

To facilitate cell lysis, plates were incubated at -20°C for thirty minutes then thawed on ice.
Lysates were collected by scraping and transferred to labelled microcentrifuge tubes then
vortexed and centrifuged at 13,000 g for twenty minutes at 4°C. The supernatant containing

cell proteins was collected for quantification and the pellet of cell debris was discarded.
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2.5.2 Protein Quantification

Protein concentration was analysed using the colorimetric BCA assay (Peirce 23225). 4 pl
protein sample was loaded per well of a 96-well plate and 80 ul BCA reagent added per well
before incubating for thirty minutes at 37°C. BCA reagent was made up prior to addition by
20 ul Pierce BCA reagent B for every 1 ml Pierce BCA reagent A. Absorbance was measure at
560 nm using a Molecular Devices SpectraMAX ABS plus microplate reader and SoftMAX Pro
software. Absorbance values for protein samples were analysed against a standard curve
measured concurrently using standards of BSA in RIPA buffer in the range of 0 mg/ml to 5
mg/ml. Protein quantification of the samples was determined by equation of the line of

regression of the BSA protein standard curve.

2.5.3 Western Blotting

30 pg protein samples were prepared in 5x loading buffer (0.25 M tris solution in H,0, 57 %
w/v glycerol, 10 % SDS, bromophenol blue and 12.5 % beta-mercaptoethanol) and denatured
at 37°C for thirty minutes. Where NIS protein was to be probed downstream, 10 %
polyacrylamide gels without stacking were prepared (10 % protogel polyacrylamide
(geneflow), 25 % 1.5 M tris solution pH 8.8, 0.1 % sodium dodecyl sulfate (SDS), 0.1 %
ammonium persulfate and 0.01 % tetramethyethylenediamine (TEMED) in H,0). Where
downstream membrane probing did not include NIS protein, stacking gel was also prepared
(16.6 % protogel polyacrylamide, 25 % 0.8 M tris solution pH 6.8, 0.02 % w/v SDS, 0.02 % w/v
ammonium persulfate and 0.2 % TEMED in H,0). Once set, samples were loaded into gels
with running buffer (0.3 % w/v Tris, 1.44 % w/v/ glycine and 0.1 % w/v SDS in H,0) and run at

70V for thirty minutes if stacking gel was present, then increasing by 10 V every ten minutes
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such that the current did not exceed 25 mA per gel; the average gel running time was seventy-

five minutes.

Amersham Hybond 0.45 um PVDF membranes (GE Healthcare) were activated by shaking in
100 % methanol for thirty seconds and transfer sandwiches were made with two sponges,
filter paper, activated membrane and gel, then transferred at 360 mA for seventy-five minutes
in transfer buffer (20 % methanol, 0.3 % w/v tris, 1.44 % w/v glycine in H,0). Membranes
were blocked in 5 % milk in TBS-T for two hours then incubated at 4°C with gentle rocking in
TBST- milk solutions of primary antibody overnight (Table 2-5). The following day, membranes
were washed with TBS-T (72 % H,0, 0.2 mM TRIS pH 7.6, 1 % w/v NaCl, 0.03 % Tween 80), for
seven minutes repeated four times then incubated with secondary HRP-conjugated
antibodies in TBS-T at room temperature for one hour. Membranes for co-
immunoprecipitation were incubated with protein-G-HRP conjugated secondary antibodies
(Bio-Rad) to prevent cross reaction with heavy and light change IgG at 75 kDa and 25 kDa,
respectively. Four washes were repeated, and the membranes were developed using Pierce
ECL plus (Thermo Fisher) and x-ray film (Scientific Laboratory Supplies) using an ECOMAX X-
ray processor. Validation of protein loading was performed using B-actin as a housekeeping

protein using FlJI software (Schindelin et al., 2012).

2.6 Immunofluorescence and Imaging

TPC1 and Hela cells were seeded at a density of 7.5 x 10* cells per well onto sterilised
coverslips in 6-well plates and transfected 24 hours later with relevant tagged or untagged

plasmids. On day four, cells were washed with PBS, fixed with a PFA-based fixing solution
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(0.2% PFA, 0.1M phosphate buffer, 2% glucose and 0.02% sodium azide) for twenty minutes
at room temperature. Cells were permeabilised with ice-cold methanol for ten minutes on ice
to allow antibodies access to intracellular epitopes, then methanol was replaced with 10 %
new-born calf serum in PBS (NCS; Thermo Fisher) before blocking for thirty minutes at room
temperature. Primary antibody was prepared in 1 % Bovine Serum Albumin (BSA) in PBS at
concentrations described in (Table 2-5), and coverslips were incubated for one- hour face
down. Coverslips were transferred to 6-well plates and washed with PBS three times before
incubation with 1:250 secondary antibody in 1 % BSA and 1 % NCS in PBS solution for one
hour, face down and in low light. Coverslips were mounted using fluorescent mounting
medium (Agilent) before imaging after 24 hours on a confocal (Zeiss LSM780) microscope. For

imaging using 100x objective, Immersol™ immersion oil was used for optimal imaging (Zeiss).

2.7 Table of Antibodies

NIS Proteintech 24324-1-AP Rabbit 1:1000 1:700
MSN Proteintech 26053-1-AP Rabbit 1:10000 1:100
ANXA1 Proteintech 21990-1-AP Rabbit 1:10000 1:100
VCP Proteintech 10736-1-AP Rabbit 1:1000 1:250
Beta-Actin Sigma A5316 Mouse 1:10000 1:1000
HA Biolegend 16B12 Rabbit 1:1000 1:200
Myc Cell Signalling 9B11 Mouse 1:1000 N/A
pERK1/2 Cell Signalling 9101 Rabbit 1:1000 N/A
(Thr202/Tyr204)

ERK1/2 Cell Signalling 9102 Rabbit 1:1000 N/A
pAkt (Serd73) Cell Signalling 4060 Rabbit 1:1000 N/A
AKT Cell Signalling 4691 Rabbit 1:1000 N/A

Table 2-5 Antibodies used in this investigation for analysis by Western blot or microscopy.
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2.8 Protein-Protein Interaction Assays

2.8.1 Co-Immunoprecipitation

TPC1-NIS cells were used to analyse NIS interactors by co-immunoprecipitation. The NIS
antibody was used to pull back NIS protein and bound interactors, and an anti-HA antibody
was used as an isotype control. Cells were expanded into three 75 cm? cell culture flasks. At
90-100 % confluency media was removed, cells were washed in PBS and lysed in high salt lysis
buffer (50 mM Tris pH7.4, 1 % Igepal, 0.4 M NaCl in H,0, protease inhibitor). Flasks were
agitated at 4°C for thirty minutes then frozen for one hour. Cell lysates were collected by
scraping, vortexed and incubated at 4°C with end-over-end rotation. Lysates were centrifuged
at 13,000 g for twenty minutes in a pre-chilled centrifuge and the pellet of cell debris was
discarded. 100 ul supernatant was removed and used subsequently as a non-antibody
control. 10 ul NIS or HA antibodies were added to two of the samples, one sample was
processed without addition of a primary antibody. Sampled were incubated at 4°C with end-
over-end rotation for 16 hours. Next, 110 ul per sample protein G Seraphose beads (GE
Healthcare 17-0618-01) were prepared by centrifuging at 4,000 g for one minute to enable
removal of the ethanol suspension fluid. The bead pellet was washed in 500 ul high salt lysis
buffer and spun at 4,000 g for one minute, this was repeated three times. Once cleaned, the
beads were resuspended in 400 ul high salt lysis buffer and 100 ul of bead solution was added
to each of the three lysates and incubated at 4°C with end-over-end rotation for two hours.
Samples were centrifuged at 4,000 g for one minute and beads were washed in high salt lysis
buffer as during preparation. After washing, 50 ul laemelli buffer (BioRad) + 2.5 ul beta-
mercaptoethanol was added per sample and incubated at 37°C for thirty minutes to cleave

proteins from the beads. Samples were centrifuged at 4,000 g for one minute and the
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supernatant was collected for protein analysis by Western blot. Samples were run on 10 %
acrylamide gels alongside lysate controls samples collected previously and analysed by
Western blot as described in section 2.5.3. During Western blot development, protein-G HRP-
conjugated secondary antibody (Bio-Rad) replaced anti-rabbit secondary antibodies to
prevent cross reaction of the secondary antibody with the IgG antibodies present in the lysate

samples.

2.8.2 Preparing Luciferase-tagged Plasmids

LgBiT and SmBIT vectors from NanoBiT PPI Starter System (N2014) were kindly provided by
Dr Caroline Gorvin (University of Birmingham, UK). The nanoluc plasmid was kindly donated
by Dr Davide Calebiro (University of Birmingham, UK). LgBiT and nanoluc tags were amplified
by Q5 DNA Polymerase PCR (NEB) with the primers below (Table 2-6). PCR products were
purified on 1 % agarose gel and bands were extracted using Gel Extraction kit (Qiagen) then
digested with Xbal/Apal (Promega) for C-terminal tagging or Hindlll/Kpnl (Promega) for N-
terminal tagging. pCDNA3.1 (+) was linearised with Xbal/Apal or Hindlll/Kpnl and tags and
vector were ligated. All ligations were performed using T4 DNA ligase (Thermo Fisher)

overnight at 16°C.

Amplicon Forward Primer (5’ 2 3’) Reverse Primer (5’ 2 3’)

LgBiT (N) GCCAAGCTTACCATGGTCTTCACAC | GGCGGTACCACTGTTGATGGTTACTC
TCGAA G

LgBiT (C) GCCTCTAGAGTCTTCACACTCGAAG | GGCGGCGGGCCCTTAGCTGTTGATG

AT GTTAC

(Bl e ] GCCAAGCTTACCATGGTCTTCACAC | GGCGGTACCCGCCAGAATGCGTTAGC
TCGAA A

\ELelie (e ) GCCTCTAGAGTCTTCACACTCGAAG | GGCGGGCCCTTACGCCAGAATGCGTT
AT C

Table 2-6 PCR primers used to amplify LgBiT and Nanoluc tags for insertion into pcDNA3.1
(+). Row 1 and 3 prepared the tags for addition to N-termini of genes of interest and primer
pairs contain restriction sites for Hindlll and Kgal enzymes. Row 2 and 4 prepared tags for
addition to C-termini of genes of interest and primer pairs contain restriction sites for
Xbal/Apal enzymes.
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The coding sequences for NIS, VCP, ANXA1 and MSN were amplified by PCR using the primers
below, and digested with Kpnl/Xbal. Primers were designed to remove the start codon for N-
terminally tagged vectors, and to remove the stop codon for C-terminally tagged vectors
(Table 2-7). Vector containing LgBiT or nanoluc tags were linearised with Kpnl/Xbal, purified
on a 1 % agarose gel and ligated as described above. VCP, MSN and ANXA1 were tagged
individually on N- and C-termini but NIS was tagged only on C-terminus as N-terminal tags are

known to abolish normal NIS function.

GCCGGTACCACCATGGAGGCCGTG | GCCGCCTCTAGAGAGGTTTGTCTCCT
GAGACC GCTG
GCCGGTACCACCATGGCTTCTGGA | GCCGCCTCTAGAGAGCCATACAGGTC
GCCGAT ATCATC
GCGGTACCGCTTCTGGAGCCGATT | GCCGCCTCTAGATTAGCCATACAGGT
CA CATC
GCCGGTACCACCATGCCCAAAACG | GCCGCCTCTAGAGACATAGACTCAAA
ATCAGT TTCGTC
GCGGTACCCCCAAAACGATCAGTG | GCCGCCTCTAGATTACATAGACTCAA
TG ATTC
GCCGGTACCACCATGGCAATGGTA | GCCGCCTCTAGAGAGTTTCCTCCACA
TCAGAA AAGAGC
GCGGTACCGCAATGGTATCAGAAT | GCCGCCTCTAGATTAGTTTCCTCCACA
TC AAG

Table 2-7 PCR primers for amplifying genes of interest prior to insertion into pcDNA3.1 (+)
containing LgBiT or Nanoluc tags. Primers for C-terminal tagging omit the stop codon of the
gene of interest and primers for N-terminal tagging omit the start codon of gene of interest.
All primer pairs contain restriction sites for Konl and Xbal enzymes.

81



Chapter 2 Materials and Methods

NIS, VCP, ANXA1 and MSN were amplified by the primers below for addition of SmBIT tags
directly through PCR (Table 2-8). Amplicons were purified on 1 % agarose gels and extracted
as described above, then digested with Kpnl/Xbal. Empty pcDNA3.1 (+) was linearised with

Kpnl/Xbal and tags and vector were ligated overnight.

NIS-SmBIT (C) GCCGGTACCACCATGGAGGCCGT | GCCTCTAGATTACAGAATCTCCTCG

GGAGACC AACAGCCGGTAGCCGGTCACGAG
GTTTGTCTCCTGCTG
VCP-SmBIT(C) GCCGGTACCACCATGGCTCTGGA | GCCTCTAGATTACAGAATCTCCTCG
GGCGAT AACAGCCGGTAGCCGGTCACGCCA
TACAGGTCATCATC

SmBIT-VCP (N) GCCGGTACCACCATGGTGACCGG | GCCGCCGCCGCCGCCTCTAGATTA
CTACCGGCTGTTCGAGGAGATTC | GCCATACAGGTCATC
TGGCCGCTTCTGGAGCCGATTCA
MSN-SmBIT (C) GCCGGTACCACCATGCCCAAAAC | GCCTCTAGATTACAGAATCTCCTCG
GATCAGT AACAGCCGGTAGCCGGTCACCATA
GACTCAAATTCGTC

SmBIiT-MSN (N) | GCCGGTACCACCATGGTGACCGG | GCCGCCGCCGCCGCCTCTAGATTA
CTACCGGCTGTTCGAGGAGATTC | CATAGACTCAAATTC
TGGCCATGCCCAAAACGATCAGT
ANXA1-SmBIT (C) | GCCGGTACCACCATGGCAATGGT | GCCTCTAGATTACAGAATCTCCTCG
ATCAGAA AACAGCCGGTAGCCGGTCACGTTT
CCTCCACAAAGAGC
SmBIT-ANXA1 (N) | GCCGGTACCACCATGGTGACCGG | GCCGCCGCCGCCGCCTCTAGATTA
CTACCGGCTGTTCGAGGAGATTC | GTTTCCTCCACAAAG
TGGCCATGGCAATGGTATCAGAA
Table 2-8 PCR primers for amplifying SmBIT tag directly onto genes of interest. All primer
pairs contain restriction sites for Xbal and Kpnl for insertion into empty pcDNA3.1 (+).

All ligation products were transformed into DH5 alpha competent E. coli as described in
section 2.2.1. DNA was purified by miniprep as described in section 2.2.3. Correct plasmids

were confirmed by Sanger sequencing services provided by Source Bioscience, UK.
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2.8.3 NanoBiT

The Promega NanoBiT assay is a split-luciferase assay requiring LgBiT and SmBIT tags on the
proteins of interest. In the event of protein-protein interaction in a kinetically favourable
conformation, these tags will interact to form active luciferase and oxidise Nano-Glo reagent,
producing a measurable luminescence signal Figure 2.2.

Hela cells were seeded into 6-well plates at a density of 3.5 x 10° in a 6-well plate. After 24
hours cells were transfected with both LgBiT and SmBIT tagged vectors. On day three, cells
were detached with trypsin and resuspended in phenol-red-free DMEM (Gibco) and 100 pl
was transferred in duplicates to a white 96-well flat-bottom plate (Corning). Where drug
treatments were required, drugs were added five hours after reseeding to allow for cell
attachment to the plate substratum. 24 hours after reseeding or drug treatment, Nano-Glo
Live Cell Substrate dilution buffer (Promega) was equilibrated to room temperature and
prepared 19 volumes to 1 volume Nano-Glo live cell substrate (Promega). 25 ul of solution
were added per well and distributed by orbital shaking for two minutes. Luminescence was
measured every two minutes for twenty cycles at 37°C using a PHERAstar plate reader. During
analysis, luminescence values for each cycle were transformed using the equation
logio(luminescence) to reduce the variation between experimental repeats arising from
differences in passage, transfection efficiency and cell confluency. Typically, luminescence
emission increases for the first ten cycles then plateaus or reduces, therefore a single
measurement was taken at cycle ten, twenty minutes after addition of luminescent substrate.
The cycle ten values for three to five experimental repeats were taken forward for statistical

analysis.
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Figure 2.2 The NanoBiT assay measures interaction between tags on two proteins, LgBiT and SmBIT;
in the event of protein-protein interaction, these tags may interact to form active luciferase. When
luciferin substrate is added the enzyme oxidises the substrate and luminescence is detected as a
byproduct. In the absence of interaction between the two tagged proteins, full luciferase is not formed
and luminescence above negative control is not apparent.

2.8.4 Site-directed Mutagenesis

Site directed mutagenesis of the NIS-SmBIT vector to modify putative moesin binding sites
K554 and R555 was performed using the Agilent QuikChange XL site directed mutagenesis kit

(Thermo Fisher) and the primers documented in (Table 2-9).
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Target Forward Primer (5’ = 3’) Reverse Primer (5’ = 3’)
Mutation

Ve | CAGGGTGCTGCGCGCGGTGG | GACAGGCCCCACCGCGCGCAG
K554A GGCCTGTC CACCCTG

VRS | GCCAGGGTGCTGGCCTTGGT | GGCCCCACCAAGGCCAGCACC
R555A GGGGCC CTGGC

Vs | GGGCCAGGGTGCTGGCCGCG | TGACAGGCCCCACCGCGGCCA
(LA GTGGGGCCTGTCA GCACCCTGGCCC

Table 2-9 Sequences of primers used to generate mutation in NIS coding sequence in the C-
terminal tail domain immediately adjacent to the membrane.

10 ng of the NIS-SmBIT template were added to 2.5 ul 10x reaction buffer, 1.5 pl Quick
Solution, 125 ng each primer, 0.5 ul dNTPs and made up to 24.5 pl final volume with nuclease-
free H,0. 0.5 pl Turbo DNA Polymerase 2.5 U/ul was added, the reaction was mixed and
collected in the bottom of the tube by pulse spinning before transferring to a thermocycler

set at conditions outlined in Table 2-10.

1 95°C 60s
95°C 50s
18 60°C 50s
68°C 8 minutes 30 seconds (1
minute per kB length)
1 68°C 7 minutes

Table 2-10 PCR Thermocycler conditions for generating NIS-SmBIiT mutants. Where
required, PCR products were held at 4°C until ready for progressing to Dpnl digestion.
The PCR solution was digested with Dpnl at 37°C for one hour to cleave methylated template
DNA and leave only mutated DNA. XL-10 Gold chemically competent E. coli cells were
prepared by mixing 50 pl cells with 2 pl beta-mercaptoethanol and incubating on ice for ten
minutes. 2 pl digested PCR product was added, mixed by swirling and incubated on ice for

thirty minutes. The bacteria were heat shocked at 42°C for thirty seconds and transferred to
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ice for two minutes. 500 pl LB broth was added, and the cells were shaken at 225 rpm for one
hour. The suspension was poured onto LB-Agar plates containing 100 pug/ml ampicillin and
left for five minutes to air dry. Plates were inverted and incubated at 37°C for 16 hours. The
following day, two colonies were picked and prepared according to protocol outlined in
section 2.2.3. Mutations were confirmed by Sanger sequencing (Source Bioscience,

Nottingham UK).

2.8.5 Bioluminescence Resonance Energy Transfer (BRET)

The bioluminescence resonance energy transfer (BRET) assay involves both GFP and luciferase
fusion proteins of interest. Excitation of luciferase results in a transfer of energy which excites
GFP fluorophores in the immediate vicinity Figure 2.3. Nanoluc luciferase was kindly provided
by Dr Davide Calebiro with thanks to Emma Tripp. Nanoluc tags were added to the C-terminus
of NIS and both the C- and N- termini of VCP, MSN and ANXA1 by PCR amplification. Digestion

and ligation were as described in section 2.8.2.

Hela cells were seeded at a density of 3.5 x 10° cells per well and transfected with 1 pg DNA
per well. After 24 hours, cells were reseeded after into white 96-well plates as described in
section 2.8.3. 24 hours after transfection, NanoGlo reagent (Promega) was prepared from
Nano-Glo luciferase assay substrate and Nano-Glo buffer in a 1:50 ratio. The solution was
added in a 1:1 ratio of media to reagent per well and distributed by orbital shaking for three
minutes to complete lysis. Plates were inserted into PHERAstar luminescent plate reader,
preheated to 37°C. A measurement was taken six minutes after adding reagent at both 460

nm and 535 nm wavelengths to measure luciferase and fluorescence, respectively.
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Figure 2.3 Bioluminescence resonance energy transfer requires tagging two proteins with an
acceptor fluorophore and donor luciferase. In the event of these proteins interacting, the luciferase
substrate will be oxidised and luminescence produced as a by product (1). This results in a transfer
of energy to the fluorophore (2) which emits at wavelength 485nm (3). In the absence of interaction
between the tagged proteins,the fluorophore tag is not excited resulting in lower detection at
485nm.

2.9 BRAF-Inducible Cell Systems

The Invitrogen Flp-In™T-Rex™ system was employed to generate cells with conditional BRAF
expression. Plasmids containing Myc-BRAFYT and Myc-BRAF™7%°A were kindly received from
Dr Vicki Smith and amplified by PCR to add Aflll and Hindlll restriction sites. PCR products
were digested and ligated into pcDNA5/FRT/TO by addition of T4 DNA ligase (Thermo Fisher)
and incubation overnight at 16°C. Insertion of BRAF into pcDNA5/FRT/TO was confirmed by
Sanger sequencing using custom primers (Source Bioscience, Nottingham, UK; Table 2-11).

Hela and U20S cells with FRT recombination sites stably integrated into the genome were
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kindly received from Professor Grant Stewart. T-REx™ cells were grown to confluency in a 75
cm? flask in DMEM media supplemented with 10 % FBS, 1 % penicillin-streptomycin, 5 pg/ml
blasticidin and 5 pg/ml zeocin. At 80 % confluency, these cells were transfected with BRAFWT
and BRAFT7%% plasmids and selected for in 5 pg/ml blasticidin and 400 pg/ml hygromycin B.
Once confluent, induction of the proteins BRAFWT and BRAFV6%F was achieved by addition of
1 pg/ml tetracycline to the cell culture medium. Protein was harvested after 24 hours of
incubation with tetracycline to assess the effect of BRAF signalling on moesin and annexin Al
protein level. Anti-Myc tag antibody (Cell Signalling, Mouse) was used during Western blot

analysis.

GCCCTTAAGACCATGGAGCAGAAGCTGAT | GCCAAGCTTCAGTGGACAGGAAACGCAC

Table 2-11 Sequencing primers used to confirm insertion of BRAF into pcDNA5/FRT/TO
vector.

2.10 Analysis of Data from The Cancer Genome Atlas

The cancer genome atlas (TCGA; https://portal.gdc.cancer.gov/) collates data from 67 distinct

primary tumour sites and has reported genetic data on over 23,500 genes and 3.4 million
mutations. The collaboration between the National Cancer Institute (Bethesda, Maryland, US)
and the National Human Research Genome Institute (Bethesda, Maryland, US) provides gene
expression profiling, mutational analysis, copy number alterations and DNA methylation
profiling, among other data, for multiple cancer types and matched normal controls. Within
the TCGA, the THCA database contains data from 501 papillary thyroid cancer samples and

59 matched normal controls. THCA data was accessed via GDAC Firehose
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(https://gdac.broadinstitute.org/) (Broad Institute, Massachusetts, US). For mRNA analysis,
the file illuminahiseq_rnaseqv2-RSEM_genes_normalized (MD5) was downloaded, consisting
of normalised illumina sequencing reads for 20533 genes distinguished by the unique genetic
identifier ENTREZ ID. Values were transformed using logz(normalised counts + 1) to reduce
data skew and enable appropriate statistical tests to be applied. The log, expression values
for MSN and ANXA1 genes were extracted alongside correlating sample ID. Further genomic
and clinical data relating to each sample ID, such as mutation status of oncogenes, were
downloaded from (https://www.cbioportal.org/). cbioportal is a public site for accessing
TCGA data, developed at the Centre for Molecular Biology at Memorial Sloan Kettering Cancer
Centre and maintained by multiple international institutes (Cerami et al., 2012; Gao et al.,
2013). Mutation data were mapped to sample IDs to enable comparison of MSN and ANXA1
expression between different mutational drivers which was carried out using GraphPad

PRISM.

2.11 Statistics

Statistical analysis was completed using PRISM GraphPad Software. All statistical analysis was
completed on datasets with at least three biological replicates and significance was assessed
at p < 0.05. For normally distributed datasets with two variables, a paired, two-tailed t-test
was used, and for three or more variables a one-way analysis of variance (ANOVA) was used
to assess significance. For non-normally distributed datasets with two variables the Mann-
Whitney test was applied, and for three or more variables a Kruskal-Wallis test was used to

assess significance.
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3 The Effect of CB-5083 and CB-5339 on Radioiodide Uptake
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3.1 Introduction

3.1.1 CB-5083 Inhibits VCP in vitro and in vivo

In the search for therapeutically viable VCP inhibitors, Anderson et al presented the first
evidence of VCP inhibition within mouse xenograft models via the compound CB-5083
(Anderson et al., 2015). CB-5083 was derived from the earlier VCP inhibitor ML240 and bears
structural resemblance to the first identified VCP inhibitor DBeQ yet has an improved
bioavailability (Zhou et al., 2015). In vitro data characterised CB-5083 as a potent VCP
inhibitor with an ICsp of 11 nM. CB-5083 functions by inhibiting the ATPase activity of the D2
domain to abrogate VCP function and induce extensive cell death. The cytotoxic effects of CB-
5083 are mediated through upregulation of C/EBP homologous protein (CHOP), a pro-
apoptotic transcription factor. Studies on 350 cancer cell lines showed that higher sensitivity
to CB-5083 was observable in cell lines driven by MAPK-activating mutations in KRAS of RAF
genes, compared to cell lines with low levels of phosphorylated ERK (Anderson et al., 2015) .
When assessed against a panel of 358 ATPase-utilising enzymes and kinases, CB-5083 showed
high specificity to VCP. The protein with the second-most altered ATPase activity after 10 uM
treatment with CB-5083 was DNA-dependent Protein Kinase, which displayed a 29.6-fold

lower affinity to CB-5083 than displayed by VCP (Anderson et al., 2015).

Multiple myeloma, colorectal and non-small cell lung cancer cell lines were used to establish
xenograft models for testing CB-5083 in vivo (Figure 3.1B). 50 % of mice had complete tumour
regression in the AMO-1 multiple myeloma cell line after 12 days of treatment with CB-5083.
The colorectal cell line HCT116 displayed 78 % inhibition of tumour growth compared to

vehicle control, but tumour growth inhibition was abrogated in tumours harboring the
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VCPT88A mutation that confers resistance to CB-5083. Comparatively, proteasomal inhibitors
displayed no inhibition in HCT116 models, and 50 % and 37 % tumour growth inhibition in
A459 cells with carfilzomib and bortezomib, respectively. These studies suggest VCP inhibition
may yield higher levels of apoptosis and tumour growth delay than current FDA-approved

proteasome inhibitors.
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Figure 3.1 CB-5083 is a specific and potent inhibitor of VCP inhibitor. (A) The 2D structure of
CB-5083, which is related to DBeQ and ML240. (B) CB-5083 reduced tumour growth rate in
mice xenograft models from multiple cell lines. CTG-0360 is a patient derived xenograft of
colorectal adenocarcinoma origin, and demonstrated a sustained inhibition of tumour growth
in CB-5083 treated mice. The AMO1 model, derived from multiple myeloma, exhibited
complete tumour regression dafter twelve days of treatment. Mice were treated with 100mg/kg
once daily via oral gavage in cycles of four days on and three days off. Adapted from Anderson
et al 2015.
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Subsequently, these xenograft data led to phase I clinical trials in patients with solid tumours
or multiple myeloma (NCT02243917). However, unexpected ocular dysfunction arising from
the cross reaction of CB-5083 with phosphodiesterase 6 led to the early termination of the
trial. To reduce this cross-reaction, CB-5083 was redeveloped into the second-generation
inhibitor CB-5339, which entered clinical trials for haematological malignancies and solid

tumours in July 2020 (NCT04372641).

CB-5083 was modelled to bind to the D1 - D2 linker region in VCP as well as at a previously
characterised binding site in the ATPase active site of D2 domain (Anderson et al., 2015;
Bastola et al., 2017). The binding pocket in the D1 - D2 linker region utilised by CB-5083 is
similar to that occupied by both UPCDC30245 and clotrimazole, but these compounds are
reported to interact with different residues of VCP within the pocket. The extent to which
these VCP inhibitors exploit the same binding site via different residues, or distinct but
proximal allosteric binding sites is unclear. Mutations at residues 470, 472, 473 and 474 in the
D1 - D2 linker region confer enhanced ATPase activity of VCP and resistance to CB-5083, and
VCPE4’%% has been most commonly used to study the mechanism underlying resistance
(Bastola et al., 2017). CB-5083 resistance may arise due to the lower affinity of CB-5083 for
VCPE47% or by increased ATPase activity of the mutant which demands a higher dose of CB-
5083 for functional inhibition. Despite giving mechanistic insight into the binding of CB-5083
to VCP, mutations at VCP codon 470 are not observed clinically in any cancers within the TCGA
database. However, it does suggest that resistance may be selected for over a relatively short
duration of treatment through mutations in the key linker region and the use of VCP inhibitors
in cancer may advance selection of resistance-conferring mutations in VCP. Patients who

respond poorly or have a short-lived response to CB-5083, or the related CB-5339, should be
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monitored in clinical trials for these mutations to determine whether these drugs exert a
strong enough selective pressure to encourage development of resistance mutations in VCP.
Modelling of CB-5083 binding to VCP supports the previous characterisation of the drug as
both a competitive VCP inhibitor via binding to the D2 ATPase active site, and an allosteric
inhibitor by binding to the D1 - D2 linker region. This allosteric inhibition, as with the VCP
inhibitor NMS-873, prevents the full conformational changes between the D1 and D2 domains
of VCP that is required for movement of the polypeptide through the central pore (Anderson

et al., 2015; Segura-Cabrera et al., 2017).

CB-5083 was positioned as a long-term therapy for patients with solid tumours and
haematological malignancies with the aim of reducing tumour growth. This approach is
supported by the drugs ability to inhibit or regress tumour growth in vivo after multiple
treatment cycles (Anderson et al., 2015). In these experiments targeting VCP disrupts the
delicate balance of protein turnover in cancer cells that is necessary for sustained tumour
growth, however in the thyroid cancer setting VCP is targeted to specifically reduce ER-
associated degradation of NIS. This function of CB-5083 in modulating iodide uptake in thyroid
cells was not considered in the initial development of the compound. Based on data that
supports CB-5083 and CB-5339 as strong and potent VCP inhibitors across multiple cancer cell
lines and tumour xenograft models, the application of these compounds to modify iodide
uptake by inhibiting VCP-mediated NIS degradation was analysed. Given that these
compounds are the only compounds which have proceeded to human clinical trials for the
specific aim of targeting VCP, they represent the most translational putative strategy for

targeting VCP in thyroid cancer. Additionally, CB-5083 and CB-5339 have overcome physical
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properties of other reported VCP inhibitors such as clotrimazole, including poor

bioavailability, which limits the administration of these compounds orally.

3.2 Materials and Methods

3.2.1 NIS-expressing Cell Models

For the following experiments, TPC1-NIS and 8505C-NIS cells were employed as thyroid
cancer derived cell lines. L87-NIS cells represent a third cell line derived from mesenchymal
stem cells, which have been engineered to stably express a CMV-driven NIS construct. Despite
L87 cells being of non-thyroidal origin, they present a useful additional model to assess cell-

specific effects conferred by VCP inhibitors.

3.2.2 Drug Treatments

CB-5083 was obtained from Cayman Chemical (19311) and CB-5339 was kindly provided by
Cleave Therapeutics. Both compounds were resuspended in DMSO to a stock concentration
of 10 mM. On the day of treatment, stocks were diluted in RPMI cell culture medium to a
working solution of 10 uM and cells were treated at doses 0.05, 0.1, 0.25, 0.5 and 1.0 uM. The

DMSO vehicle control was equalised across all doses.

3.2.3 Radioiodide Uptake Analysis

Each condition had six replicates of which two were treated with sodium perchlorate for one
hour prior to addition of radioiodide. 1 x 10> — 1.2 x 10° counts per minute 1*?> were added to
each well and incubated at 37°C for one hour. Cells were washed in cold HBSS and lysed with
2 % SDS buffer. Activity of the lysates was measured using a gamma counter and protein

guantification of the lysates was performed by BCA assay. The full radioiodide uptake assay
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protocol is described in Section 2.4. Statistical analysis was completed on a minimum of n =3

independent experiments.

3.2.4 Protein Analysis

Protein was harvested in cells using RIPA buffer. Protein quantification was performed by BCA
assay. Samples were analysed by Western blot, as describe in Section 2.5.3. Membranes were
incubated with antibody solution at 4°C overnight before being developed using
chemiluminescent substrate and x-ray film. Antibodies used in this investigation were NIS,
VCP and B-actin, the details of which can be found in (Table 2-5). Band densitometry analysis
was performed using Imagel FlJI plug-in where NIS expression was normalised to the B-actin

loading control.

3.2.5 NanoBIT Protein-Protein Interaction Studies

NIS- LgBiT, NIS-SmBIT, VCP-LgBiT and NanoBiT control plasmids were used in these
experiments, as described in Section 2.8.2. Hela cells were prepared for NanoBIT as described
in Section 2.8.3. Luminescence was measured on a PHERAstar plate reader, preheated to

37°C, at 120 s intervals for 20 cycles.

3.2.6 Statistical Analysis

Radioiodide uptake assays measuring CB-5083 and CB-5339 dose responses in TPC1-NIS,
8505C-NIS and L87-NIS cells were analysed by ANOVA with Dunnett’s post-test using the
DMSO- treated condition as the comparative control. Western blot band densitometry which
guantified NIS protein level, normalised to the B-Actin control, was analysed using a paired,

two-tailed t-test on a minimum of three biological repeats.
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For assessing the significance of NanoBiT assay data, the luminescence value at cycle ten was
logio transformed to reduce the effect of inter-repeat variability, and analysed against the

DMSO treated control by one-way ANOVA and Dunnett’s post-test analysis.

3.3 Results

3.3.1 The VCP Inhibitor CB-5083 Increases Radioiodide Uptake

Although the efficacy of CB-5083 has been tested on a panel of 350 cancer cell lines, this did
not include thyroid cancer cell lines and the effect of VCP inhibition on NIS function was not
surveyed (Cleave Therapeutics, Personal Communication). TPC1-NIS and L87-NIS cell lines
demonstrated a statistically significant increase in iodide uptake with 0.25 uM and 0.5 uM of
CB-5083 at 24 hours (Figure 3.2A). NIS protein showed an increasing trend between 0.25 uM
and 0.5 uM in both TPC1-NIS and L87-NIS cell lines (Figure 3.2C). Interestingly, 8505C-NIS cells
displayed a strong decrease in iodide uptake in contrast to the significantly increased protein
levels at the same doses (Figure 3.2). Densitometry analysis of NIS and VCP expression was
performed against all doses of CB-5083 and demonstrated the drug does not affect VCP at
the protein level (data not shown). Increased NIS protein levels are observed at both 75 kDa
which represents fully glycosylated NIS monomers, and 60 kDa which represents

hypoglycosylated NIS.
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Figure 3.2 Effect of the VCP inhibitor CB-5083 on radioiodide uptake and protein level of NIS
and VCP in TPC1-NIS, 8505C-NIS and L87-NIS after treatment for 24 hours. (A) CB-5083
increases NIS-mediated iodide uptake in TPC1-NIS and L87-NIS cells as analysed by one way
ANOVA. (B) NIS protein level increases across all cell lines after treatment with CB-5083 for 24
hours. (C) Densitometry analysis performed by normalising NIS protein level to 8-Actin showed a
consistent increase in NIS protein across all measured cell lines. Densitometry analysis on VCP
protein level showed no change with increasing doses of CB-5083, data not shown. * = P < 0.05;
** =p<0.01; *** = p <0.001; ns= non-significant.
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Human primary thyrocytes were tested at the single dose of 0.25 uM due to the relatively
small number of cells harvested from each sample. Despite these samples being obtained
from benign multinodular goitre rather than thyroid carcinomas, and therefore less likely to
overexpress VCP, these cells were responsive to CB-5083 resulting in an approximate 50 %

increase in uptake (Figure 3.3).

Primary Thyrocytes

0.34 .
£ l l
2
e
=1
ED.E- —
=)
g
Py 0.1
=
5
=
=

0.0 I

DMSO 0.25

CB5083 Dose (uM)

Figure 3.3 Human primary thyrocytes demonstrate a significant increase in radioiodide uptake
at a CB-5083 dose of 0.25 uM. Data were derived from five discrete multinodular goitre samples.
Protein expression data from human primary tissue were unavailable due to the size of received
samples. Statistical analysis was performed by paired, two-tailed t-test. * = p < 0.05.

3.3.2 The VCP Inhibitor CB-5339 Modifies Radioiodide Uptake

CB-5339 is a second generation VCP inhibitor developed from CB-5083, with an ICsp of 9 nM.
Currently, the structure of CB-5339 and the tumour response observed in mouse xenograft
models after treatment with the compound are unpublished. However, the drug has recently
moved into phase | clinical trials in multiple cancer settings suggesting encouraging pre-
clinical data. The efficacy of CB-5339 in improving NIS-mediated iodide uptake and NIS

protein levels was assessed by radioiodide uptake and Western blot.
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Contrary to the substantial increase in iodide uptake measured in TPC1-NIS cells after
treatment with CB-5083, these cells did not display robust changes in either I*2°> uptake or NIS
protein expression after treatment with CB-5339 (Figure 3.4A). CB-5339 induced a ~2.5-fold
increase in NIS-mediated iodide uptake in the L87-NIS cell lines at 0.25 uM and 0.5 uM and
8505C-NIS exhibited a downward trend in iodide uptake consistent with CB-5083 treatment
(Figure 3.4A). In a similar response to CB-5083, L87-NIS and 8505C-NIS cells displayed an
induction of NIS protein after treatment with 0.5 uM CB-5339 (Figure 3.4B), confirmed by
densitometry analysis on NIS protein. Densitometry analysis demonstrated VCP protein
expression was not significantly changed by CB-5339. Again, treatment with CB-5339 was
associated with an increase in both fully glycosylated and hypoglycosylated forms of NIS

protein, measured at 75 kDa and 60 kDa, respectively.
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Figure 3.4 Effect of the VCP inhibitor CB-5339 on radioiodide uptake and NIS and VCP protein
levels in TPC1-NIS, 8505C-NIS and L87-NIS cells after treatment for 24 hours. (A) CB-5339
increases NIS-mediated iodide uptake in L87-NIS cells as analysed by one way ANOVA. (B) NIS
protein level increases across after treatment with CB-5339 for 24 hours in 8505C-NIS and L87-NIS
cells. (C) Densitometry analysis performed by normalising NIS protein level to Actin housekeeping
gene showed a significant increase in NIS protein in L87 and 8505C-NIS cell lines, as analysed by
one-way ANOVA dfter n = 3 to n = 6 experimental repeats. Densitometry analysis on VCP protein
level showed no change with increasing doses of CB-5339, data not shown. * = P < 0.05; ns= non-

significant.
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3.3.3 CB-5083 and CB-5339 Disrupt the Interaction Between NIS and VCP

To examine whether CB-5083 and CB-5339 altered the affinity of the NIS-VCP binding,
protein-protein interaction experiments were performed using NanoBIT technology.
Previously, it has been shown that the NIS and VCP interaction may still occur in the presence
of the VCP inhibitors clotrimazole and ebastine; NanoBiT provides an alternative and sensitive
approach to measure these protein interactions in the presence of the new class of VCP
inhibitors. CB-5083 and CB-5339 significantly disrupted the physical interaction between NIS
and VCP (Figure 3.5). These data substantiate the hypothesis that VCP inhibitors result in
elevated NIS protein by preventing reducing diversion of NIS towards VCP-mediated ERAD.
Treatment with 0.5 uM CB-5083 reduced luminescence emitted by 1.52-fold whereas
treatment with the same dose of CB-5339 caused a 2.4-fold reduction. This may partially

reflect the lower I1Cso of CB-5339 at 9 nM, compared to 11 nM for CB-5083.
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Figure 3.5 The VCP inhibitors CB-5083 and CB-5339 disrupt the interaction between NIS and
VCP in HelLa cells after treatment with 0.5um for 24 hours; analysed by one-way ANOVA. * =p
< 0.05; ns = non-significant. CB-5083 dose response n=5; CB-5339 dose response n=3
experimental repeats.
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3.3.4 (CB-5083 and CB-5339 Disrupt NIS Dimerisation

NIS has been previously reported to dimerise, however the impact of dimerisation on function
is not known, and whether VCP binds monomeric or dimeric NIS is not clear (Thompson et al.,
2019). Therefore, the effect of the VCP inhibitors CB-5083 and CB-5339 on NIS dimerisation
was assessed by NanoBiT. CB-5083 and CB-5339 significantly disrupted NIS dimerisation
(Figure 3.6). Treatment with 0.5 uM CB-5083 resulted in a 1.95-fold decrease in luminescence,
whereas treatment with CB-5339 resulted in a 3-fold reduction in luminescence, again

positioning CB-5339 as the more effective of the two compounds.
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Figure 3.6 The VCP inhibitors CB-5083 and CB-5339 disrupt the interaction between NIS
monomers. Treatment of Hela cells with 0.25 uM and 0.5 uM for 24 hours resulted in reduced
luminescence emitted by the NIS-SmBIT and VCP-LgBiT interaction, as analysed by one-way
ANOVA. *** = p < 0.001; ** = p< 0.01. CB-5083 dose response n=5; CB-5339 dose response n=3
experimental repeats.
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3.4 Discussion

3.4.1 VCP Inhibitors CB-5083 and CB-5339 Can Modify lodide Uptake in vitro

Despite CB-5083 exerting a strong inductive effect on radioiodide uptake in TPC1-NIS, L87-NIS
cells, and human primary thyrocytes, there were inconsistencies between treatment with CB-
5339 in the TPC1 NIS cell line which questioned the efficacy of using this compound in a
thyroid cancer setting. TPC1-NIS constitutes a papillary thyroid cancer cell model, given that
80% of all thyroid carcinomas are of papillary origin, the response of TPC1 cells to compound
in vitro is of paramount interest. Although the second-generation VCP inhibitor CB-5339
showed a positive response in L87-NIS cells that was consistent with CB-5083 treatment, the
drug did not elicit the same effects as the related compound CB-5083 in TPC1-NIS cells. The
reasons for this are unknown as structural changes between CB-5083 and CB-5339 are
minimal (Cleave Therapeutics; personal communication), and data in Figure 3.5 suggest that
both CB-5083 and CB-5339 interrupt the interaction between NIS and VCP in Hela cells. The
response of L87-NIS cells to CB-5083 and CB-5339 was consistently optimistic and iodide
uptake increased by 1.7x and 2.6x at 0.5uM each compound, respectively. Although this
indicates that targeting VCP may result in high radioiodide uptake, it must be considered that
L87 mesenchymal stem cells are not a physiological representation of thyroid epithelial cells

and remain solely an in vitro tool for observing changes in iodide uptake.

From the data presented, CB-5083 remains the stronger compound to improve radioiodide
uptake via VCP inhibition, given its efficacy across three cell lines tested compared to CB-5339
which showed a positive effect on L87-NIS cells only. The discrepancy in the effect of CB-5339

compared to CB-5083 demands further investigation using a broader range of cancer cell lines
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and employing human and mouse thyrocytes for appraisal in more physiological cell models.
In this investigation, access to human and murine primary thyroid material for testing CB-

5339 was prevented by the COVID-19 pandemic and data will be collected in coming months.

Notably, a significant decrease in iodide uptake was observed after treatment with both CB-
5083 and CB-5339 in 8505C-NIS cells, which is paradoxical to the elevated NIS protein levels
observed at the same doses. This cell-specific response may result from variations in post-
translational processing of NIS between cell lines resulting in variable timeframes for NIS to
reach the plasma membrane and confer changes in radioiodide uptake capacity. Alternatively,
the lack of effect of CB-5083 in 8505C-NIS cells may be artefactual and a result of specific
mutations within the monoclonal cell population. 8505C-NIS cells and TPC1-NIS have different
genetic drivers: TPC1 cells harbour a RET/PTC rearrangement while 8505C cells are
homozygous for the BRAFY®%%F mutation. If the lack of response to CB-5083 and CB-5339 is a
product of dysregulated protein trafficking resulting from a BRAFV®%%¢ mutation, the future
application of these inhibitors in the ~45% patients with BRAFV6%_driven papillary thyroid
cancer may be limited. Mislocalisation of NIS protein has been previously observed in studies
of BRAFY®9%E driven tumours and may reflect dysregulation in other aspects of post-
translational NIS processing (Choi et al., 2014). It should be investigated whether CB-5083 is
effective in other cell lines which harbour this mutation, such as BCPAP cells. Within this
investigation, these experiments were hindered by the lack of availability of BCPAP cells which

stably express NIS.

Treatment with both CB-5083 and CB-5339 induced NIS protein in L87-NIS and 8505C-NIS

cells, and in TPC1-NIS cells after treatment with CB-5083 only. Interestingly, the increase in
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NIS protein was observed at both 75 kDa and 60 kDa which is thought to correspond to fully
glycosylated and hypoglycosylated protein. Hypoglycosylated protein is classically considered
do novo translated NIS mRNA, most likely representing protein in the ER lumen that has not
yet become fully glycosylated, and could putatively accumulate when VCP is inhibited from
extracting NIS protein from the ER. Evaluating the mRNA expression level of SLC5A5 after
treatment with CB-5083 and CB-5339 by quantitative PCR could discern whether CB-5083 and
CB-5339 also act, at least partially, at the transcriptional level, and therefore whether the

protein band at 60 kDa represents de novo NIS transcripts.

3.4.2 VCP Inhibitors CB-5083 and CB-5339 Disrupt NIS-Protein Interactions

Proximity ligation assay evidence previously suggested that NIS and VCP may still physically
interact in the presence of the VCP inhibitor clotrimazole (Fletcher et al., 2020). The
mechanism behind how targeting VCP may increase NIS-mediated iodide uptake is unclear if
the interaction between NIS and VCP persists in the presence of an inhibitor. During this
investigation, a novel method of measuring the NIS-VCP interaction by NanoBiT was
employed. Data demonstrating an interaction between individual NIS monomers, as a result
of NIS dimerisation, were used as positive controls in experiments described in Chapter 5, and
showed a partial disruption to the NIS-VCP interaction in response to treatment with CB-5083

and CB-5339 (Figure 3.5Figure 3.6).

Interestingly, CB-5083 and CB-5339 also disrupted the NIS-NIS dimer interaction (Figure 3.6).
Overexpression of VCP has been associated with loss of the higher molecular weight NIS band

on Western blot, which was predicted to be the NIS dimer, and this was rationalised by the
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hypothesis that VCP preferentially degrades the NIS dimer during ERAD (Fletcher, 2018). If
this were this case, it would have been expected that treatment with VCP inhibitors would
result in the increased NIS dimerisation that would be reflected by increased luminescence
after treatment with CB-5083 or CB-5339, but instead the opposite was observed (Figure 3.6).
Alternatively, the higher molecular weight band on Western blots may represent poly-
ubiquitinated NIS prior to degradation, and the disulfide bridges that facilitate dimerisation
of NIS may be fully reduced by loading buffer, so as only to present on a Western blot as
monomeric NIS at 75 kDa-100 kDa. As the functional relevance of NIS dimerisation is not
known, the effect of the disruption by CB-5083 and CB-5339 is also unclear. The data indicate
that disrupting the degradation of NIS by treatment with VCP inhibitors results in fewer NIS
dimers. Treatment with CB-5083 and CB-5339 at the same doses correlates with increased
iodide uptake, thus implying that monomeric NIS is the optimal conformation for iodide
uptake. This is consistent with observations that mutations in NIS which preclude
dimerisation do not have a negative effect on the ion transport activity of the symporter
(Thompson et al., 2019).

The function of NIS dimerisation may be explored by comparison to other members of solute
carrier family 5 protein family. The choline transporter encoded by SLC5A7 dimerises at the
cell surface, and disruption of this dimerisation affects transport activity (Okuda et al., 2012).
Dimerisation of other sodium- coupled neurotransmitter transporters is also reported to
facilitate interaction with COPII vesicle machinery for trafficking to the membrane (Sitte et
al., 2004). Comparatively, dimerisation of the sodium-glucose cotransporter, encoded by
SLC5A1, is necessary for protein stability (Sasseville et al., 2016). Reported functions of
dimerisation in NIS and related proteins all favour the hypothesis that disruption of NIS dimers

could negatively affect NIS processing and function, whether it is through trafficking to the
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membrane, protein stability, or iodide uptake capacity. Therefore, it must be considered how
CB-5083 and CB-5339 may positively modulate iodide uptake while concurrently disrupting
dimerisation. Previous analysis of protein samples indicated that 77.9 % of NIS exists as a
dimer, 20.9 % of NIS exists as a tetramer and only 1.8 % of NIS exists as a monomer (Huc-
Brandt et al., 2011). Considering this, NanoBIT technology is unlikely to differentiate between
dimers and tetramers. It therefore follows that the disruption to the NIS-SmBIT and NIS-LgBiT
interaction by VCP inhibitors similarly does not differentiate between the two oligomeric
states. It should be considered instead whether CB-5083 and CB-5339 disrupt tetramers of
NIS, which results in more dimers that may traffic to the plasma membrane more effectively

and result in the increases in iodide uptake observed in Figure 3.2 and Figure 3.4.

The published characterisation of CB-5083 showed a 29.6-fold higher affinity to VCP than the
closest measured protein, DNA-dependent protein kinase. However, not all possible protein
binding partners were assessed leading to the unexpected cross-reaction with PDE6 during
clinical trials (Cleave Therapeutics; personal communication, 2021). The redevelopment of
this compound to CB-5339 specifically screened out PDE6 cross-reaction and result in a more
specific VCP inhibitor than CB-5083 (Cleave Therapeutics; Personal Communication). This
specificity is also reflected in the lower ICsp value of CB-5339 than CB-5083- which are 9 nM
and 11 nM, respectively- which may enable a larger inhibitory effect on VCP to be exerted by
CB-5339 (Anderson et al., 2015). Together, these data substantiate the hypothesis that VCP
inhibitors result in elevated NIS protein by preventing reducing the diversion of NIS towards

VCP-mediated ERAD.
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The NIS-VCP interaction was reduced by both CB-5083 and CB-5339 (Figure 3.5). This suggests
that the increase in NIS protein that is observed after treatment with VCP inhibitors is a result
of reduced interactions between NIS and VCP leading to less NIS protein being degraded by
ERAD. However, the interaction between NIS and VCP was not completely prohibited in the
presence of VCP inhibitors. Treatment with CB-5339 at 0.5 puM resulted in the largest
percentage reduction in NIS - VCP interactions of 58.1 %, compared to DMSO treated wells.
This may also explain why interactions between NIS and VCP in the presence of a VCP inhibitor
were still identified by proximity ligation assays (Fletcher et al., 2020). The notion that NIS and
VCP can still interact in the presence of VCP inhibitors, albeit in a significantly reduced
capacity, implies that VCP activity is not completely inhibited by CB-5083 or CB-5339. As
inhibition of VCP over time is associated with CHOP-mediated apoptosis, the incomplete
inhibition may enable an optimal balance of reducing degradation of NIS by ERAD without
affecting cell viability. Furthermore, combination of VCP knockdown by siRNA and treatment
with CB-5083 resulted in complete cell death in TPC1-NIS cells (data not shown), and doses of
CB-5083 or CB-5339 above 1.0 uM resulted in extensive cell death. This implies that complete
inhibition of the intracellular pool of VCP through multiple approaches is highly toxic, and
while this is the desired outcome for inhibiting tumour growth, high levels of cell death are
disadvantageous for maximising iodide uptake. While targeting VCP can produce increases in
iodide uptake, it may be that additional increases to iodide uptake can only be achieved by
simultaneously targeting other components of the NIS interactome to avoid

counterproductively compromising cell viability.
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3.5 Concluding Remarks

Data in this chapter have tested the previous findings that targeting VCP in thyroid cancer
may result in a significant increase in radioiodide uptake. Treatment with CB-5083 provided
moderate support of these findings as increased radioiodide uptake was observed in TPC1-
NIS, primary thyroid cells, and the non-thyroidal L87-NIS cell model. However, the second
thyroid cell model, 8505C-NIS cells, demonstrated a reduction in iodide uptake after
treatment with CB-5083 and CB-5339 which necessitates further investigation into whether
the 8505C genotype may confer an inadequate response. Treatment with CB-5339 failed to
recapitulate the positive effects on radioiodide uptake in the TPC1-NIS cell line and its
usefulness in inducing radioiodide uptake in thyroid cancer generally remains under
investigation. Currently, CB-5339 is the only VCP inhibitor being explored in clinical trials as
an anti-cancer therapy and these trials are focussed on reducing tumour growth. If CB-5339
can induce a robust increase in thyroidal iodide uptake in wild-type and thyroid cancer mouse
models, it will remain an exciting strategy for optimising radioiodide therapy. The dosage and
adverse events data derived from the CB-5339 trials will be of interest to thyroid cancer
researchers. Nevertheless, treatment strategies for targeting VCP to induce apoptosis in
tumours, and those to optimise plasma membrane NIS expression remain distinct therapeutic

approaches.
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4 Modifications to the Structure of Clotrimazole May Improve
Radioiodide Uptake
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4.1 Introduction

4.1.1 Modelling the Binding of Clotrimazole to VCP

The development of the early VCP inhibitors DBeQ, NMS-873, and Eeyarestatin-1 established
a rationale for targeting VCP in cancer (Chou et al., 2011; Magnaghi et al., 2013; Wang et al.,
2008), Figure 4.1). In tandem to the pre-clinical investigations of the specific VCP inhibitors
CB-5083 and CB-5339, alternative VCP inhibitors were sought via a drug repurposing strategy.
Drug repurposing refers to the identification of new uses for existing drugs which are
currently, or have previously been, approved for specific indications. As the safety and
pharmacokinetic profiles of these compounds have been established, drug repurposing is
more cost-effective than novel drug synthesis, and reduces the timeframe of drug
development. Segura-Cabrera et al employed an in-silico based blind docking model to
analyse a library of FDA-approved compounds and identify hits which may also function as
allosteric VCP inhibitors (Segura-Cabrera et al.,, 2017). This modelling was based on the
predicted binding of the inhibitor NMS-873 to VCP via the residues Lys-615 and Asn-616,
which oriented towards the D1 - D2 interdomain linker (Figure 4.1). This binding region is also
shared by the VCP inhibitor UPCDC30245, for which there is a resolved cryo-EM structure of
the drug in complex with VCP (Banerjee et al., 2016). Initially, clotrimazole was proposed to
serve as a VCP inhibitor based on predicted similarities in the way clotrimazole may bind to
VCP, as compared to NMS-873 (Segura-Cabrera et al., 2017). Segura-Cabrera et al supported
this hypothesis using data from the Broad Institute Connectivity Map (CMAP) which indicated
that treatment of 293T cells with clotrimazole elicits an ER stress response that is comparable
to the known VCP inhibitor Eeyarestatin-1. When evaluated in in vitro assays, clotrimazole

perturbed VCP-mediated degradation of polyubiquitinated substrates and affected the
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ATPase activity of both the D1 and D2 domains. Collectively, these data portray clotrimazole

as a potential allosteric inhibitor of VCP.
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Figure 4.1 VCP structure and the regions targeted by known VCP inhibitors. The most
targeted regions are the D1 to D2 20 residue linker region which prevents conformational
changes required for VCP function and the D2 domain which exerts the majority of the ATPase
activity for enzyme function.

4.1.2 Clotrimazole Increases NIS-mediated lodide Uptake in Thyroid Cells

VCP is a functional interactor of the key thyroid protein the sodium/iodide symporter, and
targeting VCP in vitro can increase NIS-mediated radioiodide uptake (Fletcher et al., 2020).
Clotrimazole and ebastine were both identified as potential VCP inhibitors through the drug
repurposing studies by Segura-Cabrera et al, and treatment of TPC1-NIS cells with these
compounds resulted in significantly higher levels of membrane bound NIS (Fletcher et al.,
2020; Segura-Cabrera et al., 2017). Treatment with clotrimazole for only 24 hours resulted in
an at least two-fold increase in iodide uptake (Figure 4.2). This work was recapitulated in
MDAMB-231-NIS breast cells, and both mouse and human primary thyroid cells (Fletcher et

al., 2020).
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Clotrimazole is currently approved by the FDA for use as an anti-fungal medication. It is active
against the Candida genus and exerts its antimycotic effects by inhibiting the biosynthesis of
ergosterol, thereby stalling growth (Crowley and Gallagher, 2014). Despite both clotrimazole
and ebastine showing promise in thyroid cancer systems, ebastine has high levels of
conversion to its metabolite carebastine and requires a higher dose to impact radioiodide
uptake than clotrimazole, and therefore clotrimazole was selected for ongoing studies.
However, just like ebastine, clotrimazole is poorly water-soluble, with a relatively high

partition coefficient (logP), which limits its use in internal in vivo applications.
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Figure 4.2 Treatment with clotrimazole increases NIS-mediated iodide uptake in TPC1-NIS
cells. (A) 24 hour treatment with clotrimazole increases radioiodide uptake in a dose dependent
manner with an optimal dose of 0.25 uM and treatment for 24 hours. (B) 24 hour treatment
with 0.25 uM clotrimazole and 0.5 uM ebastine increased the proportion of membrane bound
NIS resulting in the observed increases in NIS-mediated iodide uptake. Adapted from Fletcher et
al 2020.

LogP is a measurement of the solubility of a compound in hydrophobic and hydrophilic
solvents. As logP is a measure of lipophilicity, it can provide information on how effectively
compounds cross lipid membranes. The logP values of known VCP inhibitors are shown in

(Table 4-1). For orally delivered drugs to achieve over 80 % bioavailability the optimal value is
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below three, with Table 4-1 indicating that a breadth of VCP inhibitors display poor

bioavailability.

Drug Predicted

logP

Clotrimazole 5
Ebastine 7.2
Astemizole 6
3.1
Not Available
49
4.2
4.7
5.3
4.5

Table 4-1 The predicted logP values of reported VCP inhibitors. Values were calculated
using PubChem XLogP3 3.0 software (PubChem release 2019.06.18). logP values between
zero and three are optimal for high bioavailability of orally delivered drugs. Of the reported
VCP inhibitors, only CB-5083’s logP value resides close to this optimal range. Data for CB-
5339 are unavailable as the structure of the compound has not been reported by Cleave
Therapeutics.

In 2019, an exploratory in vivo study delivered clotrimazole via oral gavage to wild-type mice
with the aim of measuring changes in thyroidal iodide uptake. After normalisation of thyroidal
iodide uptake to stomach uptake in both the pre- and post- treatment imaging, there was no
observable difference in uptake of the technetium-99 tracer after treatment with
clotrimazole for 24 hours (McCabe group, unpublished data). This study utilised wild-type
mice which may not display overexpression of VCP, although thyrocytes from wild-type mice
were responsive to clotrimazole in vitro (Fletcher et al., 2020). The absence of an effect of
clotrimazole on in vivo thyroidal iodide uptake was conceivably due to poor drug

bioavailability and sub-optimal accumulation in the thyroid to a threshold necessary to induce

a measurable biological effect.
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Using the in-silico modelling of clotrimazole and the resolved structure of UPCDC30245 in the
allosteric binding pocket of VCP, it was predicted that structural modifications to clotrimazole
may improve binding to VCP and be associated with improved bioavailability. As UPCDC30245
has not progressed in development as a VCP inhibitor, it has limited clinical utility. We
hypothesised that the redevelopment of clotrimazole, an FDA- approved and well tolerated
compound, into a more effective VCP inhibitor that exploits interactions identified in now-

defunct VCP inhibitors may enable a more potent VCP inhibitor to be generated.

4.2 Materials and Methods

4.2.1 Drug Treatments

Clotrimazole was obtained from Alfa Aesar (J63895), and resuspended in DMSO to form a 10
mM stock solution that was stored at -20°C. Clotrimazole-derived compounds were received
in 10 mM stock solutions from Dr Holly Adcock (University of Birmingham, UK), described
further in Section 4.2.3. Three iterations of compounds were tested as single agent
treatments and alongside treatment with SAHA deacetylase for 24 hours to maximise NIS
transcription. On the day of treatment, stock solutions were diluted in RPMI to 10 uM working
solutions and cells were treated with 2.5 uM SAHA or DMSO control. After 12 hours cells were
treated with 0.25 uM clotrimazole-derived compounds for a further 12 hours before analysis
by radioiodide uptake assay, as described in Section 2.4.The DMSO vehicle control was

equalised across all doses.
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4.2.2 Radioiodide Uptake Assay

Radioiodide uptake assay data presented in this chapter presents was collected at both the
University of Birmingham and Ludwig Maximilians-University in Germany. Both experimental

protocols are outlined in Section 2.4 and, in brief, below.

Experiments performed at University of Birmingham

Two wells of six replicates were treated with sodium perchlorate for one hour prior to
addition of 1 x 10°> — 1.2 x 10° counts per minute radioiodide. After one hour incubation at
37°C, cells were washed with cold HBSS and lysed with 2 % SDS buffer. Counts per minutes
were measured on a Berthold gamma counter as described in Section 2.4. Protein

guantification of the lysates was performed by BCA assay as described in Section 2.5.2.

Experiments performed at Klinikum Grofshadern, Munich, Germany.

Radioiodide and MTT assay and plates were identically seeded with four technical replicates
per condition, and treated with clotrimazole at multiple doses. 1 x 10° counts per minute of
112> solution (10 mM Nal, HBSS, HEPES buffer adjusted to pH 7.3 with KOH) were added to
radioiodide plates and simultaneously NaClO4 was added to one well per condition to a final
concentration of 100 uM. Plates were incubated at 37°C for 45 minutes then media was
aspirated, and wells were washed with HBSS/HEPES solution. Cells were lysed with NaOH and
samples were transferred to glass tubes for measuring counts on a Berthold Gamma Counter.
Counts were normalised using MTT cell survival assay on corresponding plates, as described

in Section 2.4.
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4.2.3 Generating Clotrimazole-Derived Compounds

Modified clotrimazole compounds were synthesised by Dr Holly Adcock and Eleanor Garrett
in the lab of Dr Liam Cox (School of Chemistry, University of Birmingham, UK). The
synthetic strategy was based on the generation of analogues of clotrimazole, in order to
establish which structures of the compound were pharmacologically active, and
to investigate the relationship between structure and activity. The synthesis involved
alkylation of an imidazole, or related heterocycles with functionalised triaryl and
subsequently benzyl substituents. The analogues were designed toimprove the
physiochemical properties, as compared to clotrimazole, particularly the logP value in order
to increase the aqueous solubility. Analogues were supplied in 10 mM DMSO solutions and
stored at -20°C. The 2-D and 3-D structures, molecular weight and logP values of all twenty

compounds are displayed in Table 8-1 in the Appendix.

4.2.4 Computational Modelling of Clotrimazole Binding to VCP

The predicted binding of clotrimazole to an allosteric binding site on VCP was modelled by Dr
Giovanni Bottegoni (University of Birmingham, UK). This modelling was performed using the
UCSF Chimera Program using the 3D-coordinates from the cryo-EM resolved structure of VCP
in complex with allosteric VCP inhibitor UPCDC30245 which was accessed via the protein data
bank (Banerjee et al., 2016; Pettersen et al., 2004); PDB: 5FTJ). This model was optimised by
comparison to structural analysis of other compounds in complex with VCP, which supported
the confirmation of the isopropyl-piperazine chain of UPCDC30245 within the VCP binding
pocket (Alverez et al.,, 2015). The optimised model acted as a template for the binding

conformation of clotrimazole in the allosteric site of VCP. Comparison of clotrimazole and
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UPCDC30245 structures showed a common basic nitrogen atom that was modelled to form
hydrogen bonds with Glu-498 in the binding region within the D1-D2 linker of VCP. In
UPDC30245 this nitro group is part of a piperidin-4-amino nitrogen and in clotrimazole it is

part of the imidazole ringed structure.

4.2.5 Statistical Analysis

Clotrimazole-derived compounds were considered discrete groups and analysed using paired,
two-tailed t-test between clotrimazole and the clotrimazole-derived compound. For groups
which were co-treated with SAHA, these conditions were analysed using one way ANOVA
between treatment with SAHA only, SAHA plus clotrimazole, and SAHA plus the clotrimazole
analogue. Tukey’s post-hoc multiple comparison test was applied to assess significance at p <

0.05.

4.3 Results

4.3.1 Clotrimazole Treatment Does Not Modify lodide Uptake in L87-NIS Cells

Fletcher et al demonstrated an increase in iodide uptake in stable NIS-expressing thyroid
(TPC1) and breast cells (MDA-MB-231) after treatment with the VCP inhibitors clotrimazole,
astemizole and ebastine (Fletcher et al., 2020). In other studies, the iodide uptake function of
NIS has been exploited in xenograft and orthotopic murine tumour models whereby
exogenous NIS is delivered to the tumour site to enable tumour ablation by radioiodide
therapy (Tutter et al., 2020; Urnauer et al., 2019). In this system , NIS is delivered by an
injection of L87-NIS mesenchymal stem cells which accumulate at the tumour site by virtue

of the tumour honing behaviour of stem cells (Tutter et al., 2020). VCP inhibitors which had
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been shown to improve iodide uptake in NIS-expressing endocrine cells were assessed for
their effect in L87-NIS mesenchymal stem cells.

L87-NIS cells showed no response to clotrimazole (Figure 4.3), and the drug treatments did
not result in measurable cell death (data not shown). This contrasts to treatment of L87-NIS
cells which demonstrated statistically significant increases in radioiodide uptake after
treatment with the specific VCP inhibitors CB-5083 and CB-5339 (Figure 3.2 and Figure 3.4),

and suggests that VCP inhibitors may be subject to cell-type specific effects.
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Figure 4.3 L87-NIS cells did not respond to increasing doses of clotrimazole after
treatment for 24 hours. This experiment was performed at Klinikum GrofShadern, Munich
and normalised to an MTT survival assay. Cell survival was not affected by increasing doses
of clotrimazole (data not shown).

4.3.2 Modifications to the Chloro-Substituted Aryl Ring of Clotrimazole Do Not Affect lodide
Uptake

Clotrimazole was shown to induce NIS-mediated iodide uptake by at least two-fold by Fletcher

et al 2020. However, this observation did not translate to L87-NIS cells, as above. Similarly,

exploratory in vivo experiments with clotrimazole did not modulate thyroidal iodide uptake

in wild-type mice (McCabe group, unpublished data). Together, these suggest the potency of
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the drug as a VCP inhibitor may limit the wider use of clotrimazole in this capacity.
Consequently, an attempt was made to model, modify, and improve the interaction between
clotrimazole and VCP to enhance the potency and specificity of the compound. While
radioiodide uptake assays were performed 24 hours downstream of treatment in (Fletcher et
al., 2020), timepoint optimisation on the cells utilised in these experiments determined that

treatment for 12 hours was more consistent in eliciting an increase in radioiodide uptake.

In the first iteration of compounds, changes were made to the second phenyl ring, labelled
R1, to assess its potential effect on the functionality of clotrimazole (Figure 4.4). This was to
determine whether the chloride group was essential for VCP binding and whether it could be
substituted with groups that theoretically improved binding to VCP or reduced the logP value
of the compound. For these compounds, the logP values range from 4.07 to 4.76 (Figure 4.4),

which are below the higher logP value of clotrimazole which is 5.37.

Compound logP
Name
i Clotrimazole Cl 5.37
SOk
i Compound-1 COOH 4.07

Compound-2 COMH, 4.67
Compound-3 OH 4.69
Compound-4 COOCH, 4.67
Compound-5 COC;HNO 4.44

Compound-7 No R, group 4.76

Figure 4.4 Changes to the clotrimazole structure made during the first round of drug
synthesis. Changes were made to the chloro-substituted aryl ring labelled R1. Compound-6
provided by the lab of Dr Liam Cox was identical to the original clotrimazole compound and
was removed from subsequent analysis.
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Experiments to test the novel clotrimazole derivatives included treatment combinations with
the histone deacetylase SAHA with the aim of maximising NIS expression and function. The
first round of screening compounds resulted in no changes to NIS-mediated iodide uptake, as
compared to the original clotrimazole compound. Notably, treatment with clotrimazole as a
single agent for 12 hours did not result in a statistically significant increase in iodide uptake
compared to the DMSO control. Co-treatment with SAHA resulted in a more pronounced
increase in radioiodide uptake than treatment with clotrimazole alone. Given the lack of
change between DMSO and clotrimazole, the removal or substitution of the Cl group on R1,

had significant effect on clotrimazole’s capacity to enhance iodide uptake.
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Figure 4.5 Removal of groups on the chloro-substituted aryl ring of clotrimazole had no effect on
radioiodide uptake. In the first round of screening clotrimazole derived compounds, cells were
treated with the compounds at a dose of 0.25 uM for 12 hours. Cells were treated with
clotrimazole compounds individually and alongside a 24 hour treatment with 2.5 uM SAHA

deacetylase. n=3 experimental repeats.
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4.3.3 Modifications to the Imidazole Ring on Clotrimazole Can Increase lodide Uptake

The second iteration of modifications included further modifications to R1, the addition of
moieties to the imidazole ring (labelled R2), debulking of the second and third phenyl ring
(labelled R3), and salt formulations to improve solubility (Figure 4.6). Loss of the two aryl rings

aimed to reduce the molecular weight and logP of the compound.

ol N

Name
Clotrimazole ¢l CsHN, (CsHe)a 5.37
Compound-8 CH,OH  C3HsN, (CsHg)2 4,16
Compound-9 cl CsHgN,* + €= (CgHg), 1.31
Compound-10 Cl C3H4N; No R3 group 1.91
Compound-11  Cl C3H;N;NO, (CgHg)2 4.62
Compound-12 Cl CzHgN;* +CI-  No Rz group -2.14
Compound-13 I C7HgN; (CsHg)2 6.81
Compound-14 Cl C,H3N; (CsHg)2 4.78

Figure 4.6 Changes to the clotrimazole structure made during the second round of novel
compounds. Changes were made to the chloro-substituted aryl ring labelled R1, the imidazole
ring labelled R2, and the two aryl substituent groups labelled R3.

The second round of screening demonstrated a significant increase in iodide uptake after
treatment with two of the clotrimazole analogues compared to treatment with the
clotrimazole parent compound. Compound-11 resulted increased iodide uptake in 8505C-NIS
cells when co-treated with SAHA (Figure 4.7). In TCP1-NIS cells there was an upwards trend in
iodide uptake after treatment with compound-11 as a single agent, although TPC1-NIS cells
did not demonstrate an increase in iodide uptake after combined treatment with SAHA and
compound-11. However, it is noticeable that in 8505C-NIS cells clotrimazole did not elicit an
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increase in iodide uptake when treated alongside SAHA, compared to SAHA alone, nor as a
single agent treatment against the DMSO control. Compound-12 demonstrated a significant
increase in iodide uptake when co-treated with SAHA in 8505C-NIS cells, and there was an
upwards trend after treatment with compound-12 alone in 8505C-NIS cells. TPC1-NIS cells did

not show any changes in iodide uptake after treatment with compound-12.
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Figure 4.7 In the second iteration of analysing clotrimazole analogues, two compounds
significantly increased iodide uptake when co-treated with SAHA in 8505C-NIS cells. A
significant increase in iodide uptake was observed in 8505C-NIS cells after treatment with SAHA
+ Compound-11 and SAHA + compound-12 as assessed by one way ANOVA. n=3 experimental
repeats.

Based on the effect of compound-11 and compound-12 on 8505C-NIS cells, its binding to VCP
was modelled as described in Section 4.2.4. Compound-11 has a highly similar structure to
the parent compound with the addition of a nitro functional group onto the imidazole ring.

This modification may enable the structure to orient differently within the VCP binding pocket
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and form a hydrogen bond interaction with GIn-494 of VCP (Figure 4.8B). During the synthesis
of compound-12, the two non -substituted phenyl rings were removed, and the debulking of
this compound made the structure less lipophilic, with a logP value of -2.14, compared to
clotrimazole. Additionally, compound-12 was prepared as a hydrochloride salt, which can also
affect the permeability of the compound. Modelling suggests that imidazole ring structure of
compound-12 is now free to rotate and interact with Glu-498 of VCP via the basic nitrogen
group, an interaction which is sterically excluded in clotrimazole due to the two aryl groups
(Dr Giovanni Bottegoni, Personal Communication; Figure 4.8A). Hence, the increase in iodide
uptake after treatment with compound-12 may be a result of either increased affinity for VCP

or improved delivery across membranes by the hydrochloride salt formulation.

A Clotrimazole B Compound-11 C Compound-12

()

(%]
—_—=z
\ﬁj\

-a
= =

498

Q494

N
2 to VCP. Modelling
performed by Dr Giovanni Bottegoni using UCSF Chimera software. Orange = clotrimazole; purple =
compound-11; green = compound-12; yellow dashed lines represent hydrogen bonds with residue in
allosteric binding pocket of VCP. The long pink dashed line in (A) between clotrimazole and residue E498
represents the hydrogen interaction that is sterically excluded by this molecule, but that can be formed in
(C) between compound-12 and E498 where it is represented by a shorter, yellow dashed line.
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The third iteration of compounds further built on the imidazole ringed side chains and salt
formulations and included combinations of modifications tested in the second round of
screening (Figure 4.9). Clotrimazole analogues in this group which did not have the second
and third aryl ring structures has drastically reduced the logP values compared to

clotrimazole.

Name
RZ
5.37

Clotrimazole cl C3H4N2 (CEHE'Z

Compound-15 cl C4H;N30 (CgHs)2 5.42
Compound-16 No R; C3HgN,* +Cl No R; group -2.14
group
Compound-17 cl C3H,N;0; No R;3 group 1.18
Compound-18 F C3HgN,* +Cl No R; group -2.64
Compound-19 F+Fon C3HgN,* + CF No R;3 group -2.55
Cyof
benzyl
ring
Compound-20 No R; C3HgN,* + CF No R3 group -2.75
group
Compound-21 cl C3HyN, co 2.31

Figure 4.9 Changes to the clotrimazole structure made during the third round of novel
compounds. Changes were made to the chloro-substituted aryl ring labelled R1, the
imidazole ring labelled R2 and the two aryl substituent groups labelled R3. Combinations of
changes tested in the first and second round of screening were also synthesised such as
compound 16 which combines modifications previously tested in compounds 9 and 10.

The final round of screening demonstrated that compound-17 was at least as effective as the
parent compound in TPC1-NIS cells, and with an improved logP value of 1.18 (Figure 4.10).
Despite being a structural amalgamation of compound-11 and compound-12, compound-17
was more effective in TPC1-NIS cells, compared to the stronger effect of compound-11 and

compound-12 in 8505C-NIS cells. When analysed by one-way ANOVA, these compounds
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approached significance in TPC1-NIS and were pursued in further cell lines for additional

characterisation on drug efficacy.
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Figure 4.10 In the final round of screening clotrimazole analogues, TPC1-NIS cells treated with
compound-17 resulted in statistically significant increases in radioiodide uptake. Analysis of the
effect of seven more clotrimazole-derived compounds when treated as a single agent treatment at
0.25 uM for 12 hours, and in combination with 2.5 uM SAHA for 24 hours in both TPC1-NIS and
8505C-NIS cell lines. n= 4 experimental repeats.
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Compound-17 combines the structural modifications of compound-11 and compound-12,
although it was not prepared as a hydrochloride salt. This strengthened the hypothesis that
removal of the second and third aryl ring and addition of a nitro-group onto the imidazole
ring improved iodide uptake may enhance compound activity compared to clotrimazole
alone. The predicted binding of compound-17 to the allosteric binding pocket of VCP was
modelled (Figure 4.11). In this model, compound-17 interacts with GIn-494 which is
consistent with the model of compound-11 binding to VCP. Although compound-12 was also
predicted to rotate and bind to Glu-498, the model of compound-17 did not predict this

additional interaction.

Compound-17 ((

o

\\ ',:-__-:'.'-'-':I

s
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Figure 4.11 The binding of compound 17 to the allosteric binding pocket of VCP was
modelled by Dr Giovanni Bottegoni. It was predicated that debulking of compound-17
compared to clotrimazole may result in extended range of movement in the allosteric
binding pocket which may facilitate enhanced interactions with GIn-494.

4.3.4 Characterisation of Compound-17 in Additional Thyroid Cell Lines

To investigate whether compound-17 could increase iodide uptake in other cell models, the
compound was tested on three established thyroid cancer cell lines and human primary

thyrocytes (Figure 4.12). TPC1, 8505C and BCPAP cell lines have strongly repressed SLC5A5
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expression and display minimal iodide uptake. To both stimulate NIS expression in these non-
stable cell lines and recapitulate the condition which previously showed most uptake (Figure
4.10), these cells were treated with SAHA for 12 hours before the addition of compound-17
at three doses. BCPAP and 8505C cells demonstrated an upwards trend of iodide uptake with
increasing doses of compound-17 (Figure 4.12B and C). In these cell lines, iodide counts were
understandably lower compared to stable cell lines, rendering these changes statistically

insignificant.

Given the inconsistency in the efficacy of clotrimazole treatment as a control in the NIS-stable
cell lines, compound-17 was also tested in human primary thyrocytes alongside SAHA
treatment. These samples were comprised of three genetically discrete human thyroid
multinodular goitre samples. Compound-17 demonstrated a significant 2.59-fold increase in
iodide uptake in compared to DMSO when treated alongside SAHA, and 1.89-fold change

compared to SAHA treatment alone (Figure 4.12D).
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Figure 4.12 The effect of compound-17 on four additional cell lines was assessed. An
increase in iodide uptake between DMSO and SAHA treatment was observed in BCPAP and
8505C cell lines and a non-significant upwards trend with increasing dose of compound-17 co-
treated with SAHA. Human primary thyrocytes derived from three different patient
multinodular goitre samples demonstrated a significant increase in iodide uptake at 0.5uM
compound-17. Compound-17 did not markedly affect cell survival, data not shown. C-17 =
Compound-17.

Three rounds of screening clotrimazole analogue compounds vyielded two potential
modifications which may subtly increase the effect of clotrimazole such that when combined,
as in compound-17, resulted in an increase in NIS- mediated iodide uptake in multiple cell

lines including human primary thyrocytes. In an endeavour to improve the potency of
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compound-17, the structure of the drug was compared to the structure of the known VCP
inhibitor UPCDC30245 and an overlapping model of these two inhibitors in the VCP binding
pocket was modelled (Figure 4.13A). The UPCDC30245/compound-17 model was used to
predict which additional moieties could be coupled to compound-17 to capture further drug-
amino acid interactions within the VCP binding pocket that are exploited by the larger
UPCDC30245 compound but not by clotrimazole (Figure 4.13B). Based on this overlapping
model, it was predicted that addition of a fluoroindole group linked by a short carbon chain
to the chloro-substituted aryl ring of compound-17 may project the drug into the space
occupied by UPCDC30245. In the resolved cryo-EM structure of UPCDC30245 in complex with
VCP, this fluoroindole moiety of UPCDC30245 putatively interacts with residues Val-497 and
Asn-616, and these interactions can also be modelled by the fluoroindole conjugated to
compound-17 (Figure 4.13D). This new compound, labelled GB002, was designed by Dr
Giovanni Bottegoni (Figure 4.13C), it has a predicted logP value of 2.80 and is currently

undergoing in vitro testing.
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Figure 4.13 Compound-17 was redeveloped to GB002 based on an overlapping model with the
VCP inhibitor UPCDC30245. (A) UPCDC30245 modelled in the VCP allosteric binding pocket
interacts with E498 via a basic nitrogen atom, based on the original cryo-EM structure identified
by Banerjee et al 2016. The piperazine tail extends into the binding pocket further than the
clotrimazole derived compound, compound-17, demonstrated by overlapping UPCDC30245 and
compound-17 in (B). Based on this, GBO02 was proposed as a modified compound-17 which
mimics the piperazine tail of UPCDC30245 to capture further interactions with VCP residues
forming the binding pocket. (D) GBO0O2 modelled in the binding pocket of VCP. Modelling
performed by Dr Giovanni Bottegoni at the University of Birmingham. Blue ion = Nitrogen; Red
ion = Oxygen; Green ion = Fluorine; Yellow dashes = hydrogen bonds; pink dashes= hydrogen
bonds predicted to form between compound-17 and VCP but which are sterically excluded
between UPCDC30245 and VCP.
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4.4 Discussion

4.4.1 Structural Modifications to Clotrimazole Can Affect its Function as a VCP Inhibitor

Modified clotrimazole analogues were synthesised to achieve two primary aims: to improve
potency so that the compound may be more effective, and to improve solubility after
clotrimazole showed little efficacy in in vivo experiments. A total of twenty new compounds
were assessed for efficacy in increasing radioiodide uptake. Of this pool, three compounds
showed promise in being both efficacious at increasing radioiodide uptake, and having

improved logP values.

The output of the investigations into the efficacy of the clotrimazole analogues was
radioiodide uptake. This is an indirect measurement of the VCP inhibitor activity of these
analogues that theoretically relies on disrupting the interaction between VCP and NIS which
subsequently affects radioiodide uptake. However, the purpose of inhibiting VCP in thyroid
cancer is to increase radioiodide uptake, and therefore this assay provides a useful output for
this endpoint. In these experiments, the modelling of clotrimazole analogues to VCP is
predictive of how these compounds may allosterically inhibit VCP and reduce NIS
degradation, but they do not represent specific functional assays on how these analogues

affect the ATPase activity of VCP.

The first round of screening new clotrimazole analogues determined that the substitution or
removal of the chlorine group on the first aryl ring of clotrimazole did not significantly affect
the function of the drug in modulating iodide uptake (Figure 4.5). This confirms the hypothesis

that it is not the chloro-substituted aryl ring that acts as the pharmacophore of the compound
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and mediates binding to VCP, but more likely the imidazole ringed structure, as predicted by
the in-silico binding model. However, compound-7 represented the full clotrimazole structure
without the single chloride group, and treatment with this compound caused a downwards
trend in iodide uptake, as compared to treatment with clotrimazole or SAHA plus
clotrimazole. Although this was non-significant (p= 0.13 between clotrimazole and
compound-7 in 8505C-NIS cells), this repeated downwards trend was noted and the second

and third round of analogue synthesis mostly retained the chloride ion in the R1 group.

4.4.2 The Relationship Between the logP Value of Clotrimazole Analogues and Radioiodide
Uptake

Of the twenty analogues that were tested, seventeen did not elicit significant changes in
iodide uptake compared to the clotrimazole parent compound. Data from these compounds
may be useful in determining how compounds-11, 12, and 17 may exert a positive effect on
iodide uptake. For example, the structure of compound-9 was identical to clotrimazole but
synthesised in a hydrochloride salt formulation, with a reduced logP value of 1.31 compared
to the logP value of clotrimazole which is 5.37. This compound would be expected to possess
enhanced crossing of the plasma membrane, and therefore increased iodide uptake
compared to clotrimazole. However, treatment with compound-9 did not result in a
measurable increase in iodide uptake either as a single agent treatment or in combination
with SAHA. This implies that either the variability of clotrimazole response is not due to
impeded delivery across a lipid bilayer but by the effectiveness of its interaction with VCP, or
that this reduction in logP value is not enough to improve delivery of the compound across

the plasma membrane.
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A comparison between the effects of compound-10 and compound-12 can also directly
appraise the impact of the logP value on drug efficacy. Both of these compounds have
removed the second and third aryl rings which reduces the molecular weight and logP value,
although compound-12 was also prepared as a hydrochloride salt. Treatment with
compound-10, which has a logP value of 1.92, did not result in changes to iodide uptake
compared to clotrimazole. However, compound-12, which has a logP value of -2.14, did
significantly increase iodide uptake in 8505C-NIS cells when co-treated with SAHA.
Hydrochloride salt preparations specifically aim to reduce logP and improve drug delivery
across membranes. It is possible that the logP values of compound-9 and compound-10,
which were 1.31 and 1.92 respectively, were not enough to elicit a further effect on VCP
inhibition, although this could be achieved by combined removal of the two aryl groups and
salt preparation in compound-12 which reduced the logP value further to -2.14. A negative
logP indicates that a compound has a higher affinity for the aqueous phase over the lipid

phase; the compound is more hydrophilic.

Compound-17 has a logP value of 1.18. Given that compounds with similar logP values have
not demonstrated changes in iodide uptake, the relationship between logP value and drug
efficacy is unclear. During in vitro experiments, the compounds were highly soluble in DMSO
at concentrations of 10 mM. The logP value is vital when considering the efficacy of these
compounds in in vivo settings, when DMSO is typically replaced by an alternative, safer
solvent. In this case, a lower logP enables a compound to be dissolved in more commonly
used solvents such as the 0.5 % methyl cellulose vehicle used in the CB-5083 in vivo

investigations (Anderson et al., 2015).
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4.4.3 Clotrimazole Analogues May Have Improved Binding to VCP

In vivo data showed that the logP value of the clotrimazole parent compound was a limiting
factor for oral administration of the compound. However, modified compounds which have
largely reduced logP values within what would be considered an orally bioavailable range, did
not exert measurable changes in radioiodide uptake. This suggests that while logP value is a
contributing factor to drug efficacy, and efforts should be made to reduce the value for
improved solubility, it is not the only factor that affects how clotrimazole binds to and inhibits

VCP.

This notion is also supported by the increase in iodide uptake after treatment with compound-
11 which has a predicted logP value of 4.63. This indicates that modifications to the imidazole
ring which facilitate interactions with additional residues in the VCP binding pocket can be
sufficient to improve iodide uptake even with a relatively high logP. Compound-13,
compound-14, and compound-15 also had modifications to the imidazole ring structure
(Figure 4.6 and Figure 4.9), but did not induce changes in iodide uptake after treatment, as
compared to clotrimazole. This suggests that it is the specific modification to the imidazole
ring in compound-11, namely the addition of a nitro group, that is responsible for the 1.67-
fold increase in iodide uptake that was observed when this compound was co-treated with
SAHA. This is supported by the modelling of compound-11 in the allosteric binding pocket of
VCP that predicts that the additional nitro group specifically facilitates formation of hydrogen
bonds between the oxygen anion of the nitro group in compound-11 and GIn-494 of VCP

(Figure 4.8B).
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There was a degree of inconsistency in the cellular response to the original clotrimazole
compound across cell lines and timepoints. The inconsistency of the effect of clotrimazole
may be a result of the cell lines used to measure iodide uptake in these experiments, which
differ from the TPC1-NIS cells utilised in experiments that initially demonstrated significant
increases in iodide uptake after treatment with clotrimazole (Fletcher et al., 2020). The NIS-
expression in TPC1 and 8505C-NIS stable cell lines is driven by the CMV promoter and
maintained by culture in geneticin selection media. In contrast, the thyroid and breast cancer
cell lines described in Fletcher et al were stable cell lines formed from lentiviral transduction
with particles containing NIS, but also driven by the CMV promoter. Both cells are monoclonal
populations; it is conceivable that the cellular differences from the distinct transformation
protocols or differences between single clones used to populate the cell line result in the
different responses to VCP inhibitors. Recently, a high-throughput assay was developed to
measure iodide uptake via YFP-based luminescence (McCabe group, unpublished data). This
assay was applied to a large library of compounds to measure their effects on iodide uptake
in TPC1-NIS and 8505C-NIS cells. In these experiments, which utilised the same clonal TPC1-
NIS and 8505C-NIS cells as used in this Chapter, clotrimazole was again identified as a
compound that significantly increased iodide uptake. This observation supported the
conclusions previously reported which show that treatment with clotrimazole can induce an
increase in iodide uptake, and also demonstrated that this could be reproduced in the TPC1-
NIS and 8505C-NIS cell lines used in these more recent experiments on clotrimazole
analogues. In contrast to this, the data presented in Figure 4.5 suggest that additional
treatment with SAHA is required for clotrimazole to significantly increase radioiodide uptake

in these cell lines.

139



Chapter 4 Modifications to the Structure of Clotrimazole May Improve Radioiodide Uptake

Despite this rationale, the distinct observations that TPC1-NIS and 8505C-NIS cells do not
consistently respond to treatment with clotrimazole with a large-fold increase in radioiodide
uptake questions the suitability of clotrimazole as a VCP inhibitor in the thyroid cancer
setting. Additionally, when an observable increase in radioiodide uptake was observed in
cell lines after treatment with 0.25uM clotrimazole, this was invariably statistically
insignificant due to the small fold change difference between DMSO and clotrimazole. The
translational endpoint of this work would be to offer patients a compound or compounds to
improve the proportion of NIS at the plasma membrane in the short period prior to
radioiodide therapy. Considering this, the fold changes observed after treatment with both
the clotrimazole compound and the clotrimazole- derived compound-11, -12 and -17 are
inadequate to boost uptake enough to present a clinical use. Although SAHA was used to
exaggerate increases in radioiodide uptake by boosting NIS transcription, the response to
SAHA may have overwhelmed small fold changes from the clotrimazole-derived compounds.
The large, statistically significant increase in radioiodide uptake after treatment with SAHA
indicated that SAHA itself may be sufficient to produce the large fold-changes in iodide
uptake. Prior research has shown that stimulating SLC5A5 expression does lead to increases
in radioiodide uptake, and data in this chapter seek to maximise NIS protein levels by
inhibiting concurrent VCP-mediated degradation of NIS. However, the data indicate that de
novo NIS levels which have been stimulated by SAHA cannot be further augmented by

clotrimazole or clotrimazole-derived compounds.
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4.5 Concluding Remarks

Together, these data indicate that the VCP inhibition function of clotrimazole may be
enhanced by addition of a nitro group to the imidazole ring and removal of two aryl rings
which do not participate in VCP binding. The resolved cryo-EM structure of UPCDC30245 in
complex with VCP has been critical in predicting which interactions may be exploited in the
allosteric VCP binding pocket that these two inhibitors share. Structural modifications to
clotrimazole can enable additional interactions with residues that are utilised by the now-
obsolete VCP inhibitor UPCDC30245, and many of the clotrimazole analogues display enhance
solubility as compared to clotrimazole. These modifications may result in formation of a
compound which possesses the critical characteristics of being both a potent VCP inhibitor
and orally bioavailable. The potential efficacy of the three clotrimazole-derived compounds
which produced statistically significant increases in radioiodide uptake as compared to the
parent compound is limited by the starkly small fold changes in iodide uptake that were
observed, particularly compared to the previous findings by Fletcher et al that demonstrated
a 2-3-fold increase in iodide uptake after treatment of TPC1 and MDA-MB-231 cells with
clotrimazole. The final compound, GB002, may only represent a useful in vitro and in vivo tool
for improving iodide uptake if the additional fluoroindole moiety drastically improves its VCP
inhibitor function and subsequently causes larger fold-changes in radioiodide uptake. Future
hypotheses should seek to determine whether these data indicate that clotrimazole and the
twenty derived compounds tested in this investigation are insufficiently strong VCP inhibitors
to produce an adequate change in radioiodide uptake, or whether targeting VCP itself is a

flawed approach for improving radioiodide uptake.
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5 Moesin and Annexin Al Interact with NIS

142



Chapter 5 Moesin and Annexin Al Interact with NIS

5.1 Introduction

5.1.1 Moesin and Annexin A1l in Thyroid Cancer

Recent mass spectrometry experiments sought to identify interactors of the sodium iodide
symporter (Fletcher, 2018). In this study, peptides of both moesin and annexin Al were
detected as binding to NIS from the plasma membrane fraction of cells. The investigation by
Fletcher et al was the first to propose that targeting components of the NIS interactome may
be a viable strategy for increasing radioiodide uptake in thyroid cancer. This research also
highlighted VCP as a putative NIS interacting protein which was subsequently confirmed
through multiple in vitro approaches (Fletcher et al., 2020). Further validation of NIS
interacting proteins predicted by mass spectrometry data can elucidate additional targets
that may improve iodide uptake beyond the increase provided by treatment with VCP
inhibitors discussed in Chapter 3 and 4. Alternatively, targeting other NIS interactors may
provide a summative approach for use alongside a VCP inhibitor to maximise iodide uptake

in thyroid cancer cells.

Moesin (MSN) and annexin A1 (ANXA1) were both distinguished as biomarkers for thyroid
cancer amongst a panel of diagnostic and prognostic genes that are upregulated in classical
and tall cell variant papillary thyroid cancer compared to non-cancer controls (Ciregia et al.,
2013; Ciregia et al., 2016; Giusti et al., 2008). Both moesin and annexin Al protein are
upregulated in both papillary and follicular thyroid cancer versus normal tissue controls
(Brown et al., 2006; Martinez-Aguilar et al., 2016; Smith et al., 2019). The studies indicate

that analysis of annexin Al and moesin as specific protein markers may be useful in
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discriminating between malignant and benign thyroid nodules at an earlier stage than is

currently clinically used.

In this chapter, the mass spectrometry data that indicated moesin and annexin Al can bind
to NIS was challenged through protein-protein interaction studies. The dysregulation of
moesin and annexin Al in PTC tumour samples was explored using the THCA database from
TCGA. Whilst these putative interacting proteins are analysed in tandem throughout these
experiments, the functions underlying their interactions with NIS, as well as their particular

roles in the thyroid cancer phenotype, are distinct.

5.2 Materials and Methods

5.2.1 Second-Round of Screening Putative NIS Interactors

The final list of sixty-nine peptides identified as binding to NIS in the mass spectrometry
screen in (Fletcher, 2018) was surveyed for reported functions in protein trafficking. The five
interactors that had been analysed previously and the SLC5A5 gene product itself were
excluded from this analysis. A comparative analysis of putative interactors involved in protein
trafficking with dysregulation in thyroid cancer was performed using data from the THCA
database of the cancer genome atlas. Finally, gene expression was compared in the presence
of known driver mutations of differentiated thyroid cancer to ascertain whether up or
downregulation of the interactors may be associated with activation or disruption of specific
signalling pathways known to play a role in thyroid cancer. Data processing of the THCA

database from TCGA is described in Section 2.10.
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5.2.2 siRNA Transfection

TPC1-NIS and 8505C-NIS cells were treated with siRNA targeting four different sequences of
the target genes and a non-targeting control as described in Section 2.3.2. Downstream

analyses were performed 72 hours after transfection.

5.2.3 Plasmid Preparation

VCP, moesin and annexin Al coding sequences were tagged at the C and N-termini with LgBiT,
SmBIT and Nanoluc tags as outlined in Section 2.8.2 for protein-protein interaction assay
analysis. NIS was tagged only on the C-terminus as N-terminal tagging is known to abrogate
function by preventing trafficking to the plasma membrane. NIS-SmBiTK>>4A NIS-SmBiTR>>>A
and NIS-SmBiTKS>4A/RS55A mutants were generated using Agilent Quikchange Il site directed

mutagenesis kit as described in Section 2.8.4

5.2.4 Co-Immunoprecipitation

TPC1-NIS cell protein lysates were incubated with the NIS antibody, which was used to pull
back NIS protein and bound interactors. HA antibody pullback was used as an IgG isotype
control to assess non-specific interactions between the protein extracts and IgG protein. One
lysate was incubated with no primary antibody to control for the carry-over of unbound
protein from the lysate after the beads have been washed. The samples were analysed by
Western blot as described in Section 2.5.3 and the specific protein G-HRP conjugated
secondary antibody (Bio-Rad) was used to prohibit cross reaction of secondary antibody with

the IgG antibodies used in the experiment.
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5.2.5 Microscopy

Imaging slides were prepared from HeLa and TPC1 cells as described in Section 2.6 and stained
using HA (Biolegend, mouse), moesin (Proteintech, rabbit) and annexin Al (Proteintech,
rabbit) primary antibodies, and anti- mouse-488 and anti-rabbit-594 secondary antibodies.
24-hour after mounting, slides were imaged on a Zeiss 780 confocal microscope using the

100x objective.

5.2.6 Bioluminescence Resonance Energy Transfer (BRET)

C-terminally tagged NIS-GFP functioned as the acceptor protein for BRET assays. Hela cells
were utilised based on their high transfection efficiency. The conditions used for transfection
are outlined in Table 5-1. Hela cells were processed as described in section 2.8.5 and a single

luciferase reading was measured six minutes after addition of the NanoGlo Luciferase

Solution (Promega) substrate to the plate.

Plasmid 2 \ Control or Experimental Condition
|m Untagged Nanoluc Assay specific negative control
Im NIS-Nanoluc Assay specific positive control 1 (C only)
\ NIS-GFP VCP-Nanoluc Assay specific positive control 1 (C)

\ NIS-GFP Nanoluc-VCP Assay specific positive control 1 (N)
| NIS-GFP MSN-Nanoluc Experimental
| NIS-GFP Nanoluc-MSN Experimental
\ NIS-GFP ANXA1-Nanoluc Experimental
\ NIS-GFP Nanoluc-ANXA1 Experimental

Table 5-1. Transfection combinations for the BRET assay.
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5.2.7 NanoBiT

Hela cells were prepared as outlined in Section 2.8.3. Table 5-2 outlines the transfection
combinations used in the NanoBiT assay. Two technical replicates of each condition were
used per experiment. Only the inner 60 wells of the plate were used to prevent edge effects

or thermal gradients across the plate. Luminescence was measured at two-minute intervals

for twenty cycles on a PHERAstar luminescent plate reader.

None

Manufacturer supplied negative control

LgBiT-PRKAR2A

Manufacturer supplied positive control

LgBiT-PRKAR2A

Assay specific negative control

NIS- LgBiT Assay specific positive control 1 (C only)
VCP- LgBiT Assay specific positive control 1 (C)
LgBiT- VCP Assay specific positive control 1 (N)
MSN-LgBiT Experimental

LgBiT-MSN Experimental

ANXA1-LgBiT Experimental

LgBiT-ANXA1 Experimental

Table 5-2 Transfection combinations for the NanoBiT assay.

Additionally, a NanoBIT reverse assay was performed for further validation of the observed

interactions. The transfection combinations for the reverse experiment are detailed in Table

5-3.

Plasmid 1
Halotag-SmBiT
SmBIT-PRKACA
NIS-SmBIT
NIS-LgBiT

NIS-LgBiT
NIS-LgBiT
NIS-LgBiT
NIS-LgBiT
NIS-LgBiT
Table 5-3. Transfection combinations for the reverse NanoBiT assay.

Plasmid 2
None

Control or Experimental Condition
Manufacturer supplied negative control

LgBiT-PRKAR2A

Manufacturer supplied positive control

LgBiT-PRKAR2A

Assay specific negative control

VCP- SmBIT

Assay specific positive control 1 (C)

SmBIT- VCP

Assay specific positive control 1 (N)

MSN-SmBIT

Experimental

SmBIiT-MSN

Experimental

ANXA1-SmBIT

Experimental

SmBIT-ANXA1

Experimental
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5.3 Results

5.3.1 Selection of Further Potential NIS Interactors Relevant to Protein Trafficking and
Thyroid Cancer

The relevance of moesin and annexin Al in thyroid cancer was explored by comparing gene
expression levels in thyroid cancer samples against normal thyroid tissue. For this, RNAseq
data were obtained from the THCA dataset of TCGA. An initial comparison showed that
moesin and annexin Al are significantly upregulated in papillary thyroid tumours compared
to matched normal tissue (Figure 5.1A). Overall, papillary thyroid cancer samples exhibited a
2.07-fold and 2.77-fold increase in average moesin and annexin Al gene expression,

respectively (Figure 5.1A).

The majority of papillary thyroid cancers arise due to a small number of oncogenic drivers,
most commonly the BRAF™7%°A oncogene that encodes the BRAFY®%F protein. MSN and
ANXA1 gene expression were compared between known driver mutations or fusion gene-
driven subtypes (Figure 5.1B). This comparison highlighted strongly elevated expression of
MSN and ANXA1 in the BRAF mutant subgroup of samples, 98 % of which carry the BRAFV600F
mutation (Figure 5.1B). BRAF and RET fusion events also demonstrated significantly
upregulated MSN and ANXA1 expression compared with normal tissue. RAS mutated samples
and PPARG-fusion genes did not display significantly upregulated expression of either MISN or
ANXA1. Interestingly, samples with confirmed NTRK1/3 fusion gene tumours showed
upregulated ANXA1, albeit in a small sample size (Figure 5.1B). NTRK1/3 fusions result in
activated tropomyosin receptor kinase oncogenes which can signal via the MAPK, PKC and

PI3K-Akt-mTOR pathways (Cocco et al., 2018).
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Figure 5.1 Comparison of Moesin (MSN) and Annexin A1 (ANXA1) expression in thyroid
cancer vs normal and across multiple known driver mutations in thyroid cancer. (A) Cancer
vs matched normal tissue samples from The Cancer Genome Atlas. Statistical analysis by
Mann-Whitney test. Normal n=59; cancer n=501. (B) Comparison of the log2 MSN and
ANXA1 expression values across papillary thyroid cancer subtypes separated by common
driver mutations. Analyzed by Kruskal-Wallis test against normal samples. Mutations: BRAF
n=232; HRAS n=14; KRAS n=4; NRAS n=34; Fusions: BRAF n=7;RET n=30; NTRK n=4, PPARG
n=6.
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Although tumours harbouring a RET fusion gene demonstrated significantly higher MSN and
ANXA1 expression, this group comprised only ~10 % (52/501) of the cancer samples.
Therefore, the BRAF mutation status was compared within this group to test whether the
elevated expression levels observed in RET fusion tumours were due to a concomitant
BRAFV69E mytation. However, RET fusions with BRAFWT also showed significantly higher MSN
and ANXA1 expression than normal tissue (Figure 5.2). The combination of RET fusion and
BRAFV6%E did show higher expression of moesin compared to RET fusion with BRAFWT, albeit
with a small sample size of 13 indicating this combination is rare, making up only 2.6 % of

total PTC samples tested (Figure 5.2A).
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Figure 5.2 Breakdown of groups that have upregulated MSN and ANXA1 expression by
oncogenic driver mutation, compared to normal tissue control. All the groups displayed
significantly higher expression of both MSN (A) and ANXA1 (B) compared to normal tissue. For
moesin expression, samples with both RET fusion and the BRAF'6%F mutation were significant
compared to RET fusion and wild-type BRAF. Normal n = 59; BRAFWT n= 252; BRAF"®%%F n=236;
RET fusion + BRAF"T n= 39; RET fusion + BRAF%%F n=13. Analysed by one way ANOVA using
Tukey post-hoc test. * = p < 0.05; *** = P < 0.001; ns = non-significant.
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5.3.2 The Effect of Moesin and Annexin Al on Radioiodide Uptake

The impact of MSN or ANXA1 siRNA knockdown and gene overexpression on radioiodide
uptake was assessed in TPC1-NIS and 8505C-NIS thyroid cell lines. siRNA mediated
knockdown of MSN and ANXA1 both resulted in statistically significant increase in NIS-
mediated radioiodide uptake (Figure 5.3A). Specifically, MSN knockdown induced a 101 %
and 73.4 % increase in TPC1-NIS and 8505C-NIS cells, respectively; annexin Al knockdown
resulted in a 157 % and 56.9 % increase in TPC1-NIS and 8505C-NIS cells, respectively (Figure
5.3A). Successful knockdown of moesin and annexin A1l at the protein level was confirmed by
Western blot (Figure 5.3B). The knockdown of moesin or annexin Al did not result in
observable cell death, morphological changes (data not shown), nor in changes to NIS protein

levels (Figure 5.3)
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Figure 5.3 (A) siRNA knockdown of Moesin and Annexin A1 genes resulted in
statistically significant increases in radioiodide uptake in TPC1-NIS and 8505C-NIS
cells. * p <0.05, ** p <0.01. (B) Confirmation of knockdown of moesin and annexin A1l
by Western blot. Knockdown of moesin or annexin A1 did not result in changes to NIS
protein level in either TPC1-NIS or 8505C-NIS cells as measured by densitometry analysis
against beta-Actin in (C) using paired t-test; ns= non-significant.
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To assess whether overexpressing MSN or ANXA1 would result in reduced iodide uptake as

an inverse effect of siRNA knockdown, MSN and ANXA1 genes were introduced exogenously

by transfection. Overexpression did not result in changes to radioiodide uptake compared to

the VO control in TPC1-NIS or 8505C-NIS cell lines (Figure 5.4A). Overexpression at the protein

level was confirmed by Western blot analysis (Figure 5.4B). High levels of both proteins in the

cell lysate in VO were observed, and the magnitude of overexpression was relatively small.

This may underlie the lack of effect on radioiodide uptake; with high levels of these proteins

at the basal level it is feasible that the protein levels in the system cannot be further increased

to cause measurable changes to radioiodide upta
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Figure 5.4 (A) Overexpression of moesin or annexin A1 by exogenous gene transfection did
not affect radioiodide uptake on TPC1-NIS and 8505C-NIS cells. (B) Confirmation of
overexpression of moesin and annexin A1 in both cell lines.
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5.3.3 The Distribution of Moesin and Annexin Al in Cells

To observe whether there are regions of colocalisation in the cell between moesin and NIS,
and annexin Al and NIS, TPC1 and Hela cells were transfected with NIS-HA and stained for
HA, and endogenous moesin or Annexin Al. Moesin is a well-characterised membrane
interacting protein and was typically observed at the plasma membrane in TPC1 and Hela
cells during microscopy (Figure 5.5). NIS was observed in both the cytosol and membrane,
and regions of overlapping NIS and moesin signal were apparent (Figure 5.5). Annexin Al
staining was mainly cytosolic and distributed throughout the cell; there were no overt regions
of colocalisation with NIS in TPC1 or Hela cells (Figure 5.6). Interestingly, although annexin
Al was initially identified by mass spectrometry as interacting with NIS at the plasma

membrane, strong annexin Al staining at the membrane was not observed (Figure 5.6).
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A TPC1

Magnified

B Hela

Magnified

Figure 5.5 (A) TPC1 cells and (B) Hela cells transfected with NIS-HA and stained with anti-HA
(green), anti moesin (red) and DAPI nuclear stain. Both moesin typically stains at the plasma
membrane and NIS at both the membrane and in the cytoplasm. White box represents area in
magnified image. Areas of colocalisation at the plasma membrane were outlined with a white box
and shown in the magnified images on the right-hand side (4x magnification).
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A TPC1

Annexin Al
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Figure 5.6 (A) TPC1 cells and (B) Hela cells were transfected with NIS-HA and stained for anti-
HA, anti-annexin A1 and the DAPI nuclear stain. Annexin A1 protein is typically distributed
throughout the cell while NIS is generally both cytoplasmic and membrane bound. There were
no obvious areas of colocalisation between NIS-HA and endogenous annexin Al.
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5.3.4 Moesin and Annexin Al Bind to NIS

5.3.4.1 Co-Immunoprecipitation

Physical interactions between NIS and moesin, and NIS and annexin A1 were examined
through protein-protein interaction assays: co-IP, BRET and NanoBiT. Co-
immunoprecipitation assays were performed using NIS and HA antibodies to pullback
proteins, followed by probing for the proposed interactors via Western blot. The validity of
these experiments was limited by presence of bands in the isotype control antibody lane
(Figure 5.7). This is indicative of non-specific binding of proteins in the cell lysate to IgG
protein. As a result, non-NIS binding proteins were pulled back in one or both antibody-
samples resulting in bands observed in the IgG isotype control lane. Absence of moesin bands
in the no antibody lane shows the contamination observed in the HA pullback lane is
dependent on 1gG binding rather than inadequate removal of unbound protein in the lysate

during the washing steps.

TPC1-NIS MDA-NIS
Antibody HA  NoAb NIS HA NoAb NIS
Co-IP:
68kDa Moesin
Input:

68kDa . .' Moesin

42kDa i ‘- Actin

Figure 5.7 Co-immunoprecipitation assays in TPC1-NIS and MDA-NIS cells. Cell lysates were
incubated with anti-HA 1gG, no IgG and anti-NIS IgG.Moesin bands were identified in lanes from
samples incubated with anti-HA. Input represents samples taken from the protein lysate prior to
incubating with respective antibodies, and confirms presence of moesin in all lysates prior to
incubating with NIS/HA antibodies or no antibody control.
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5.3.4.2 Bioluminescence Resonance Energy Transfer

Given the issues with validity of the co-IP assay, alternative experimental approaches were
employed to appraise interactions between NIS and moesin, and between NIS and annexin
Al. The bioluminescence resonance energy transfer (BRET) assay relies on the excitation of
luciferase inducing a transfer of energy to GFP fluorophores in the immediate vicinity. The
assay output is the ratio of donor luciferase stimulation over acceptor GFP emission: an
increase in this ratio compared to a negative control is indicative of proximity between the

two proteins of interest that may reflect a physical interaction (Figure 2.3).

Transfecting the combination of NIS-GFP and NIS-nanoluc was used to measure NIS
dimerisation and displayed enhanced GFP emission and GFP: luminescence ratio, which was
significant against the negative control (Figure 5.8A). NIS-GFP/VCP-Nanoluc and NIS-
GFP/ANXA1-Nanoluc were the only experimental lanes which demonstrated significant
changes in BRET ratio. However, when comparing the average luminescence in these wells
(Figure 5.8B), notably lower measurements of both donor luminescence emission and
subsequent acceptor GFP excitation were measured. The cause of this anomaly is not obvious
given that all the plasmids were sequenced prior to transfection. No other transfected
combinations demonstrated unequivocal and reliable changes in the BRET ratio and therefore

assessment of functional interactions with NIS could not be ascertained using BRET analysis.
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Figure 5.8 BRET ratio of fluorescence signal divided by luminescence background. (A) NIS-GFP and
NIS-luciferase show elevated signal to background ratio indicative of protein protein interaction.
Although NIS-GFP and VCP-luciferase and NIS-GFP-AnnexinAl-Luciferase also had elevated signal to
background ratio but the overall fluorescence signal in these conditions was markedly lower (B- see
emboldened values), suggesting potentially anomalous results.

5.3.4.3 NanoBiT

NanoBiT represents the third technique used to appraise the potential interactions identified
by the mass spectrometry data. This assay relies on two fragments of the luciferase enzyme,
the 18 kDa LgBiT and the 1.3 kDa SmBIT, which are attached to proteins-of-interest. In the
event of an interaction between these proteins of interest, the SmBIiT and LgBiT tags form a
full luciferase enzyme which catalyses the oxidation of luciferin substrate and produces a
measurable luminescent signal. The positive control supplied by the manufacturer was the
LgBiT-PRKAR2A and SmBIiT-PRKACA positive control pair which encode two subunits of a

cAMP-dependent protein kinase that interact in cells without requiring stimulation. The assay

159



Chapter 5 Moesin and Annexin Al Interact with NIS

uses a Halotag-SmBIT negative control which is a modified haloalkane dehydrogenase
designed to only bind to synthetic ligands, and this was transfected individually as a negative
control in the assay. To provide a second, more assay-specific negative control, NIS-SmBiT and
LgBiT-PRKAR2A were also co-transfected. Figure 5.9A demonstrates a strong luciferase
emission over twenty cycles in the positive control wells, and minimal emission over time in
both the Halo-SmBIT negative control and assay specific NIS-SmBIiT and LgBiT-PRKAR2A
negative control. Two assay-specific positive controls were also used as we have previously
demonstrated that NIS dimerises, and that NIS can interact with VCP. These positive controls
utilised NIS-SmBIT and NIS-LgBiT monomers, and NIS-SmBIT and VCP-LgBiT (Table 5-2). NIS
dimerisation demonstrated much higher luciferase values than the standard positive control
(Figure 5.9B). Interestingly, the NIS-VCP interaction was measurable only when VCP was
tagged on the N-terminus (Figure 5.9C). The luciferase signal increased over approximately
ten cycles in all measurements, consistent with movement of the luciferase substrate from
the media across the cell membranes to equilibrium. Subsequently, the luciferase reading at
cycle ten was carried over for paired statistical analysis. The half-life of the luminescent
reagent is 120 minutes and the decrease in luminescent signal after ten cycles can be

explained by partial degradation of the signal.
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Figure 5.9 Three NanoBiT assay positive controls show significant increases in luminescence
against assay specific negative control. The NanoBiT assay positive control LgBiT-PRKAR2A
and SmBIiT-PRKACA positive control vectors (A) and additional NIS specific experimental
controls NIS-NIS dimer interaction(B) and the NIS-VCP interaction (C) were used to validate the
NanoBiT protein-protein interaction assay. Statistical analysis was performed by paired, two-
tailed t-tests against the NIS-SmBIT + LgBiT-PRKAR2A negative control. * =P <0.05; ** =P <
0.01; *** = p < 0.001; ns = non-significant.
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Having confirmed the NanoBIT assay was sensitive by multiple positive and negative controls,
the interactions between NIS and moesin, and NIS and annexin A1 were tested. The NanoBiT
data confirmed an interaction between NIS and moesin as significantly higher luciferase than
the two negative controls were apparent (Figure 5.10A). The physical interaction between NIS
and annexin Al was also significantly higher than either negative control confirming an
interaction between these proteins. The binding of NIS-SmBIT and LgBiT-ANXA1 (N-terminal
tag) was consistent over multiple experimental repeats. The interaction between NIS-SmBIT
and ANXA1-LgBiT (C-terminal tag) demonstrated higher variation in luciferase activity but was

consistently above the NIS-SmBiT/LgBiT-PRKAR2A negative control.

In some cases, these interactions were influenced by which end of the interacting protein was
tagged with LgBiT. Measurements of both NIS and moesin, and NIS and annexin Al resulted
in a higher emission when the interacting partner of NIS was tagged on the N-terminus.
Despite this, the luminescent signal of all interactions between NIS and moesin or annexin Al

remained more than 10-fold higher than the negative control.
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Figure 5.10 The NanoBIT assay to assess the interaction between (A) NIS and Moesin and (B) NIS
and Annexin Al. Right hand plots show luminescence detected over twenty cycles as average of
two technical replicates and are representative of n = 3 experiments. Left hand bar charts are
collated data from n = 3 biological replicates and statistical significance was assessed by paired,
two-tailed t-test against assay specific negative control. * = p < 0.05.

For further validation, the reverse NanoBiT assay was completed using LgBiT tagged NIS and

SmBIT tagged protein-of-interest (Figure 5.11). This experiment confirmed the interactions

between NIS and N-terminally tagged VCP, NIS and moesin, and NIS and annexin Al.

163



Luminescence

Luminescence

Chapter 5 Moesin and Annexin Al Interact with NIS

Reverse NanoBIT

Reverse NanoBIT NIS- Moesin Interaction
NIS VCP Interaction
10000+
25000+ ® NIS/~ve
— m NIS/-ve 80004 i NIS MSN N
7 NIS VCP N ' NIS MSN C

15000 NISVCP C  goo0-
10000+ 40004

5000+ 20004

L e s e et e | 0} MMMEpREEENENEEN IILF :
0 5 10 15 20 25 0 5 10 15 20 25
Cycles cycles
Reverse NanoBIT
NIS - Annexin A1 Interaction
2500+
m  NIS/-ve
2000 NIS ANX N
NIS ANX C

15004
10004

i .l.l..Il.l.l.lll-lIl

0 T T T 1

T
0 5 10 15 20 25
Cycles

Figure 5.11 The Reverse NanoBiT assay using LgBiT tagged NIS and SmBIT tagged protein
of interest. Replicate observations measured by SmBIT tagged NIS and LgBiT tagged
protein of interest. n=1.

5.3.5 The Putative NIS Binding Site for Moesin

Moesin has been shown to interact with multiple proteins through a single or double
positively charged arginine or lysine residue in a cytosolic region of the protein close to the
plasma membrane (lvetic and Ridley, 2004; Yonemura et al., 1998). In the juxta-membrane
region of the C-terminal tail on NIS there are residues K554 and R555 which fit this profile

(Figure 5.12).
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Figure 5.12 The amino acid structure of NIS in the plasma membrane reveals a KR
motif, in the juxta membrane region of the cytoplasmic C-terminus. This motif of K554
and R555, circled in red, compares to moesin binding motifs in other reported ERM-
binding proteins. Adapted from Poole et al 2015.

These residues were mutated to neutral alanines, both individually and in tandem, to assess
the effect on the NIS and moesin interaction. First, the effect of these mutations on
radioiodide uptake was measured (Figure 5.13). This demonstrated that neither individual

mutation nor the double mutant significantly affected the iodide uptake function of NIS.
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Figure 5.13 Comparison of the iodide uptake functionality of the NIS vectors used in NanoBiT
analysis in Hela cells. All constructs contain c-terminal tags to enable NIS trafficking to the
plasma membrane and were introduced by transfection to HelLa cells for 48 hours. LgBiT and
SmBIT tags, and c-terminal mutations in NIS did not significantly affect iodide uptake function.
n=3 replicates. Analysed by one-way ANOVA. ns = non-significant.

Next, the effect of these C-terminal mutations on the interaction between NIS and moesin
was assessed (Figure 5.14). NISK>>*A-SmBiT was capable of binding moesin in a similar capacity
to NISWT-SmBIT. NISR>>>A-SmBIT had a diminished but non-significant effect on moesin binding.
However, the double mutant had significantly lower capacity for moesin binding. Notably, the
interaction between NISK554A/RS55A_ S mBiT and LgBiT-MSN was still significantly higher than the
NIS-SmBIT + LgBiT-PRKAR2A assay specific negative control demonstrating that the mutations

did not prohibit binding completely and instead reduced the NIS-moesin interaction by 56 %.
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Figure 5.14. The influence of NIS C-terminal mutations on the binding of NIS-SmBIT and
LgBiT-MSN. Whilst the NIS*>>#A and NISF>>>A-SmBIiT mutations individually showed a non-
significant reduction in the interaction between NIS and moesin, the double mutation
INISKS54A/R555A_sm BT was associated with a statistically significant decrease in NIS-MSN
interaction. Statistically analysed by one way ANOVA, * = p < 0.05; ns = non-significant.

5.4 Discussion

5.4.1 Moesin and Annexin Al are Upregulated in Thyroid Cancer

Moesin and annexin Al are both significantly upregulated in thyroid cancer compared to

normal tissue, and even more so in BRAFV®%% driven thyroid cancer (Figure 5.1B). The exact

functional implication of this upregulation is not known. Moesin and annexin Al were also

identified as highly expressed in RET fusion papillary thyroid cancers. RET chromosomal

rearrangements are relatively rare in papillary thyroid cancer (52/501 samples) and of these,

only 25 % (13/52) had a concomitant BRAFY®®%F mutation. When these samples were

separated into RET fusion + BRAFWT and RET fusion + BRAFV®%F (Figure 5.2), expression of

moesin and annexin Al remained significantly higher than normal tissue in both groups. This

indicates that both BRAFY6%E and RET fusion are sufficient singular events to drive up
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expression of moesin and annexin Al, but may act summatively in the small number of

patients displaying both mutations.

5.4.2 Moesin and Annexin A1 Modulate lodide Uptake

Knockdown of both MSN and ANXA1 resulted in a significant increase in radioiodide uptake
in two thyroid cancer derived cell lines but did not resulted in significant changes to NIS
protein level (Figure 5.3B). siRNA knockdown of ANXA1 resulted in an upwards trend in NIS
protein and despite this being non-significant, further analysis across more cell lines may be
warranted. The non-significant changes in NIS protein in Figure 5.3 imply that moesin or
annexin Al do not act on radioiodide uptake by stimulating de novo expression of SLC5A5 or
by modulating protein degradation, and instead may act to modulate post-translational

processing of NIS or its movement around the cell.

Overexpression of moesin or annexin Al did not modulate iodide uptake in cells (Figure 5.4).
It is feasible that the capacity for moesin or annexin A1l to affect NIS function is already high
enough to prohibit any additional effect when exogenous protein is transfected, but that
reduction in already abundant protein levels by siRNA knockdown may produce a measurable
effect. To address this possibility, overexpression of moesin and annexin Al in human primary

thyroid cells, would examine their roles in a more physiological context.

From the siRNA knockdown data (Figure 5.3), it can be inferred that elevated tumoural
expression of MSN or ANXA1 may negatively affect iodide uptake. The upregulation of both
MSN and ANXA1 is biased towards BRAFV6%F tumours, and activated MAPK signalling is also

associated with a loss of SLC5A5 expression and reduced iodide uptake. The extent to which
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reduced iodide uptake is a result of elevated MSN and ANXA1 expression versus the co-
occurring BRAFV6%E will be complicated to dissect. However, some BRAFYT papillary thyroid
carcinomas do exhibit significantly higher average moesin and annexin A1 compared to
matched normal tissue, indicating MSN and ANXA1 are not solely upregulated in tumours
with high MAPK signalling. To address this, the regulation of moesin and annexin Al by the

MAPK pathway is further explored in Chapter 6.

5.4.3 NIS Interacts with Moesin and Annexin Al

Confocal microscopy supported the hypothesis that NIS and moesin interact at the plasma
membrane, but did not equivocally indicate a physical interaction, rendering Figure 5.5
supportive but circumstantial data. Although initial mass spectrometry data measured NIS
and annexin Al as interacting in the plasma membrane fraction of cells, distribution of
annexin Al in TPC1 and Hela cells did not reveal strong staining at the plasma membrane nor
areas of staining overlap. A lack of colocalisation of NIS and annexin Al in
immunofluorescence does not undermine on the validity of the interaction measured by
NanoBIT. Indeed, fluorescent imaging of NIS and VCP did not reveal obvious areas of
colocalisation despite VCP having been shown to bind to NIS via multiple methods (Fletcher
et al., 2020). It is possible that interactions between NIS and VCP, and NIS and annexin Al are
transient and rapid and therefore immunofluorescent techniques are not optimised to detect
these interactions. More sensitive methodologies that can be performed on live cells are

necessary and hence these interactions were measurable by NanoBiT technology.
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To challenge the preliminary conclusions based on mass spectrometry data that NIS
functionally interacts with Moesin and Annexin A1, three technologies were employed: co-
immunoprecipitation, BRET and NanoBIT. Of these three methods, only the data derived from
NanoBIT experiments supported a conclusion that Moesin and AnnexinAl represent novel
NIS interacting proteins. Whilst overall this may appear to weaken the hypothesis, the co-
immunoprecipitation experiments failed at the technical level when moesin was detected in
the IgG antibody control lane. The BRET assay showed a significant difference between the
negative control (NIS-GFP and untagged NanolLuc) and one positive control only (NIS-GFP and
NIS-Nanoluc); however, the second positive control (NIS-GFP and VCP-Nanoluc) did not show
any difference in BRET ratio when VCP was N-terminally tagged despite this interaction having
been demonstrated to occur through multiple experimental techniques previously (Fletcher
et al., 2020). Considering the incongruities of the BRET positive controls, the reliability of the
assay for identifying novel NIS interacting proteins was questioned. Limitations of the BRET
assay includes the lytic nature of the NanoGlo buffer which results in a single timepoint
snapshot of the protein-protein interactions in the cell at the point of addition, which may
not be sufficient to capture highly transient interactions in live cells, as also reflected in the
lack of observable NIS-moesin or NIS-annexin interactions in the fixed immunofluorescent
imaging. In contrast, NanoBiT was employed with both manufacturer-provided and assay-
specific controls to assess whether the assay reproduced previous findings, with Figure 5.9
demonstrating that the multiple controls could determine that the NanoBiT assay provides
valid data regarding both intracellular PRKACA subunit interactions and previously validated
NIS interactions. Whilst a second, non- luciferase based assay would be valuable to further
validate the findings in Figure 5.10, the data derived from the highly controlled NanoBIT assay

should be considered valid and reliable evidence of a protein-protein interaction.
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The plasmids transfected for the NanoBiT assay contained the gene-of-interest driven by the
CMV promoter. CMV promoters are utilised to drive high levels of construct expression,
therefore it should be considered whether an overload of the system resulted in non-specific
interactions between NIS-SmBIT and LgBiT-tagged proteins. In this case the NIS-SmBIT and
LgBiT-PRKAR2A negative control is valuable in appraising the occurrence of non-specific
interaction, and indicated that the observed interactions between NIS and either VCP,
moesin, and annexin A1l are valid. Additionally, abrogation of measurable luminescence when
VCP was tagged on the C-terminus further indicates that high expression levels do not result
in non-specific binding. Interactions between the two tags are dependent on a favourable
conformation of the interacting proteins-of-interest which enables formation of the
SmBIT/LgBiT active complex. Confirmation of NIS- interactor binding by reverse NanoBiT assay
(Figure 5.11) further validates findings that measurements were not due to non-specifically

favourable tag dynamics.

NanoBiT demonstrated a robust interaction between NIS and moesin and NIS and annexin Al
using multiple controls (Figure 5.10 and Figure 5.11). The interaction between NIS and moesin
was stronger when the LgBiT luciferase tag was attached to the N-terminus of moesin. The
amino terminal of ERM proteins has been shown to bind other membrane proteins, hence
tagging this region of moesin may present a more favourable interaction between the

luciferase tags on the interacting proteins.

Notably, the luminescence emitted by the NIS-NIS interaction was orders of magnitude higher

than that of the NanoBIT positive control or NIS-VCP interaction. The oxidation of the luciferin
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substrate by luciferase to produce a luminescence output is limited by the entry of the
luciferin substrate into the cell, hence there is a measurable increase in luminescence for
approximately the first ten cycles. The NanoBiT assay does not signal the specific location of
these interactions in the cell. However, as the NIS-NIS interaction begins at a much higher
luciferase emission than other wells, it is possible that NIS dimer exists primarily at the
membrane, and hence oxidation of the substrate occurs quickly after addition. Mass
spectrometry data (Fletcher et al 2020; Table 1-2), and immunofluorescence colocalisation
(Figure 5.5), implies that NIS and moesin interact at the plasma membrane. If the higher
luminescence observed in the NIS dimer condition was based on immediate oxidation of
luciferin after entry into the cell, this hypothesis should follow for the NIS and moesin
interaction. However, although NIS and moesin exhibited significantly higher luminescence
that the negative controls, the average luminescence was notably lower than the NIS
dimerisation measurement. An alternative rationale for the higher luminescence observed in
NIS dimerisation was that the conformation of NIS monomers in the dimer result in more
favourable interaction between SmBIT and LgBiT which interact to form active luciferase. In
this instance, luminescence would be higher than other protein-protein interactions which
may form active luciferase in a less favourable, and hence less kinetic, conformation. This is
supported by the homology model of NIS structure based on the crystal structure of the vSGLT
transporter which positions a small dimerisation interface between the C-termini of NIS
monomers (Thompson et al., 2019). This would position the C-terminal SmBiT and LgBiT tags
in close proximity and may enable a high-affinity interaction which results in higher enzymatic
activity compared to other interactors of NIS. The hypothesis that NIS dimers form a

favourable conformation for interactions between two C-terminal tags is also supported by
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the significant increase in the BRET ratio of the NIS-GFP and NIS-Nanoluc combination,

compared to the BRET assay negative control (Figure 5.8A).

The NISKS54ARSS5A mytant and moesin emitted much lower luminescence, suggesting reduced
binding between NIS and moesin (Figure 5.14). Given that these NIS mutants do not show
reduced iodide uptake capacity (Figure 5.13), it can be inferred that the mutants correctly
traffic to the plasma membrane. If the KR motif in the C-terminal region of NIS is indeed
required for moesin to bind to NIS, it may have been expected that emission of luminescence
would be entirely abrogated, and non-significant when compared to the negative control. As
the measured luminescence had only a 56 % decrease from NISWT, and remained significantly
higher than the negative control, it may be that this motif aids in moesin binding, but some
form of interaction can still take place after its mutation, perhaps via interacting with nearby

amino acids that were not mutated in this study.

5.4.4 Hypothesis for the Interaction Between NIS and Moesin

Moesin has been implicated in the clathrin-dependent endocytosis of G-protein coupled
receptors and in the trafficking of nascent clathrin-coated vesicles (Barroso-Gonzalez et al.,
2009; Nomachi et al., 2013). As a link between integral membrane proteins and the cell
cytoskeleton, moesin is well positioned to facilitate the membrane-cytoskeleton
rearrangements that are required for endocytosis. The hypothesis that moesin binds to NIS
at the plasma membrane and facilitates its internalisation would account for the observed
increase in NIS-mediated iodide uptake when moesin is knocked down, without affecting NIS

protein level.
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5.4.5 Hypothesis for the Interaction Between NIS and Annexin Al

Many reported cytoplasmic functions of annexin Al focus on the post-endocytosis pathway,
especially in the inward formation of vesicles in multivesicular bodies and in trafficking EGFR
to lysosomes (Eden et al., 2016; Raulf et al., 2018; White et al., 2006). Whether annexin Al
functions at membranes of endosomal or lysosomal compartments to facilitate NIS
degradation warrants further exploration. If annexin A1l facilitates NIS degradation, this
accounts for the increase in radioiodide uptake analysis observed after ANXA1 knockdown

(Figure 5.3).

5.5 Concluding remarks

Investigating the post-translational processing of NIS is a developing area in thyroid cancer
research. Adding new interactions along this pathway will build a holistic picture of post-
translational NIS processing and highlight interactions which may be more vulnerable to
pharmacological disruption to increase iodide uptake. In this chapter, two further protein are
shown to interact with NIS in thyroid cells, and to be dysregulated in thyroid cancer at both

the gene and protein level.

In many cancers, moesin and annexin A1 have been reported to be markers of aggressive
characteristics such as invasion and migration. How these two proteins act at a subcellular
level to contribute to the malignant phenotype has not been well described but both proteins
have previously identified roles in protein trafficking, specifically in protein internalisation and
trafficking. Moesin and annexin Al showed greater upregulation of gene expression in

BRAFY®0E driven carcinomas, positioning MSN and ANXA1 genes as possible downstream
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targets of the MAPK pathway. The effect of inducing and inhibiting the MAPK pathway on
moesin and annexin Al protein levels and further investigation into the regulation of these

proteins in thyroid cancer will be explored in Chapter 6.
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6 Exploring the Regulation of Moesin and Annexin Al in Thyroid
Cancer Cells
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6.1 Introduction

Chapter 5 demonstrated that moesin and annexin Al both bind to NIS in vitro and modulate
radioiodide uptake into thyroid cells, and that expression of the genes encoding these
proteins are dysregulated in samples of PTC. It may now be useful to determine the potential
for modulating these proteins in vitro. To explore the regulation and function of moesin and
annexin Al in thyroid cancer, data from TGCA were analysed to identify genes that were co-
enriched in tumours that express high levels of MSN and ANXA1. Furthermore, the regulation
of moesin and annexin A1l by signalling pathways that are hyperactive in thyroid cancer were
explored. Finally, the regulation of moesin protein levels by retinoic acid, which has been

reported previously in breast cancer, was investigated in thyroid cancer cells.

6.1.1 Downstream Targets of the MAPK Pathway in Thyroid Cancer

BRAF-activating mutations are the most common genetic alteration of papillary thyroid
cancer. Many genes that are downstream targets of the MAPK pathway have well-
characterised roles in thyroid cancer including proteins that mediate NIS internalisation, cell
invasion and migration, and extrathyroidal invasion (Hu et al., 2006; Li et al., 2020; Read et
al., 2017). For instance, PTTG- binding factor (PBF) has been demonstrated to bind to NIS and
facilitate its internalisation (Smith et al., 2009). PBF is a downstream target of MAPK signalling
and was downregulated after treatment of cells with 200 nM selumetinib (Read et al., 2017;

Smith et al., 2009); Figure 6.1).

Thus, identifying proteins which function downstream of the MAPK pathway may provide

more specific targets for modulating the thyroid cancer phenotype than broad-spectrum
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MAPK inhibitors. Moesin and annexin Al are overexpressed in thyroid cancer generally but
display a stronger overexpression in BRAFV6%E tumours (Figure 5.1). The principle that MAPK
targeted genes may be upregulation by the activation of MAPK signalling or downregulated
by treatment with MAPK inhibitors was used to challenge the hypothesis that overexpression

of moesin and annexin Al arise due to hyperactive MAPK signalling.

& &
Qq@g &
© & eq“’g
Selumetinib - e + '
30kDa hea P PBF
87kDa | ——— ——"] BRAFV600E
40kDa [ | pERK1/2
40kDa [ ] ERK1/2
44kDa | | B-actin

Figure 6.1 Proteins which are downstream effectors of the MAPK pathway and contribute
to thyroid cancer phenotypes can be downregulated in thyroid cells by treatment with
MAPK inhibitors. PBF protein is upregulated by expression of BRAF%F, and this effect can be
reversed by treatment with 200nM selumetinib. Adapted from Read et al 2016.

6.1.2 PIK3CA Genomic Alterations in Endocrine Cancers

Mutations in RAS and PIK3CA both lead to hyperactivity of the PI3K-Akt-mTOR signalling
pathway in cancers. PIK3CA encodes p110aq, the catalytic subunit of PI3K. PIK3CA is a well
characterised oncogene in breast cancer whereby heterozygous mutations are observed in
35.7 % of patient samples (Martinez-Sdez et al., 2020). Alpelisib is a potent, small molecular
inhibitor specific to p110a. Alpelisib has been tested in large-scale clinical trials and is

approved for use in metastatic breast cancer by the FDA and MHRA. In combination with
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fulvestrant, alpelisib was shown to improve progression-free survival from 5.7 months to 11

months in patients with PIK3CA-mutated breast cancer (André et al., 2021).

In thyroid cancer, PI3KCA mutations are more commonly observed in PDTC and ATC which
carry the BRAFV6F mutation (Landa et al., 2016). A combination of BRAF and PIK3CA
mutations induce a faster, more aggressive phenotype associated with anaplastic thyroid
cancer in mouse models, compared to either mutation individually (Charles et al., 2014).
Although activating PIK3CA mutations are rare in PTC, one study reported that PI3KCA was
amplified in 265 of 499 PTC samples, suggesting that over 50 % of PTC tumours may have
elevated PI3K-Akt-mTOR signalling via the amplified gene expression of key components of
this pathway (Abubaker et al., 2008). In this Chapter, treatment with Alpelisib was used to
challenge the hypothesis that moesin overexpression is potentially driven by induction of

PIK3CA gene expression in thyroid cancer.

6.1.3 Moesin May be Targeted by Retinoic Acid

MAPK or PI3K pathway inhibitors alter the expression of many genes simultaneously. For the
specific aim of increasing radioiodide uptake, it may be more efficient to target moesin or
annexin A1 more directly. The scientific literature was screened for drugs which were
associated with a reduction in moesin or annexin Al protein levels. Retinoic acid (RA) has
previously been shown to decrease moesin expression at a concentration of 1 uM for 72 hours
in MCF7 and T47D breast cancer cell lines (Flamini et al., 2014). In a later study, a shorter
incubation period of ten to twenty minutes with RA increased the phosphorylation and

activation of moesin via a pathway mediated by the kinase c-Src (Sanchez et al., 2016).
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Figure 6.2 Treatment with retinoic acid decreases moesin protein level in MCF7 cells. Adapted
from Flamini et al, 2014.

Retinoids have been investigated as a therapeutic redifferentiation factor for patients with
radioiodide-refractory thyroid cancer (RRTC) for many years. Multiple small- scale studies
have examined the effect of all-trans-retinoic acid or 13-cis-retinoic acid on groups ranging in
size from eleven to fifty-three patients with RRTC (Coelho et al., 2011; Damle et al., 2011;
Fernadndez et al., 2009; Handkiewicz-Junak et al., 2009; Simon et al., 2002). These studies
reported variable levels of efficacy of RA in the inhibition of tumour growth and a low
frequency of adverse side-effects. However, each study also reported a subgroup of patients
who demonstrated increased iodide avidity compared to baseline iodide uptake although this
response was often not accompanied by a clinical tumour response. Furthermore, 33 % of
patients who had previously shown no iodide uptake reported a positive iodide uptake scan
after treatment with 13-cis-RA (Fernandez et al., 2009). Retinoid treatment induced a partial
response in tumour size in three out of sixteen patients, although the response was not
correlated with the number of cycles of RA treatment. This suggests that the determining
factors for a positive response after treatment with RA response may lie in the underlying
pathology of the tumour rather than cumulative dose of RA (Coelho et al., 2011). Overall,

evidence is lacking to support indiscriminate treatment with retinoic acid in patients with
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advanced, radioiodide-refractory thyroid cancer. In this Chapter, the hypothesis that
treatment with RA may modulate radioiodide uptake in vitro via downregulation of moesin

was examined.

6.2 Materials and Methods

6.2.1 TCGA Gene Expression Analysis in Tumours with Upregulated Moesin and Annexin Al

Data from the cancer genome atlas were accessed via cbioportal (Cerami et al., 2012; Gao et
al., 2013). 510 papillary thyroid cancer samples were analysed from the cell 2014 database of

RNAseq data.

RNAseq data for all patients were downloaded into Microsoft Excel and samples from tumour
metastases were identified and removed. 51 matched normal control samples were
separated, and the remaining cancer samples were split into BRAFWT and BRAFV®%¢, Thirteen
patient samples with BRAF fusion events were excluded from the analysis due to these fusion
proteins having unconfirmed functionalities and effects on MAPK signalling. For the remaining
488 samples, the RNAseq data for moesin were extracted and the log2 transformed values
were calculated to bring the data towards a normal distribution for subsequent comparison
and statistical analysis. Patients in the BRAFWT and BRAFV®%t cohorts were ranked according
to their log2 expression of moesin. According to the log2(MSN) values, the cohorts were split
into four quartiles, and the upper and lower quartiles of the BRAFYT and BRAFY®%E cohorts
were compared for genes which were significantly upregulated in the upper quartiles
compared to the lower quartile. The resulting two lists of significantly upregulated genes were
cross matched between the BRAFWT and BRAFV®%t samples. The final list represented genes

that were co-enriched alongside moesin in both BRAFWT and BRAFV6%F tumour samples. The
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functions of the genes in this list were assessed by conversion to ENTREZ ID and inputting into
the DAVID functional clustering tool (https://david.ncifcrf.gov/) with KEGG pathway analysis.
A schematic of the gene expression data extraction process is recapitulated in Figure 6.3. A
likewise list, generated using the same cross matching but for upregulated proteins was also
extracted. Secondly, this process was repeated for assessing the genes and proteins that were

co-enriched in tumour samples that express high levels of ANXAL.
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Figure 6.3 A flow diagram of RNAseq data obtained from THCA database of the Cancer
Genome Atlas. This process was used to analyse the expression of MSN and ANXA1 in BRAFWT
and BRAFV®%¢ driven tumours.
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6.2.2 BRAFYT and BRAFY®%E |nducible Cell Systems

The generation of specific plasmids for the Invitrogen Flp-In™ T-Rex™ system containing
BRAFWT and BRAFT7994 is described in Section 2.9. These plasmids were transfected into Hela
and U20S cells which already contained a single FRT recombination sites stably integrated
into the genome. Transformants were selected by combination of 5 ug/ml blasticidin and 400
ug/ml hygromycin B. Expression of the BRAF construct was induced by addition of 1 ug/ml
tetracycline to the cell culture medium and protein was harvested after 24 hours to assess
effect of MAPK stimulation on moesin and annexin Al protein by Western blot, as outlined in

Section 2.5.3.

6.2.3 MAPK and PI3K Pathway Inhibitor Treatments

Selumetinib, vemurafenib, and alpelisib were all purchased from Selleck Chemicals Scientific
(51008, S1267 and S2814, respectively) and were prepared as 10 mM stock solutions in DMSO
then stored at -20°C. 24 hours after seeding, the cells were treated with the following

increasing doses of inhibitors (Table 6-1).

MEK1/2 DMSO only, 200 nM, 500 nM, 750 nM
and 1 uM
BRAFV600E DMSO only, 1 uM, 2 uM, 5 uM and 8 puM.

PI3K subunit | DMSO only, 10 uM, 15 uM, 20 uM and 40 pM
p110a

Table 6-1 The doses of MAPK and PI3K inhibitors that were used to assess the effect on
moesin and annexin A1 protein level.

The duration of the drug treatments was 24 hours before protein was harvested in a

combination of RIPA lysis buffer, protease inhibitors and phosphatase inhibitors and prepared
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for Western blot analysis. MAPK and Akt pathway inhibition were evaluated by probing for
phosphorylated ERK after treatment with selumetinib and vemurafenib, and phosphorylated

Akt after treatment with alpelisib.

6.2.4 Retinoic Acid Treatment

Retinoic Acid was purchased from Sigma-Aldrich (R2625) and resuspended in DMSO to 100
mM stock solutions that were stored at -80°C. On the day of treatment, the stock solution
was diluted in DMSO to a 10 mM working solution and TPC1 and 8505C cells were treated
with 1 uM. Protein was harvested at 24, 48 and 72 hour timepoints and analysed by Western

blot, see Section 2.5.3.

6.3 Results

6.3.1 mRNA Expression of Moesin and Annexin Al in Differentiated Thyroid Cancer

To explore the broader transcriptome in tumours with elevated MSN or ANXA1 expression,
genes and proteins which were co-enriched alongside either moesin or annexin Al in both
BRAFWT and BRAFY6%F tumours were cross-matched. As both MSN and ANXA1 are
overexpressed more in BRAFV®%%E tumours than BRAFWT tumours, transcriptomic analysis of
the tumours in the top quartile of MSN or ANXA1 expression in the whole THCA dataset
resulted in all upper quartile samples harbouring the BRAFV®%%F mutation. Therefore, it was
not possible to dissect changes in the transcriptome that might have been related to MSN
overexpression as opposed to the BRAFY®PF driver mutation. Cross-matching these genes

with the subgroup of BRAFWT tumours that also expressed high MSN and ANXA1 aimed to
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highlight changes which may be related to MSN or ANXA1 overexpression rather than to the

BRAFV®00E mytation alone.

The list of genes that are co-enriched in high-moesin expressing tumours contained groups of
genes associated with multiple signalling pathways as well as endocytosis, and cytoskeleton
regulation (Figure 6.4A). There were 43 genes associated with MAPK signalling, which was
consistent with the observation that BRAFV%F tumours typically express the highest levels of
MSN. There were 64 enriched genes associated with the PI3K-Akt-mTOR pathway including
PIK3CA, AKT3, JAK 1 and JAK2, MEK, FN1 and ITGA3. 60 genes in the list mapped to
endocytosis pathways including ARF6, AP2A1 and AP2B1 adaptors and multiple guanine-
nucleotide exchange factors. Cross referencing of the proteins enriched in BRAFVT and
BRAFVY6%E tumours which highly expressed moesin yielded only one match: PIC3KA/p110a. It
should be noted that the range of proteomic analysis performed on TCGA samples is limited

to the 219 protein markers in the reverse-phase protein array.

In the list of genes enriched in high annexin Al expressing tumours, genes related to focal
adhesion were most commonly upregulated alongside annexin Al including the ELK1, ITGA3,
CAV2 and MET (Figure 6.4B). Notably, genes related to lysosome function were upregulated,
including LAPTMA4A, CD63 and CTSH. Cross referencing of the proteins enriched in BRAFWT and
BRAFV69E tumours which highly expressed annexin Al yielded no matches from the markers

assess by the reverse phase protein array.
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Figure 6.4 A comparison of the genes which display enriched expression in samples which also
express high levels of (A) Moesin and (B) Annexin A1, in both BRAFY™ and BRAFV°%t tumour
samples. Analysis was completed using DAVID functional clustering and KEGG Pathway analysis.
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6.3.2 Moesin and Annexin Al are Not Modulated by Induction of the MAPK Pathway

Inducible BRAFWT and BRAFV®%t systems were generated in Hela and U20S cell lines by
employing the Invitrogen T-Rex™ system. It was hypothesised that if moesin or annexin Al
were induced downstream of MAPK pathway activation, a larger increase in protein level
would be measured after induction of BRAFY®F than BRAFYT, given the constitutive
activation of the MAPK pathway conferred by the V600E mutation. Induction of the BRAF
gene was apparent 4 hours after addition of tetracycline (Figure 6.5A); cells therefore had at
least 20 hours of BRAF overexpression for an effect on moesin or annexin Al protein level to
occur. Induction of BRAFWT and BRAFV6%%¢ was shown to be entirely dependent on tetracycline
addition, confirming that there was no “leaky” expression detected in non-tetracycline-
induced samples (Figure 6.5B). Moesin and Annexin Al protein levels were uniform across

both cell lines after induction of both BRAFWT and BRAFV®%t for 24 hours (Figure 6.5B).
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Figure 6.5 Moesin and Annexin A1 protein levels are not induced upon MAPK stimulation by
induction of BRAFT or BRAFV%%F (A) BRAF induction occurs within 4 hours of the addition of
tetracycline to cell culture media in T-Rex™ cells. (B) HeLa and U20S cells with induced
BRAFYT and BRAF"?%%¢ did not demonstrate altered levels of moesin or annexin A1 protein.

6.3.3 Moesin and Annexin Al Is Not Modulated by Inhibition of the MAPK Pathway

Activation of MAPK signalling did not result in the stimulation of MSN or ANXA1 gene
expression in the HelLa or U20S BRAF-inducible system (Figure 6.5B). To challenge these data,
MAPK inhibitors were employed in TPC1 and 8505C thyroid cell lines to discern the effect of
disrupting MAPK signalling on moesin and annexin Al protein levels. Selumetinib reduced
the amount of phosphorylated ERK protein in both TPC1 and 8505C cell lines while total ERK
protein remained constant (Figure 6.6), confirming the functional inhibition of the MAPK
pathway. Vemurafenib is a selective inhibitor for the BRAFV6%® monomer and reduced

phosphorylated ERK only in the 8505C cell line which harbours this mutation (Figure 6.7).
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Despite a reduction in MAPK signalling, there was no significant change in moesin or annexin

A1l protein levels (Figure 6.6 and Figure 6.7).
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Figure 6.6 Treatment of TPC1-NIS (A) and 8505C-NIS cells (B) with increasing doses of selumetinib does
not affect protein level of either moesin or annexin A1, but does decrease the proportion of
phosphorylated ERK1/2 compared to total ERK1/2 protein. Densitometry analysis in (C) and (D)
normalised to the expression of 8-actin. Significance assessed by one way ANOVA. * =p < 0.05; **=p <

0.01; ns = non-significant.
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Figure 6.7 Treatment of TPC1-NIS (A) and 8505C-NIS cells (B) with increasing doses of vemurafenib
from 1 to 8uM does not affect protein level of either moesin or annexin A1, but does decrease the
proportion of phosphorylated ERK1/2 compared to total ERK1/2 protein which is unaffected in 8505C-NIS
which harbour BRAFV%F mutation (D); the drug has no significant effect on phosphorylated ERK in TPC1-
NIS cells which are homozygous BRAFT (C). Densitometry analysis in (C) and (D) normalised to
expression of beta-actin. N=3 experimental repeats Significance assessed by one way ANOVA. * =p <

0.05; ** = p < 0.01; ns = non-significant.
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The effect of selumetinib and vemurafenib on radioiodide uptake was assessed; it was

observed that inhibition of the MAPK pathway resulted in increased iodide uptake (Figure

6.8).
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Figure 6.8 Effect of MAPK inhibition on radioiodide uptake in TPC1-NIS and 8505C-NIS cells.
(A) Selumetinib treatment significantly increased NIS-mediated radioiodide uptake in TPC1-
NIS and 8505C-NIS cells after treatment with 750 nM for 24 hours. (B) Vemurafenib
significantly increased radioiodide uptake after treatment with 2uM in 8505C-NIS cells that
harbour the BRAF'%9%F mutation that is targeted specifically by the drug. Vemurafenib had no
significant effect on radioiodide uptake in TPC1-NIS cells which are homozygous for BRAFVT,
Significance was assessed by ANOVA, * =p < 0.05; ** =p <0.01. n=3

192



Chapter 6 Exploring the Regulation of Moesin and Annexin Al in Thyroid Cancer Cells

6.3.4 Moesin is Not Downregulated by Inhibition of the PI3K-Akt-mTOR Pathway

PIK3CA/p110a was shown to be enriched at both the mRNA and protein level in samples
with high levels of MSN expression, and multiple other genes involved in PI3K signalling
were also co-enriched in these samples (Figure 6.4A). Therefore, the effect of p110a
inhibition by the specific inhibitor alpelisib was used to measure the effect of inhibiting PI3K
signalling on moesin protein levels. Treatment with alpelisib showed unmeasurable levels
of phospho-AKT at all doses of alpelisib, indicating inhibition of the PI3K pathway from
treatment with 10 uM upwards (Figure 6.9A and B). However, this did not translate to any
significant changes in moesin protein expression. As analysis of TCGA data did not indicate
annexin Al was regulated by PI3K signalling, the effect of alpelisib on annexin Al protein

was not studied.
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Figure 6.9 The PI3K-Akt-mTOR inhibitor alpelisib has no effect on moesin protein levels after
treatment with doses between 10 and 40 uM in TPC1-NIS (A) and 8505C-NIS (B) cells.
Phosphorylated AKT was unmeasurable at 10 uM and above. Densitometry analysis on protein levels
in (C) and (D) was performed after normalising to beta-actin protein expression. Alpelisib had no
significant change on the total AKT protein level. n=3, analysed by one way ANOVA. ns = non-
significant.
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The effect of inhibiting PI3K signalling on NIS-mediated iodide uptake was assessed;

treatment with alpelisib did not result in any changes in uptake (Figure 6.10).
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Figure 6.10 The PI3K-Akt-mTOR pathway inhibitor alpelisib has no effect on radioiodide
uptake in TPC1-NIS and 8505C-NIS cells after treatment for 24 hours at multiple doses.

6.3.5 Moesin is Not Regulated by Retinoic Acid in Thyroid Cancer Cell Lines

Flamini et al first reported that moesin protein was downregulated after treatment of breast
cancer cells with 1 uM retinoic acid (Flamini et al., 2014). Despite some discordant clinical
trials data on the effectiveness of RA in thyroid cancer, further analysis of how this link may
be relevant in thyroid cancer would be useful to determine whether RA may reduce moesin
protein levels and affect radioiodide uptake. Protein analysis after treatment with 1 uM
retinoic acid for 24, 48 and 72 hours did not show a change in moesin protein level as
described in breast cancer cells (Flamini et al 2014; Figure 6.11). Treatment with retinoic acid

did not result in observable cell death or morphological changes (data not shown).
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Figure 6.11 Treatment with 1 uM retinoic acid over 72 hours does not affect moesin
protein level in TPC1 and 8505C cell lines.

6.4 Discussion

6.4.1 Transcriptomic Analysis of Tumour Samples which Express High Levels of MSN or
ANXA1

Figure 6.4A demonstrates that tumours that express the highest levels of MSN also

overexpress genes associated with MAPK and PI3K signalling pathways. This led to the

hypothesis that these signalling pathways may be driving the overexpression of moesin;

however, this was not equivocally confirmed by inhibition of the pathways.

The transcriptome analysis of tumours which most highly express ANXA1 had a smaller list of

cross-matched genes between the BRAFWT and BRAFY®%F tumours (Figure 6.4B). In this list,
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were many genes related to cell junctions and movement, which is consistent with the
reported pro-metastatic role of annexin Al in some cancers. Additionally, the tumours that
highly expressed ANXA1 were also enriched for expression of genes related to lysosomal
function, which tentatively supports the working hypothesis that annexin Al has a role in

lysosomal degradation in thyroid cancer, including potentially the degradation of NIS.

6.4.2 The Regulation of Moesin and Annexin A1 by the MAPK Pathway

Neither induction nor inhibition of MAPK signalling modulate the protein levels of moesin or
annexin Al, controverting the hypothesis that MSN and ANXA1 are downstream targets of

the MAPK pathway.

Hela and U20S cells do not harbour mutations that are known to upregulate moesin and
annexin A1 compared to non-cancerous cells, such as BRAF, RET fusions or NTRK1/3 fusion
genes. As a result, these cells may have a lower baseline level of these proteins and provide
a more appropriate system for assessing the upregulation of moesin and annexin Al.
Conversely, TPC1 and 8505C cells harbour RET fusion and BRAFV®%% drivers, respectively. As
these mutations are associated with higher moesin and annexin Al gene expression, these
two cell lines may be better placed to measure a decrease in moesin and annexin Al protein

levels, in this case after treatment with MAPK inhibitors.

Tetracycline-induced BRAF did not result in changes to the protein levels of moesin or annexin
Al in T-Rex™ cells (Figure 6.5). This implies that induction of the MAPK pathway does not
stimulate expression of MSN or ANXA1 genes. Additionally, moesin and annexin Al protein

levels remained constant during MAPK inhibition by selumetinib or vemurafenib. Therefore,
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the increased iodide uptake observed by siRNA knockdown of MSN and ANXA1 (Figure 5.3)
cannot be reproduced by targeting the MAPK pathway to downregulate these proteins. It is
possible that transcriptional activation of these proteins arises after a longer duration of
MAPK signalling, and that induction for only 24 hours was not sufficient to produce a
measurable change in protein level. BRAF induction using the T-Rex™ system could be
extended to 72 hours for further validation. The 24 hour timeframe for MAPK inhibitor
experiments was adopted based on findings that ERM proteins and annexin A1 undergo rapid
turnover in cells (Fritzsche et al., 2014; Shimoji et al., 2009). However, if the half-life of moesin
or annexin Al is longer than 24 hours, a decrease in protein level may not be observed until
prolonged inhibition of MAPK signalling. Despite the relevance of activated MAPK signalling
in thyroid cancer, many cellular processes are regulated outside of this critical pathway.
Consequently, it now must be considered whether moesin and annexin Al are regulated
outside of the MAPK pathway. TCGA data of PTC samples demonstrated that moesin is
upregulated in some cancers which are not driven by BRAFV®% (Figure 5.1). Considering the
data indicating that moesin and annexin Al proteins are not affected by short-term
manipulation of the MAPK pathway, it reasons that moesin and annexin A1 may be regulated
by proteins which are frequently dysregulated in BRAFV6%E tumours, and this dysregulation
may also arise in BRAFWT tumours to elicit the same increase in moesin and annexin Al protein
level. For example, the BRAFV®%%F mutation is associated with epigenetic dysregulation in
thyroid cancer cells, which can cause in broad changes to the genetic profile of a tumour cell
(Guo et al., 2015; Hou et al., 2011). It is possible that the upregulation of MSN and ANXA1
expression are driven by the loss of DNA methylation sites in the promoter regions of these

genes. Indeed, some of these DNA methylation changes are highly stable and may not be
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instigated immediately after MAPK activation, nor reversed by treatment with MAPK

inhibitors.

Despite a positive increase in radioiodide uptake being conferred by MAPK inhibitors at 24
hours this is not a result of changes to moesin or annexin Al protein. Therefore, these
proteins remain therapeutic targets aside from MAPK inhibition and which may yield a
summative effect on iodide uptake when targeted in combination. This may be achieved by
the development of specific inhibitors to moesin or annexin Al, or by determining the
mechanism underlying their interaction with NIS in thyroid cancer which may reveal

alternative druggable targets.

6.4.3 The Regulation of Moesin by PI3K Signalling

Analysis of the RNA profiles for patients with elevated moesin RNA from the cancer genome
atlas suggested that higher MSN expression co-occurred with elevated PIK3CA expression
and p110a protein level in patients with both BRAFWT and BRAFV®°°t tumours. Moreover,
tumours from both BRAFWT and BRAFY®%F tumours with high levels of MSN expression also
displayed enriched expression of genes related to PI3K signalling (Figure 6.4). PI3KCA
mutations are observed in fewer than 2 % of all PTC cases, therefore this oncogenic
mutation was not considered in the comparison of moesin and annexin Al by driver
mutations (Figure 5.1B). However, frequent RAS mutations in PTC tumours which signals via
the PI3K pathway, and data demonstrating that 53.7 % of PTC tumour samples exhibited
PIK3CA amplification, make the PI3K pathway an important regulatory pathway in papillary

thyroid cancer (Abubaker et al., 2008). It would have been predicted that MSN expression
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was upregulated in RAS-driven PTC if the gene were a downstream target of PI3K signalling,

however this was not observed during TCGA tumour sample analyses (Figure 5.1B).

Alpelisib is a specific p110a inhibitor shown to downregulate phospho-Akt in many cell lines
at doses above 10 pM. In this investigation, this range of doses showed complete inhibition
of Akt phosphorylation downstream of PI3K, but elicited no change in moesin protein level
(Figure 6.9). Similarly, alpelisib had no overt effect on radioiodide uptake in TCP1 or 8505C

cells. These data indicate moesin is unlikely to be a downstream target of PI3K signalling.

6.4.4 The Regulation of Moesin By Retinoic Acid in Thyroid Cancer Cells

Retinoic acid remains the only published drug reported to result in a downregulation of
moesin protein levels. Following an identical protocol as in (Flamini et al., 2014), treatment
with 1 uM RA over 72 hours did not alter moesin protein levels (Figure 6.11). When compared
to thyroid carcinomas, breast cancers have separate and overlapping regulatory mechanisms
and varied drug responses are common between cancers of different cell origins. Although
the restoration of radioiodide avidity was observed in a minority of patients in thyroid cancer
trials that utilised retinoic acid, it is unlikely these changes were mediated by modulating

moesin protein levels.

6.5 Concluding Remarks

In its present form, although the function of Moesin and Annexin Al as NIS interactors has
shown to be relevant to radioiodide uptake in thyroid cancer cell lines, these proteins do not
currently represent promising therapeutic targets for improving uptake in DTC patients. This

is primarily due to the lack of effect of direct or specific inhibitors that target either of these
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proteins. As the regulation of these two new NIS-interacting proteins remains unchanged by
the inhibition of canonical signalling pathways in papillary thyroid cancer, targeting these
proteins in order to increase radioiodide uptake now relies on dissecting the processes that
underpin the interactions of these proteins with NIS. It is possible that future research may
yield direct moesin or annexin Al inhibitors and in this case these proteins may provide a
useful tool for manipulating the protein trafficking of NIS to temporarily optimise radioiodide
uptake. In the absence of specific inhibitors, further investigations into the role of moesin and
annexin Al in thyroid cancer should focus on challenging the role of moesin in the endocytosis
of NIS, and annexin Al in the lysosomal degradation of NIS, and how these interactions may

be disrupted to maximise cellular iodide uptake.
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7 Concluding Thoughts and Future Directions
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7.1 The Challenge of Radioiodide-Refractory Thyroid Cancer

The high survival rate of papillary thyroid cancer is attributed to successful first line therapy
of surgical resection and post-surgical radioiodide ablation. However, up to 15 % of localised
PTCs are refractory to radioiodide therapy, arising as a result of dysregulated expression or
trafficking of the sodium/iodide symporter (Choi et al., 2014; Fletcher et al., 2020; Lazar et al.,
1999). Patients who do not respond to radioiodide therapy require additional treatment with
targeted tyrosine kinase inhibitors which have moderate to severe side effects and these
patients remain at risk of progressive disease and recurrence. Incompletely treated PTC can
acquire mutations in multiple oncogenic signalling pathways and progress to aggressive
poorly differentiated or anaplastic thyroid carcinomas. Accordingly, treatment to resensitise
cells to radioiodide therapy may offer a clinical benefit for PTC patients. The mainstay of
iodide uptake is high expression of SLC5A5 and efficient NIS trafficking to the plasma
membrane. This investigation sought to add further detail to the NIS interactome which
regulates the post-translational processing of NIS, and to explore how these interactions may

be targeted to improve radioiodide uptake.

7.2 Investigating the Interaction Between NIS and VCP

7.2.1 Targeting the interaction between NIS and VCP with CB-5083 and CB-5339

The development of CB-5083 and CB-5339 provided an approach to specifically inhibit VCP
activity and was validated by a wealth of in vitro and in vivo data (Anderson et al., 2015; Zhou
et al., 2015). The positive effect of CB-5083 on radioiodide uptake in TPC1-NIS and L87-NIS

cells added to the growing data that indicate VCP is a valuable therapeutic target for
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optimising radioiodide uptake. CB-5339 was presented as the stronger VCP inhibitor than CB-
5083 in NanoBIT protein interaction studies. However, this conflicted with the iodide uptake
assays in TPC1-NIS cells which crucially did not reproduce the increase in 1*?°> uptake that was
observed after treatment with CB-5083. Despite CB-5083 producing a stronger iodide
response across multiple cell lines, this compound is not approved by any regulatory bodies
nor is it currently being investigated in randomised controlled trials, having been effectively
superseded by CB-5339. CB-5339, which is currently under investigation in two clinical trials,
may therefore be a more opportune compound to investigate in vivo in order to measure
changes in iodide uptake after treatment. The conflicting data between CB-5083 and CB-5339
in TPC1-NIS cells should be resolved as a matter of high importance before pursuing in vivo
studies on either of these compounds. This requires analysis of CB-5339 on further TPC1-NIS
clonal populations aside from those utilised in Chapter 3, and alternative cell lines of papillary

thyroid cancer origin.

If CB-5339 is to be selected as the more favourable of the two specific VCP inhibitors,
additional characterisation of this drug in cell models is imperative to ensure it elicits a
response of a comparable magnitude to that of CB-5083. CB-5339 showed limited efficacy in
modulating radioiodide uptake in 8505C-NIS cells, despite a paradoxical increase in NIS
protein level at higher doses. It should be investigated whether the 24 hour timeframe is
adequate to induce measurable changes in iodide uptake in 8505C-NIS cells. In future studies,
the timeframe for measuring the effect of CB-5339 should be extended to 48 hours to
determine whether, in 8505C-NIS cells, elevated NIS protein may take longer to reach the
plasma membrane where it can be functional. If an extended time frame does not elicit a

change in iodide uptake, the mechanism by which an increase in NIS protein did not translate
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to increased iodide uptake could be further investigated. This would begin with comparison
to other clonal populations of 8505C-NIS cells to rule out this discrepancy being artefactual
within this specific monoclonal population and human primary thyroid cells should also

undergo treatment with CB-5339.

7.2.2 Targeting the Interaction Between NIS and VCP Using Clotrimazole-Derived
Compounds

From the multiple screening rounds of clotrimazole analogues, compound-17 emerged as the
leading compound and has been tested in a variety of cell lines. Compound-17 was modelled
in-silico and predicted to have additional interaction with the residue GIn-494 in the allosteric
binding pocket of VCP. The majority of cell lines that were treated with compound-17
demonstrated a subtle increase in iodide uptake compared to the clotrimazole parent
compound. Crucially, compound-17 induced a significant increase in iodide uptake in human

primary thyroid cells.

The data presented in Chapter 4 provided an indirect measurement of VCP inhibition by the
clotrimazole analogues through radioiodide uptake. To strengthen the hypothesis that
compound-17 shows an increased level of VCP inhibition than the parent compound, an in
vitro VCP ATPase assay using recombinant VCP protein and individual VCP mutants with
deficiencies in ATPase activity of the D1 and D2 domains, respectively, should be applied
(Anderson et al.,, 2015; Segura-Cabrera et al., 2017). This can test whether these novel
compounds do indeed directly inhibit facets of VCP activity, as was shown for clotrimazole
and CB-5083, but also can be used to determine the ICso which may be useful when comparing

the efficacy of different VCP inhibitors.
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Based on these positive data, compound-17 was developed into GB002 which is now the
foremost clotrimazole-derived compound to undergo additional testing. It is possible that the
additional moiety in GB002, designed by comparison to UPCDC30245, may provide additional
interactions with the VCP binding pocket and raise the capacity for VCP inhibition compared
to the clotrimazole-derived compounds. However, the investigations into GB002 should
stringently determine whether this compound presents enough VCP inhibitory capacity to
translate to an in vivo increase in radioiodide uptake. For GB0O02 to be a useful tool in
optimising radioiodide uptake, the fold changes in radioiodide uptake elicited by the
compound compared to a DMSO control must be considerably higher than the relatively small
fold changes observed after treatment with compound-17. The in vitro testing of GB002
should encompass multiple NIS-expressing and NIS-stimulated cell lines as well as human
thyrocytes. The effect of GB002 should also be tested in time course and dose response
assays, for an effect on both radioiodide uptake and NIS protein levels, to determine whether
the structural changes may modulate iodide uptake at alternative time points or doses to the
treatment with 0.25 uM for 12 hours that was applied during the initial rounds of screening

in Chapter 4.

7.2.3 Determining the Optimal VCP Inhibitor

Studies to combine the inhibition of VCP by siRNA and treatment with CB-5083 to completely
deplete the intracellular pool of VCP resulted in extensive cell death and iodide uptake could
not be measured. This suggests that targeting VCP by multiple approaches may be too toxic

to produce a summative effect on iodide uptake. Equally, given the proximity of the binding
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of CB-5339 and compound-17 compounds within the allosteric binding site of VCP, it may be
that binding is mutually exclusive and that combined treatment with CB-5339 and the
clotrimazole analogue may not elicit a summative effect. To progress with the strategy of
targeting VCP in thyroid cancer, it is likely that a single candidate VCP inhibitor may have to
be selected. Assays which seek to investigate the role of compound-17, and the role of GB002
if it is demonstrated to produce an increase in radioiodide uptake, should be directly
compared to the specific inhibitor CB-5339 to determine the optimal VCP inhibitor.
Considering the data presented in Figure 3.5 that demonstrates the VCP inhibitors CB-5083
and CB-5339 can disrupt the NIS-VCP interaction, this approach may also be applied to
compound-17 and GB002 to challenge the modelling data. If these drugs disrupt the
interaction between NIS and VCP, this will support the hypothesis that they functionally
inhibit VCP. Furthermore, this assay may also allow direct comparison to the specific VCP
inhibitor CB-5339 which currently produces the highest percentage decrease in the NIS and

VCP interaction of 58.1 %.

7.2.4 Determining the Efficacy of VCP Inhibitors Against Thyroid Cancer in vivo

To advance with the hypothesis that targeting VCP in thyroid cancer can improve radioiodide
uptake, is it imperative that these in vitro experiments are advanced to in vivo experiments
in mice. The subsequent discussion for testing VCP inhibitors in vivo excludes the compound
GBO002, as the progression of this compound is contingent on GB002 having a positive effect

on iodide uptake in in vitro experiments.
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CB-5083 has been demonstrated to be orally bioavailable, and produces a measurable
reduction in tumour growth after only five days treatment in mouse xenograft models
(Anderson et al., 2015). CB-5339 is also orally bioavailable based on its use in phase | clinical
trials. CB-5339 could be first tested in wild-type mouse models to determine whether it
induces an increase in thyroidal iodide uptake after systemic treatment. This could be
developed to include thyroid cancer mouse models which can test the efficacy of these
compounds specifically in the cancer setting. For these experiments, an identical treatment
schedule to that employed by Anderson et al to administer CB-5083 could be utilised, as this
schedule was well-tolerated in mice and resulted in a measurable therapeutic effect
(Anderson et al., 2015). Multiple tracers could be used to study thyroidal iodide uptake
including Tc®, 1123, 1124 and 1*3! which can be measured by scintigraphy or PET-CT. The tracer
uptake before and after treatment with CB-5339 would best be compared by normalising
thyroidal uptake to that in the stomach to account for variations in the administration of the
tracer, as was performed when surveying the effect of clotrimazole in wild-type mice

(unpublished data, McCabe group, 2019).

Orthotopic models provide additional insight regarding delivery of the compound specifically
to tumours in the thyroid gland. These data cannot be obtained from xenograft models in
which tumours are typically sub-cutaneous. There are multiple orthotopic models of PTC
which may be useful in assessing the capacity of VCP inhibitors to resensitise PTC to
radioiodide therapy. As papillary thyroid cancer has a much lower mutational burden than
anaplastic thyroid cancers, mouse models of PTC can usually be generated by a single gene
mutation, commonly BRAFY6%E which can achieve thyroid specific induction by coupling to

the promoters of Tg or TPO, or by generating tamoxifen-inducible transgenes (Chakravarty et
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al.,, 2011; Charles et al., 2011; Knauf et al., 2005). However, the development of papillary
thyroid cancers results in dedifferentiation and loss of normal Tg expression and the Tg-driven
transgene. Comparatively, individual mutations in RAS or RET/PTC rearrangements have not
consistently led to the development of PTC in mouse models (Charles et al., 2011; Knostman
et al., 2007). The tamoxifen- inducible BRAFV®%t model demonstrated that NIS expression at
the plasma membrane could be restored by treatment with small molecular MAPK inhibitors
and 1'2* uptake was analysed in these models (Chakravarty et al., 2011). The Chakravarty et al
mouse model has been characterised extensively, has established protocols for quantifying
iodide uptake and is driven by the BRAFY6%E oncogene which is observed in over half of
patients with PTC, and is associated with a loss of iodide avidity. Therefore, this model may
be the most appropriate PTC model in which to assess how VCP inhibitors can affect tumoral

iodide uptake.

Treatment of non-thyroidal tumours with radioiodide therapy is currently being explored by
scientists in the Spitzweg group (Ludwig-Maximilians University, Germany). This system
involves three sequential injections of L87-NIS cells in a PBS suspension into the tail vein of
mice; the L87 mesenchymal stem cells home in on the tumour site and accumulate in the
tumour stroma (Schug et al., 2018; Schug et al., 2019). The reintroduction of NIS to the
tumour environment permits the subsequent ablation of the tumour by treatment with 131-
I. The positive data for improving iodide uptake in L87-NIS cells after treatment with CB-5339
in Chapter 3 provides the impetus for this compound to be tested in this system by
administering alongside the L87-NIS injections, prior to injecting 131-l. This may validate
whether systemic treatment with these VCP inhibitors can improve tumoural iodide uptake

in vivo. The discussion on inhibiting VCP in thyroid cancer largely focusses on increasing iodide
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uptake in patients with low avidity but in patients who uptake adequate levels of radioiodide
for tumour ablation, treatment with these inhibitors may enable a reduction in the cumulative
dose of 131-1. Therefore, treatment with CB-5339 in the Spitzweg models may be useful to
investigate whether mice may require a lower dose of 131-I to achieve the same inhibition of
tumour growth which is consistent with non-CB-5339 treated mice that received the standard

dose of 55.5 MBq (Schug et al., 2019).

7.3 Investigating the Interaction Between NIS and Moesin

Data presented in Chapter 5 sought to test the preliminary mass spectrometry findings
indicating that NIS and moesin interact. The silencing of moesin by siRNA demonstrated a
significant increase in radioiodide uptake in thyroid cancer cell lines. Via NanoBiT technology,
NIS and moesin were shown to physically interact in vitro and this could be reduced by
mutating the residues K554 and R555 in NIS. MSN is significantly upregulated in papillary
thyroid cancer samples, with an overt bias towards BRAFY®%F tumours. However, the protein
levels of moesin were not affected by inhibition of either the MAPK pathway or the PI3K-Akt-
mTOR pathways, which often drive thyroid tumourigenesis by constitutive activation. While
it seems plausible that MAPK signalling may drive the upregulation of moesin in thyroid
cancer, modulating moesin protein levels to improve NIS-mediated iodide uptake may be
achievable only by a specific moesin inhibitor. Moesin has reported roles in facilitating the
cytoskeletal rearrangements necessary for endocytosis. Consistent with this, tumours which
highly express the MSN gene also display elevated genes related to the endocytosis of

membrane proteins.
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7.3.1 Future Directions

Future studies on the interaction between NIS and moesin should seek to challenge the
hypothesis that moesin facilitates the internalisation of NIS by clathrin-mediated endocytosis,
and that targeting moesin protein may enhance the proportion of NIS at the plasma
membrane and increase radioiodide uptake. Whether moesin regulates NIS internalisation
could be further investigated through cell-surface biotinylation assays in conjunction with
moesin knockdown. If this hypothesis is correct, moesin knockdown would significantly
increase the proportion of NIS at the plasma membrane due to the disruption in
internalisation, and would result in the increased iodide uptake that was observed in both

TPC1-NIS and 8505C-NIS cell lines (Figure 5.3).

Clathrin-mediated endocytosis of proteins requires the co-operation between multiple
protein complexes to select integral membrane proteins for vesicle cargo, induce membrane
curvature and facilitate scission of the vesicle neck to separate the vesicle into the cytoplasm
(McMahon and Boucrot, 2011). In the hypothesis that moesin facilitates the internalisation
of NIS into vesicles, it is likely that many other proteins also aid this process. The protein PBF
has been specifically linked to NIS internalisation in clathrin-coated vesicles (Smith et al.,
2009). If the role of moesin in NIS internalisation is established, studies into the internalisation
of NIS should also consider the role of PBF in the interaction between NIS and moesin. If
moesin is demonstrated to facilitate NIS internalisation, whether it acts cooperatively with
PBF to internalise NIS together, or by two discrete internalisation mechanisms, should also be
studied. Potential crosstalk between PBF and moesin in NIS internalisation could be clarified
by the simultaneous siRNA knockdown of both genes whereby a summative effect may

indicate these proteins function by discrete mechanisms. Alternatively, if PBF and moesin
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function cooperatively, this may involve a functional interaction between these proteins that

can be measured by NanoBiT.

The NISKS54ARSSSA mytant which had significantly reduced moesin binding provides another
valuable tool for investigating the mechanism by which moesin modulates NIS and iodide
uptake. If moesin regulates the internalisation of NIS, then NISK35#A/R555A may be retained in
the plasma membrane which could be imaged using immunofluorescent staining and confocal
imaging. In this instance, this mutant would likely display elevated iodide uptake compared
to wild-type NIS, and while this was not measured in Hela cells (Figure 5.14), this should be

confirmed by transfection into additional non-NIS stable thyroid cell lines.

Furthermore, in the NIS dimerisation homology model, K554 and R555 were identified as the
only amino acids in the C-terminal dimerisation interface that were within 0.3 nm from the
opposite monomer, and hence were hypothesised as facilitating the dimeric interaction
(Thompson et al., 2019). However, the effect of mutation of these two residues on NIS
dimerisation was not explored. Given that these residues have previously been implicated in
NIS dimerisation, the NISK354A/R355A should be assessed for dimerisation capacity. Indeed, if
these mutations result in NIS that is unable to dimerise, this may suggest that moesin
preferentially binds dimeric NIS. Dimerisation of NIS has been linked to trafficking to the
membrane, and it may be that moesin is in fact capable of binding to NISK534A/R555A and instead
the reduction in luminescence emitted is a result of mislocalisation of the NIS mutant which
reduces the opportunity of interacting with moesin. To determine whether moesin
preferentially binds monomeric or dimeric NIS, other mutants which are incapable of

dimerisation such as Y242, T243, and Q471 could be generated and analysed for their
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interaction with moesin by NanoBIT. As the functional implication of NIS dimerisation is not
fully known, more information on the cellular locations where NIS exists as a dimer is useful

in determining how important NIS dimerisation may be for optimal iodide uptake.

Investigating the role of moesin in thyroid cancer has been limited by the lack of a specific
moesin inhibitor. Recently, a BRET-based biosensor has been developed to faithfully monitor
the real-time activation of ERM proteins (Leguay et al.,, 2021). The researchers utilised
luciferase tagged ERM proteins and plasma membrane localised GFP, and observed an
elevated BRET ratio when ERM proteins are activated and recruited to the plasma membrane.
This assay was validated by demonstrating that the BRET signal was measurably decreased by
the protein kinase inhibitor Staurosporine which promotes the non-specific
dephosphorylation and deactivation of ERM proteins. These data may offer the necessary
innovation for developing a high-throughput assay to measure large libraries of compounds
for their ability to deactivate ERM proteins; it is possible that the development of a specific
moesin inhibitor is on the horizon. Determining the broader regulation of moesin in thyroid
cancer through manipulating key signalling pathways, as was endeavoured in Chapter 6, could
have provided insight into how moesin is dysregulated in thyroid cancer more generally.
However, considering the aim to targeting specific NIS interacting proteins to temporarily
optimise radioiodide uptake, a direct inhibitor would be valuable and prevent the broader
scale genomic changes that accompany treatment with MAPK and PI3K inhibitors. Therefore,
a breakthrough in the development of small molecular moesin inhibitors may allow for
potential optimisation of radioiodide uptake and could also provide further knowledge on the
regulation of moesin in cells by observing changes to a cells’ transcriptome after moesin

inhibition, which could not be concluded from the data presented in Chapter 6.
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7.4 Investigating the Interaction Between NIS and Annexin Al

Chapter 5 demonstrated an interaction between NIS and annexin Al in vitro, and showed that
knockdown of ANXA1 translated to a significant increase in NIS-mediated iodide uptake.
Clinical evidence has proposed annexin Al as a biomarker of thyroid cancer and strong
upregulation of the protein is observed in papillary thyroid cancer, predominantly in BRAFV600F
driven tumours. Annexin Al protein levels were unaffected by MAPK inhibition and therefore
the regulation of annexin Al remains unclear. Annexin Al has been reported to facilitate the
formation of internal vesicles in multivesicular bodies (MVBs) and tether MVBs and
endosomes to sites on the ER membrane (Diakonova et al., 1997; Eden et al., 2016; White et
al., 2006). This was supported by data in Chapter 6 highlighting the concomitant upregulation
in genes that are related to lysosomal function in tumours which express high levels of the
ANXA1 gene. Inhibiting the lysosomal degradation of NIS as a strategy of increasing
radioiodide uptake has not been explored in thyroid cancer thus far. Therefore,
understanding the role of annexin Al in thyroid cancer may yet still provide an additional

druggable target for improving NIS-mediated iodide uptake.

7.4.1 Future Directions

Aside from the canonical function of externalised Annexin Al in mediating an anti-
inflammatory signalling cascade, cytoplasmic annexin A1 has been shown to localise to
membranes of the lysosome and multivesicular bodies which facilitate protein degradation.
However, initial mass spectrometry data suggested that NIS and annexin Al interact at the
plasma membrane as the interaction was only detected in the membrane fraction of the cell

lysate (Fletcher, 2018). Annexin Al is described to interact at the plasma membrane with its

214



Chapter 7 Concluding Thoughts and Future Directions

cognate receptor FPR2. Investigating the hypothesis that the interaction between annexin Al
and NIS may include FPR2 could be assessed through the use of FPR2 agonists which may
disrupt the interaction (Stenfeldt et al., 2007). This may provide a method of reducing the
NIS-annexin Al interaction without specifically inhibiting annexin A1l activity. Additionally, if
treatment with FPR2 agonists has no effect on NIS-mediated iodide uptake, this may exclude
the role of annexin A1l as an anti-inflammatory in the thyroid cancer setting and instead favour

the hypothesis that annexin Al interacts with NIS intracellularly.

Annexin Al forms a heterodimer with S100A11 at membrane contact sites between ER and
lysosomal or endosomal membranes (Poeter et al., 2013). If the interaction between NIS and
annexin Al occurs at these membranes as part of NIS recycling or turnover, then knockdown
of S100A11 may result in similar increases in iodide uptake as annexin Al knockdown. Equally,
if SI00A11 is required for the interaction between NIS and Annexin Al, then knockdown of
this protein may also result in a measurable disruption of this interaction by NanoBiT. This
hypothesis could be further validated by measuring the effect of lysosomal inhibitors on the
NIS and annexin Al interaction by NanoBiT, as was performed with the VCP inhibitors CB-

5083 and CB-5339 in Chapter 3.

The primary caveat to the hypothesis that annexin A1 and NIS interact during recycling of NIS
from the plasma membrane is that knockdown of annexin A1 would have been expected to
result in a concomitant increase in NIS protein. Although there was an upwards trend in NIS
protein in Figure 5.3, this was statistically insignificant. Further protein analysis by Western
blot over multiple thyroid cancer cell lines could be performed to confirm the effect of siRNA

knockdown on NIS protein level.
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If annexin A1 facilitates lysosomal degradation of NIS, this provides a second approach by
which NIS degradation may be targeted, alongside VCP-mediated ER-associated degradation.
Interestingly, annexin A2 was also identified as a potential NIS interactor by co-IP and mass
spectrometry (Fletcher, 2018). Annexin A2 has been implicated in both clathrin-mediated
endocytosis and the formation of multi-vesicular bodies (Futter and White, 2007). If an
interaction between NIS and annexin A2 is also verified, the annexin family may contribute to

a broader model of processing NIS that has been internalised from the plasma membrane.

7.5 Concluding Remarks

This investigation has expanded the model of the NIS interactome and addressed the
importance of post-translational processing of NIS in regulating cellular iodide uptake (Figure
7.1). Currently, the NIS interacting protein VCP can be targeted through the use of inhibitors
to optimise radioiodide uptake in some cell lines. Progression to in vivo studies with these
inhibitors is an exciting strategy to improve tumoral iodide uptake and if successful, would
supersede the discrepancies in the in vitro data between thyroid cancer cell lines. The two
additional interactors identified in this thesis are grossly dysregulated in thyroid cancer and
may contribute to a radioiodide refractory phenotype. Figure 7.1 demonstrates how moesin
and annexin A1 may fit into the working model of the intracellular processing of NIS. Future
experiments which seek to target moesin and annexin A1 may be combined with the
inhibition of VCP to summatively increase iodide uptake, without compromising cell viability.

This investigation has taken a small step further towards developing the strategy of
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administering a cocktail of compounds to temporarily maximise NIS-mediated iodide uptake

in differentiated thyroid tumours prior to treatment with 131-I.
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Figure 7.1 The working model of post-translational processing of NIS. (A) NIS binds to ARF4
via a VAPK motif in the C-terminal tail of NIS; ARF4 facilitates forwards trafficking of NIS to the
plasma membrane. (B) Moesin putatively binds to NIS at the plasma membrane to facilitate
internalisation of NIS into clathrin coated vesicles. During this process PBF interacts with NIS to
facilitate its internalisation. (C) Annexin A1 putatively binds to NIS in multivesicular bodies to
promote its lysosomal degradation. (D) VCP extracts NIS from the ER and diverts it towards
proteasomal degradation, this can be disrupted by the VCP inhibitors CB-5083, CB-5339 and
clotrimazole. Figure adapted with input from Kate Brookes and Dr Martin Read.
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Chapter 8
Compound Rotational
2D Structure 3D Structure Formula Mw logP
Mumber bonds
Clotrimazole
S CaHi7CIN; 344.842 5.3668 4
(original)
Compound-1 CaaHiN: Gy 354.409 4,07 5
Compound-2 CasHaaN30 381.479 4.4661 5
-
Compound-3 CaHagNO 340.426 4.6908 3
Compound-4 CaaHagN: O 368.436 4.6738 6

Table 8-1 Full summary of clotrimazole-derived compounds: compound name, 2-D
structure, 3-D structure, chemical formula, molecular weight, logP value as indicator of
lipophilicity and number of rotational bonds which may form interactions in allosteric VCP

binding pocket. Compounds 5-21 continued overledf.
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Compound Rotational
2D Structure 3D Structure Formula Mw logP
Number bonds
N \
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Compound-7 CHysN; 310.4 4.7608
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Compound-8 ° 2 CasHal;0 340.426 | 4.1635 5
H
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4 \} cl
N 381.3
Compound-3 Q O CaHyaChN; 1.31 5
N
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N o
J
Compound-10 Cl xi CigHsCIN; 152.646 1.59161 2
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J
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Compound Rotational
2D Structure 3D Structure Formula Mw logP
Number bonds
Compound-11 Ca:HisCIN O; 389.839 4.6262 L
Compound-12 CigHiaClN; 229,104 -2.1403 2
Compound-13 CasHiaCIN 3594.902 6.8062 4
Compound-14 C31Hi6CINy 345.83 4,7817 4
Compound-15 CasHanCIN;O 401.854 5.4219 5
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Number bonds
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