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Abstract

Thyroid cancer is the most common endocrine malignancy and its incidence
is increasing. p53, a potent tumour suppressor, is rarely mutated in thyroid
cancer, and it therefore seems plausible there are other means of wild-type
p53 inactivation. Overexpression of the human pituitary tumor-transforming
gene, and its binding factor PBF, have been found in thyroid cancer. hPTTG1
is a multifunctional protein with roles in cell cycle control, DNA repair and
apoptosis. It possesses a dual role in tumourigenesis, through initiation via
increased genetic instability and aneuploidy, and progression through
induction of growth factors. Research performed in this thesis has
characterised a thyroidal hPTTG1-Tg overexpressing mouse model, showing
reduced thyroid size due to reduced cellular proliferation. Characterisation
of Pttgl knockout mouse thyroids showed growth factor expression
dysregulation and potential senescence of thyroid cells. We identified no
effect of hPTTG1 over or underexpression on goitre induction. PBF is a
relatively uncharacterised protein, which is transforming in vitro and
tumourigenic in vivo. PBF is capable of increasing p53 degradation via
increased ubiquitination, and work in this thesis shows this is dependent on
MDM?2, an E3 ligase and primary regulator of p53. Furthermore interactions
between PBF and MDM2 were demonstrated. We showed that PBF binds to
the E3 ubiquitin ligase RAD6, which also ubiquitinaties p53, and regulates its
expression. Taken together this work has identified critical and novel

findings on the roles of hPTTG1 and PBF in thyroid cancer.
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1.1: Pathogenesis of thyroid cancer

1.1.1: Epidemiology and classification

Thyroid carcinoma is the most common endocrine cancer (Dulgeroff and
Hershman, 1994) (Parameswaran et al, 2010), and its incidence has
increased by 50% in the last 25 years in the USA (Hundahl et al, 1998)
(Enewold et al, 2009). The observed increased incidence of 6.6% between
2000 to 2009 represents the most rapidly rising incidence among all cancers.
A recent study, using the SEERS database, found there has been a 2.6-fold
increase in thyroid cancer from 1973-2006 in the USA, with the majority of
this increase occurring in papillary thyroid carcinomas (Cramer et al, 2010)
(Figure 1.1.3). Many argue that the increased incidence is due to increased
detection as a result of improved imaging techniques (Grodski et al, 2008),
including high resolution thyroid ultrasonography, as well as pathological
recognition of incidental neoplasms with little clinical significance. Others
argue that factors such as the increased use of ionising radiation, increases in
BM], fertility drugs and changes in menstrual cycle are responsible for the
increased incidence (Baker and Bhatti, 2006). Overall, thyroid cancers
account for approximately 1% of all cancers and are three times more

common in females when compared with males (Greco et al, 2009).
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Figure 1.1.1: The incidence of thyroid cancer in the USA, from the years 1973-
2006. The chart data displays the rate per 100,000 population of thyroid
cancer subtypes and overall thyroid cancer incidence (Taken from Cramer et al,
2010).

Thyroid cancers arise from follicular thyrocytes, or from parafollicular C
cells. Follicular cells comprise the majority of cells in the thyroid and are
responsible for the production of thyroid hormones triiodothyronine (T3)
and thyroxine (T4) (Figure 1.1.2). Parafollicular C cells are involved in the

production and secretion of calcitonin.
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Figure 1.1.2: Thyroid hormone production, displaying a thyroid follicle,
comprising follicular cells and colloid. lodide is transported into the follicular
cell via the sodium-iodide symporter, and subsequently transported into the
colloid via Pendrin. Thyroglobulin is secreted to the colloid by exocytosis,
where it is iodinated and endocytosed back into the follicular cell. It is then
subject to proteolysis to produce thyroid hormones T3 and T4, and transported
into the blood to be circulated throughout the body (Taken from Boron and
Boulpaep, 2003).

Benign and malignant thyroid neoplasms consist of clonal cell populations
derived from a single precursor cell, with the initial step in tumour
development involving the acquisition of a somatic mutation, altering the
structure of a gene and conferring cells with a growth advantage. Several
genes acting at multiple steps along growth signalling pathways act as
oncogenes stimulating hyperplasia and neoplasia. The majority of thyroid

carcinomas are well-differentiated papillary cancers (72-85%), with the
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remainder comprising follicular (10-20%), undifferentiated anaplastic (<1%)
and other carcinomas (1-4%). Medullary thyroid carcinoma (1.7-3%) arise
from parafollicular C cells. Differentiated thyroid carcinomas mainly
originate following activation of oncogenes resulting in hyperplasia and
subsequent neoplasia (Fagin, 2005), and propagation of growth is stimulated
by various growth factors. Well-differentiated carcinomas are usually
indolent, although can be aggressive, whereas undifferentiated anaplastic
carcinomas are highly aggressive with low survival rates (Are and Shaha,
2006). Anaplastic carcinomas occasionally develop de novo, although many
develop through de-differentiation of papillary and follicular carcinomas

(Nikiforova and Nikiforov, 2009) (Nikiforova and Nikiforov, 2011).
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. . Poorly- .
Characteristics Paplllary FoII.lcuIar differentiated Anaplas‘uc Meo!ullary
carcinoma carcinoma - carcinoma carcinoma
carcinoma
Cell type origin Follicular Follicular Follicular Follicular C-cell
Prevalence (%) 72-85 10-15 <2 1-2 3-5
Invasive local Invasive local
growth, local growth, local Lymph-node
Route of spread Local Iymph-. Haematoger.mus lymph-node lymph-node and
node metastasis metastasis and and haematogenous
haematogenous haematogenous metasases
metasases metasases
10-year survival 95-98 90-95 ~50 <10 60-80
(%)
TP53 —50-80 -
BRAF - 40-45 RAS ~ 40-50 fgé‘_é%g% CTNNB1 ~5-80 Rf:;“' ":‘9' 5
Prevalence of RAS —10-20 PAX8/PPARy — BRAF — 10-20 RAS —20-40
common RET/PTC— 30-35 BRAF —20-40 .
. CTNNB1 - 10-20 Sporadic:
mutations (%) 10-20 PIK3CA - <10 PIK3CA — 10-20
PIK3CA —5-10 RET —40-50
TRK - <5 PTEN - <10 AKT1 —5-10 PTEN —5-15 RAS - 25
AKT1-5-10

Figure 1.1.3: Thyroid cancer classifications, origin, prevalence, route of spread,
10-year survival and prevalence of common mutations (Adapted from Nikiforov
and Nikiforova, 2011).

Benign thyroid enlargement, usually in the form of a diffuse or nodular
goitre, is common with prevalence rates reported between 15-50% (Hegedus
et al, 2003). Their prevalence is greatly increased in areas of endemic iodine
deficiency (Knudsen et al, 2002), since iodine is required for the production
of thyroid hormones. Goitres are characterised by thyroid hyperplasia,

which represents the response of the thyroid to TSH (Thyroid stimulating

hormone), growth factors or circulating stimulatory antibodies.
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1.1.2: Molecular genetics of thyroid cancer

Thyroid cancer, much like other cancers, arises through the gradual
accumulation of genetic alterations. This includes activating and inactivating
somatic mutations, micro RNA (miRNA) dysregulation, gene methylation
changes and alteration of gene expression patterns. The majority of thyroid
cancers are monoclonal, arising from a single cell somatic mutation, which
can subsequently give rise to a number of different cell populations
(McCarthy et al, 2006) (Fagin, 2005). The two most common molecular
mechanisms of thyroid tumourigenesis are point mutations, resulting from a
single nucleotide change, and chromosomal rearrangements, occurring as a
result of breakage and fusion of homologous or heterologous chromosomes
(Nikiforov and Nikiforova, 2011). Initiation of thyroid tumourigenesis
ordinarily involves genes encoding for proteins that form part of the MAPK
and PI3-K pathways. The most common of these are the cell membrane
receptor tyrosine kinases NTRK1 and RET, and intracellular signal

transducers RAS and BRAF.
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Figure 1.1.4: MAPK and PI3-K signalling cascades. These pathways regulate
multiple cellular processes including cellular proliferation. Dysregulation of
these pathways by mutations in thyroid follicular cells can lead to
tumourigenesis (Taken from Nikiforov and Nikiforova, 2011).

1.1.3: RAS mutations

The HRAS, KRAS and NRAS genes encode for G-proteins which act to transmit
signals in the MAPK, PI3-K and other signalling pathways (Nikiforov and
Nikiforova, 2011). RAS mutations have been found in a number of thyroid
carcinomas, being present in 40-50% of follicular carcinomas (Motoi et al,
2000), 20-40% of anaplastic and other poorly differentiated carcinomas

(Basolo et al, 2000), and 10-20% of papillary carcinomas (Suarez et al, 1990).
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The presence of mutations in the RAS genes in well-differentiated papillary
and follicular carcinomas, as well as in highly aggressive anaplastic
carcinomas, suggests that RAS mutations may play a role in both the
initiation of thyroid tumourigenesis, as well as the promotion of its
aggressiveness (Garcia-Rostan et al, 2003). RAS mutations have also been
found in benign follicular adenomas (Esapa et al, 1999), lending further
credence to the idea of RAS mutation as an initiator of thyroid

tumourigenesis.

1.1.4: BRAF mutations

BRAF, another protein involved in the MAPK pathway, is a serine threonine
kinase which, upon activation by RAS proteins, is translocated to the cell
membrane and phosphorylates several proteins, most notably MAPK kinase.
Constitutive activation of BRAF can occur through several mechanisms, the
overwhelming majority consisting of a point mutation resulting in a valine to
glutamate replacement at residue 600 (Kimura et al, 2003). This is the most
commonly found mutation in thyroid cancer, occurring in ~45% of papillary
thyroid carcinomas (Xing, 2005), and up to 40% of poorly differentiated and
anaplastic carcinomas (Nikiforova et al, 2003). The presence of BRAF

mutations in differentiated and poorly differentiated thyroid carcinomas,
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often in the same tumour sample, suggests that BRAF activation, similar to

RAS, is involved in the initiation and de-differentiation of thyroid cancers.

1.1.5: Chromosomal rearrangements

Chromosomal rearrangements are a common cause of thyroid
tumourigenesis, in particular those of the BRAF and RET/PTC genes (Ciampi
and Nikiforov, 2007). RET/PTC rearrangements are prevalent in papillary
thyroid carcinomas (Santoro et al, 1992), occurring in 10-20%, with clonal
RET/PTC rearrangements restricted to this tumour type (Zhu et al, 2006).
RET/PTC rearrangement results from fusion of the tyrosine kinase domain of
RET with the 5’ portion of another gene, resulting in constitutive activation of
RET, leading to activation of the MAPK signalling pathway and an increase in
growth potential (Jhiang et al, 1996). The most common rearrangements are
fusion of RET/PTC1 with CCD6 (Grieco et al, 1990) and RET/PTC3 with
NCOA4 (Santoro et al, 1994), although many others have been discovered.
The gene NTRK1, encoding for a receptor tyrosine kinase, is also a
subject of chromosomal rearrangements in papillary thyroid cancer, though
not as prevalent as RET/PTC rearrangements. This rearrangement, which
can occur through fusion of NTRK1 with at least three different genes on
homologous or non-homologous chromosomes (Radice et al, 1991) (Greco et
al, 1992) (Miranda et al, 1994), is present in up to 15% of papillary thyroid

carcinomas (Musholt et al, 2000).

10
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As opposed to papillary thyroid carcinoma, fusion of the transcription
factor PAX8 and the PPARy genes, causing overexpression of a chimeric
PAX8/PPARYy protein, is found in ~35% of follicular carcinomas (Dwight et
al, 2003). Interestingly, point mutations in RAS and chromosomal
rearrangements of PAX8/PPARy rarely occur in the same follicular thyroid

sample.

1.1.6: Prognosis of thyroid cancer

Retrospective studies have confirmed specific factors which may be used in
the prognostication of thyroid cancer. Several prognostic scoring systems
exist, such as MACIS and AMES, although the most widely used is TNM, which
focuses on tumour size, nodal metastases and distant metastases (Figure

1.1.5).

11



Chapter 1 General Introduction

Primary tumour:

pT1: Intrathyroidal tumour, <1 cm in greatest dimension
pT2: Intrathyroidal tumour, >1-4 cm in greatest dimension
pT3: Intrathyroidal tumour, >4 cm in greatest dimension
pT4: Tumour of any size, extending beyond thyroid capsule
pTX: Primary tumour cannot be assessed

Regional lymph nodes (cervical or upper mediastinal):
NO: No nodes involved
N1: Regional nodes involved
If possible, subdivide
N1a: Ipsilateral cervical nodes
N1b: Bilateral, midline or contralateral cervical nodes or mediastinal
nodes
NX: Nodes cannot be assessed

Distant metastases:

MO: No distant metastases

M1: Distant metastases

MX: Distant metastases cannot be assessed

45 vears and 10-year cancer-
Stage Under 45 years yol der specific
mortality (%)
I Any T, any M, NO pT1, NO, MO 1.7
pT2,NO, MO
II Any T,any M, N1 pT3, NO, MO 15.8
pT4, NO, MO
i Any pT, N1, MO 30
Any pT, any N,
v M1 60.9

*All undifferentiated or anaplastic carcinomas are classified as stage IV

Figure 1.1.5: The TNM scoring system, used as a measure of thyroid cancer
survival rates (Taken from British Thyroid Association and Royal College of
Physicians 2007).

12



Chapter 1 General Introduction

The overall outcome for patients treated for thyroid cancer is favourable,
with 10-year survival rates of 80-90% for middle-aged adults. 5-20% of
patients develop recurrence of the tumour and 10-15% are subject to distant
metastases. Overall 9% of patients who develop thyroid cancer will die from
their disease (Mazzaferri, 1999) (Sipos and Mazzaferri, 2010). The risk of
recurrence has previously been shown to be correlated with the size of the
primary tumour (Simpson et al, 1987).

Fine needle aspiration (FNA) biopsy is the gold standard of thyroid
cancer diagnosis, and can diagnose benign or malignant thyroid disease in
the majority of patients. High resolution ultrasonography can also be
performed to identify thyroid nodules and to guide FNA biopsy. Treatment
of thyroid cancer generally consists of total thyroidectomy, followed by
ablation therapy using 1311 and high doses of thyroxine to suppress serum
TSH concentrations. For tumours less than 1 cm lobectomy may be
considered, preserving thyroid function in 20-30% of patients (Nikiforov et
al, 2013). Anaplastic tumours are usually resistant to radioiodine therapy,
and so chemotherapy and external beam radiotherapy are used in their
treatment, albeit with limited success (Derbel et al, 2011).

Molecular markers identifying genetic mutations are currently in use
to determine thyroid cancer diagnosis, and aid in identification of its
aggressiveness. A panel of mutations, which includes BRAF and RAS
mutations, and RET/PTC, PAX8/PPARy rearrangements, offers a significant
improvement in thyroid cancer diagnosis (Nikiforov et al, 2013). Next

generation sequencing is likely to result in the detection of a large number of

13
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genes mutated in thyroid cancers, which may represent further diagnostic
and therapeutic targets. A large amount of research is currently being
carried out to determine treatments most suitable for specific cancer
genotypes, with tyrosine kinase inhibitors (TKIs) showing promise as novel
therapeutic targets (Hoffmann et al, 2006) (Okamoto et al, 2013) (Ton et al,

2013).

1.2.1: The pituitary tumor-transforming gene (PTTG)

1.2.2: Identification and characterisation of PTTG

Rat Pttgl was first isolated from a GH-secreting pituitary cell line (GH4)
using differential mRNA display PCR (Pei and Melmed, 1997). Using rat Pttg1
cDNA as a probe, the human homolog was identified and found to share 85%
homology to rat Pttgl (Zhang et al, 1999). A novel gene identified by a
separate group, termed TUTRI1, was found to be identical to hPTTG1 (Kakar
and Jennes, 1999). hPTTGI1, located to chromosome 5q33 (Prezant et al,
1999), is sized at 10 kB and contains five exons and four introns. Two other
hPTTG genes have been identified. hPTTGZ and hPTTG3 are members of the
hPTTG family with a strong homology to hPTTG1 (Chen et al, 2000). hPTTGZ2
was mapped to chromsome 4p15.1 with a 91% amino acid homology to

hPTTG1 (Chen et al, 2000). hPTTG3 was mapped to chromosome 8q13.1 with

14
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a 89% amino acid homology to hPTTG1. However, both hPTTG2Z and hPTTG3

are expressed at low levels compared to hPTTG1.

TSS
159 128 185 94 159 138

147 310 1200 2400 690

Figure 1.2.1: hPTTG1 gene structure. Exons are indicated as boxes (translated
regions are blue and untranslated regions white), lines between indicate
introns with sizes in bp as shown. TSS indicates the transcription start site.
(Adapted from Vliotides et al, 2007).

1.2.3: PTTG protein structure

hPTTG1 codes for a 202 amino acid protein (Zhang et al, 1999) which shows
a 66% structural homology to mouse Pttgl (Wang and Melmed, 2000). At
the protein level, the expected size of hPTTG1 is 22kD. However, when run
on an SDS-PAGE gel hPTTG1 migrates at approximately 28kD, suggesting
post-translational modifications (Dominguez et al, 1998). Indeed, hPTTG1
can migrate as a doublet due to cell-cycle dependent phosphorylation

(Ramos-Morales et al, 2000). It is localised to both the cytoplasm and

15
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nucleus, although lacking a nuclear localisation signal it requires PTTG-
binding factor (PBF) to facilitate its entry into the nucleus (Chien and Peij,
2000). Figure 1.2.2 shows a schematic of the protein structure of hPTTG1,

with a functional domain at the C-terminus and a regulatory domain at the N-

terminus.
KEN- SH3-
box binding PBF
binding
D-
NH2- box -COOH
SH3-
binding
DNA Trans-
binding activating

Figure 1.2.2: hPTTG1 protein structure. Important domains in the functional
C-terminus and the regulatory N-terminus are shown. D box indicates
destruction box.

The C-terminus contains a proline rich region between amino acids 163-173,
which appears crucial to the transactivation and potential transforming
activity of hPTTG1. A conserved Src-homology domain includes two PXXP
motifs (Zhang et al, 1999). The serine at residue 165, within the SH3-binding

domain, is the only known phosphorylation site of hPTTG1, and

16
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phosphorylation is believed to play a critical role in hPTTG1 function during
mitosis (Ramos-Morales et al, 2000) (Boelaert et al, 2004).

The N-terminal domain contains a KEN box (amino acids 9-11) and a
Destruction box (amino acids 61-68) which are important for ubiquitination
of hPTTG1 by the Anaphase Promoting Complex (APC), in order for the cell
cycle to progress from metaphase to anaphase during mitosis (Zou et al,
1999) (Zur and Brandeis, 2001). A DNA-binding domain exists downstream
of this (amino acids 61-118) which co-operates with the transactivating
domain to facilitate hPTTG1’s role as a transcription factor (Zhang et al,
1999) (Wang and Melmed, 2000). Transcriptional targets have been shown
to include the oncogene C-myc (Pei, 2001), growth factors VEGF and FGF2

(Kim et al, 2006) and the sodium iodide symporter NIS (Boelaert et al, 2007).

1.2.4: PTTG functions

1.2.4.1: Securin function

During metaphase, sister chromatids are held together by the Cohesin
complex, a process that is crucial in orientating chromosomes on mitotic
spindles (Tanaka et al, 2000). Cleavage of the cohesin complex takes place
via the protease Separase. During the majority of the cell cycle, Separase is
inhibited by hPTTG1, also known as Securin, by specific binding (Uhlmann et
al, 1999) (Hornig et al, 2002). hPTTG1 is subsequently degraded at the

metaphase to anaphase transition after being ubiqiutinated, and therefore

17
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targeted for degradation by the proteasome, by the ubiquitin ligase Anaphase
Promoting Complex (APC) (Wirth et al, 2006). Degradation of hPTTG1

allows Separase to cleave Cohesin and equal separation of chromatids occurs.

1.2.4.2: DNA damage and repair

DNA-PK (DNA protein kinase) is an enzyme involved in DNA repair following
double stranded breaks, with Ku-70 a regulatory subunit of DNA-PK.
hPTTG1 has been shown to be involved in DNA repair by binding to Ku-70
(Romero et al, 2001), and upon DNA damage this binding is disrupted. This
allows repair of DNA damage and implies hPTTG1 may be crucial in delaying
onset of mitosis in order for DNA repair to occur. Overexpression of hPTTG1
in a colorectal cancer cell line led to an increase in genetic instability,
believed to be caused at least in part by inhibition of Ku heterodimer function
(Kim et al, 2007). hPTTG1 has also been shown to be required for cellular
proliferation arrest following ultraviolet radiation (Romero et al, 2004).
Treatment with bleomycin and doxorubicin, two potent DNA damage
inducing drugs, resulted in suppression of hPTTG1 by p53, suggesting a role
for p53 in regulation of hPTTG1 following DNA damage (Zhou et al, 2003).
Overall, these results implicate hPTTG1 as being important in several DNA

damage response pathways.
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1.2.4.3: Transcription factor activity

Due to the presence of a predicted transactivation domain at the C-terminus,
hPTTG1 was investigated as a potential transcription factor, and
transcriptional activity was demonstrated through use of a luciferase system,
using GAL4 response elements to confirm transcriptional activity
(Dominguez et al, 1998). Results from DNA arrays following hPTTG1
induction showed increased expression of several genes, including the
oncogene C-myc and HSP70 (Pei, 2001), and hPTTG1 was further shown to
bind to the C-myc promoter. hPTTG1 has also been shown to induce mRNA
expression of Fibroblast rowth factor 2 (FGF2) in several cell lines, including
NIH3T3 cells (Ishikawa et al, 2001), primary thyroid cells (Boelaert et al,
2004) and neuronal NT2 cells (McCabe et al, 2002). In order to test a large
number of genes, Chlp-on-chip assays were carried out which demonstrated
746 (20,000 tested) gene promoters enriched by hPTTG1 antibody,
suggesting a role for hPTTG1 as a transcription factor involved with a wide

range of cellular processes (Tong et al, 2007).

1.2.5: Regulation of PTTG

The regulation of hPTTG1 expression has not been fully elucidated. mRNA

expression has been shown to be regulated by both estrogen (Heaney et al,

1999) and TSH. Increased levels of calcium facilitated rapid and sustained
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expression of hPTTG1 in testicular cancer cells (Tfelt-Hansen et al, 2003),
although this effect was cell-type specificc. mRNA transcription is regulated
by growth factors such as IGF-1 via phosphotidylinositol 3-kinase (PI3K) and
MAP-kinase (MAPK) signaling (Chamaon et al, 2005). Other growth factors,
for example Epidermal growth factor (EGF), Transforming growth factor-a
(TGFa) and Hepatocyte growth factor (HGF) have been shown to induce
hPTTGI mRNA expression in U87 astrocytoma cells (Tfelt-Hansen et al,
2004). Recent research by our own group has shown that hPTTG1 is
regulated by growth factors EGF and TGF-a, in TPC1 and K1 thyroid papillary
cancer cell lines and in human primary thyrocytes (Ryan et al, 2013).
Transcription factors, including nuclear factor-y and Sp1 (Specificity protein
1), are important for basal transcription activity of the hPTTG1 promoter

(Clem etal, 2003).

1.2.6: PTTG expression

Studies of rat Pttgl mRNA expression initially found expression only in adult
testis and embryonic liver (Pei and Melmed, 1997). However, further studies
on mouse tissue showed expression of mouse Pttgl in the thymus, spleen,
testis and ovary (Wang and Melmed, 2000).

In normal adult human tissue, expression has been observed in the

testis, thymus, colon, small intestine, placenta and spleen (Zhang et al, 1999).
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After the initial finding of high hPTTG1 expression in pituitary adenomas (Pei
and Melmed, 1997), various human tumours have been shown to contain
high hPTTG1 expression, including thyroid (Boelaert et al, 2003) (Heaney et
al, 2001) (Zatelli et al, 2010), ovary (Puri et al, 2001), breast (Puri et al,
2001), liver (Cho-Rok et al, 2006), colon (Heaney et al, 2000), lung (Rehfeld
et al, 2006) and oesophagus (Shibata et al, 2002) tumours.

hPTTG1 is also expressed highly in many human cancer cell lines (Lee

etal, 1999).

1.2.7: PTTG expression in thyroid cancer

Several studies have reported increased expression of hPTTG1 in thyroid
cancer compared to normal thyroid tissue. Our group and others have shown
increased mRNA expression in thyroid tumours compared to normal thyroid
tissue (Heaney et al, 2001) (Boelaert et al, 2003) (Zatelli et al, 2010), with
non-significant increases in multinodular goitres and Graves’ disease
samples (Boelaert et al, 2003), as shown in Figure 1.2.3. Importantly,
expression of proliferating cell nuclear antigen (PCNA), a standard indicator
of cellular proliferation, was unchanged, suggesting changes seen were not as

aresult of a change in cellular proliferation.
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Figure 1.2.3: hPTTG1 overexpression in differentiated thyroid cancer. (A)
qPCR results of hPTTG1 mRNA expression in normal specimens compared to
multi-nodular goitre, Graves’ disease and thyroid cancer specimens, showing
significant increases in hPTTG1 mRNA expression in cancer samples compared
to normal. (B) Western blot analysis of two representative normal samples
compared to multi-nodular goitre, graves disease and thyroid cancer samples.
Results show significantly increased hPTTG1 protein expression in thyroid
cancer samples compared to normal  Positive control used was JEG-3
choriocarcinoma cells. ** = p<0.01. (Taken from Boelaert et al, 2003).

1.2.8: Role of PTTG in tumourigenesis

1.2.8.1: Initiation

It would seem obvious that hPTTG1s role as a securin forms the basis for its
tumourigenic effect, and that high hPTTG1 expression inhibits cellular
proliferation. Thus far, hPTTG1s effect on cellular proliferation has proved
elusive. Stable transfection of HeLa and A549 cells with hPTTG1 resulted in
reduced proliferation (Mu et al, 2003), and this was also observed in JEG-3

and H1299 cells transiently transfected with hPTTG1. However, HEK293
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cells stably transfected with hPTTG1 showed increased cellular proliferation
(Hamid et al, 2005). These differences may be due to differences in cell type,
although results in NT2 neuronal cells suggest that relatively low
overexpression of hPTTG1 (~1.7-fold) stimulated cellular proliferation,
whereas high overexpression (~6-fold) resulted in reduced cellular
proliferation (Boelaert et al, 2003). The phosphorylation of hPTTG1 has also
been implicated in its proliferative effect. NIH3T3 cells with stably
overexpressed hPTTG1 mutants which either prevented, or had constitutive
phosphorylation of hPTTG1, showed increased and reduced -cellular
proliferation respectively (Boelaert et al, 2004). These results indicate
hPTTG1s effect on cellular proliferation is complex, possibly pertaining to its
cell type specificity, level of overexpression and phosphorylation status.
Chromosomal instability and aneuploidy have also been implicated in
hPTTG1 mediated transformation. Indeed, aneuploidy has been shown to
occur frequently in thyroid carcinomas (56%) (Joensuu et al, 1986). MG-63
osteosarcoma cells and H1299 lung cancer cells showed aneuploidy when
either transiently or stably transfected with hPTTG1 (Yu et al, 2000). Live
cell imaging of H1299 cells showed that hPTTG1 transfection blocked the
transition from metaphase to anaphase, and cells with high levels of hPTTG1
were unable to degrade hPTTG1, resulting in chromosomal instability (Yu et
al, 2003). The inactivation of hPTTG1 can also result in chromosomal
instability, as demonstrated in HCT116 cells, where hPTTG1 inactivation
resulted in chromosome loss (Jallepalli et al, 2001). However, hPTTG1-null

HCT116 cells were chromosomally normal, and showing no signs of
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aneuploidy, suggesting there may be compensatory mechanisms available to

prevent instability from occurring (Pfleghaar et al, 2005).
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Figure 1.2.4: Normal mitosis and PTTG overexpression. Left path represents
normal mitosis. hPTTG1 inhibits separin activity, while cohesin maintains
sister chromatid joining. At the metaphase-anaphase transition hPTTG1 is
degraded by APC, releasing separin and allowing cleavage of cohesin, releasing
sister chromatids to separate equally to daughter cells. Right path represents
dysregulated mitosis. Overexpression of hPTTG1 leads to dysregulation of
metaphase-anaphase transition, potentially leading to aneuploidy. (Taken
from Yuetal, 2003).

24



Chapter 1 General Introduction

Similar to conflicting findings in studies investigating hPTTG1 effects on
cellular proliferation, the effects of hPTTG1 on apoptosis also remain
inconclusive. JEG-3 cells demonstrated increased apoptosis following
overexpression of hPTTG1 (Yu et al, 2000), and studies utilising wild-type
p53 MCF7 cells and p53-null MG-63 cells found hPTTG1 to be involved in
both p53-dependent and p53-independent apoptosis (Yu et al, 2000).
Interactions between p53 and hPTTG1 have been demonstrated in vitro and
in vivo, with hPTTG1 binding p53 and blocking its transcriptional activity,
resulting in reduced transcription of p53-induced genes (Bernal et al, 2002).
Research into the effect of p53 on hPTTG1 found p53 is capable of
transcriptionally repressing hPTTG1 following DNA damage, and also that
p53 activation alone is able to suppress hPTTG1 expression by interfering
with binding of the transcription factor NF-y to the hPTTG1 promoter (Zhou
et al, 2003). As with the findings of cellular proliferation effects, results from
experiments investigating hPTTG1 effects on apoptosis may be dependent
upon levels of hPTTG1 or may be cell-type specific. It has been suggested
that the apoptosis caused by hPTTG1 is possibly a response to the induced
aneuploidy.

Genetic instability facilitated by hPTTG1 is another mechanism of
hPTTG1 induced cell transformation. Genetic instability is highly variable in
thyroid tumours and this variability correlates with hPTTG1 expression (Kim
et al, 2005). Importantly, both over- and underexpression of hPTTG1 results

in genetic instability. These studies indicate that hPTTG1 is involved in a
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variety of potential methods of cellular transformation, although the full role

of hPTTG1 in the initiation of tumourigenesis has yet to be fully elucidated.

1.2.8.2: Progression

In respect to promoting tumour growth, hPTTG1 has been shown to induce
expression of various growth factors, such as FGF-2 (Zhang et al, 1999) and
VEGF (McCabe et al, 2002). High hPTTG1 expression induced expression of
the pro-angiogenic factor inhibitor of DNA binding-3 (ID3) and
downregulated the expression of the anti-angiogenic factor thrombospondin-
1 (TSP-1) (Kim et al, 2006). These findings demonstrate a role for hPTTG1 in
angiogenesis, dysregulation of which can be a major contributor to the
tumourigenic process. Further research has indicated that hPTTG1
expression may be upregulated by growth factors, including IGF-1, EGF and
TGF-a in human papillary cancer cell lines and human primary thyrocytes.
Abrogation of hPTTG1 induction was observed when using inhibitors of
MAPK and PI3-K signaling, thereby implicating these pathways in hPTTG1
regulation (Ryan et al, 2013). The association with growth factors indictates
that hPTTG1 acts as an autocrine/paracrine growth factor activator, with a
feedback loop occurring in which these growth factors serve to reinforce

hPTTG1 expression, thereby stimulating tumour growth.
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1.2.9: PTTG overexpressing mouse models

The effects of hPTTG1 overexpression have been tested using mouse models
in several studies to date. Firstly, hPTTG1 overexpression was targeted to
the mouse pituitary using the a subunit of the glycoprotein hormone (a-GSU)
promoter. Gender specific differences were evident upon investigation.
Female transgenic mice exhibited enlarged pituitary glands with elevated
serum IGF-1 (Insulin-like growth factor 1) levels when compared to wild-
type mice. Male transgenic mice presented with LH (Luteinizing hormone),
TSH and GH (Growth hormone) cell hyperplasia and adenoma. This was
associated with increased serum LH, GH, IGF-1 and testosterone levels.
Pituitary glands were found to be large and irregularly shaped, and these
findings provide evidence for a role for hPTTG1 in hyperplasia of the
pituitary gland and a potential initiating step in pituitary tumourigenesis
(Abbud et al, 2005). Another study has investigated the effect of hPTTG1
overexpression on the mouse ovary. The MISIIR gene promoter was used to
ensure ovarian specific overexpression. Ovarian tumours were not evident
in transgenic mice, although mice were reported to present with increased
mass of the corpus luteum, generalised hypertrophy of the myometrium
uteri, cystic glandular and endometrium hyperplasia (El-Naggar et al, 2007).
Following this, research was conducted using the CMV (Cytomegalovirus)
promoter in place of the MISIIR promoter to facilitate greater transgene
expression. Results showed ovarian tumour formation at 8 months and 10

months of age in 17% of mice, and it has been proposed that this was due to
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increased secretion of bFGF, which has previously been demonstrated to
increase ovarian cancer invasion and promote tumour progression (Li and
Jiang, 2010). These mice were subsequently crossed with Tp53 +/- mutant
mice, resulting in an increase in the percentage of tumours formed, and a
reduction in the time of tumour formation, although there was no increase in
ovarian cancer formation, demonstrating hPTTG1’s effects to be independent
of p53 (Fong et al, 2012). This study highlighted the ability of hPTTG1 to
induce hyperplasia, and to potentially act as a pre-tumourigenic initiating

event.

1.2.10: Pttg1-null mouse model

Contrary to results in both yeast (Pdslp) and Drosophila (Securin), where
loss of the gene homologous to hPTTG1 resulted in lethality (Stratmann et al,
1996) (Ciosk et al, 1998), loss of murine Pttgl resulted in viable offspring
(Wang and Melmed, 2001). Tissue specific defects were present, such as
testicular hypoplasia, thymic hyperplasia and thrombocytopenia. Pancreatic
B-cell hyperplasia was also evident (Wang et al, 2003). While knockout
mouse embryonic fibroblasts (MEFs) demonstrated similar cell cycle times
(~30 hours) to wild-type mice, there were significant differences in the cell
cycle. Pttgl -/- MEFs presented with a shorter G1 phase and a longer G2
phase, an effect that was reversible with transfection of Pttgl (Wang and

Melmed, 2001). MEFs from Pttgl -/- mice showed chromosomal
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abnormalities, such as increased aneuploidy, although these abnormalities
did not appear lethal. Pituitary glands were subsequently found to be
hypoplastic, presenting with reduced cellular proliferation and increased p21
expression (Chesnokova et al, 2005). It has been suggested that increased
p21 expression, leading to cellular senescence, may be protective of pituitary
tumour formation (Chesnokova and Melmed, 2009), however this has yet to
be tested in other cell types. The tissue specific defects following Pttg1l
deletion suggest that this oncogene has cell type specific functions. The
murine Pttgl knockout shows a viable phenotype which, given the crucial
role of Pttgl action as a securin, suggests there are compensatory
mechanisms in order to prevent instances of chromosomal instability,
although the precise nature of these mechanisms has yet to be fully

investigated.

1.3.1: p53 the tumour suppressor

1.3.2: Mislabelling p53 as an oncogene

Oncogenes were first discovered following research into tumour viruses in
the 1970s. Investigations into RNA tumour viruses found overexpression of
genes adjacent to the integration sites of retroviruses, resulting in cellular
transformation. This lead to the unearthing of many different oncogenes,

although for a long time it was believed that tumour viruses were the cause
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of tumour formation. In 1979, research using the SV40 DNA tumour virus
found a cellular protein immunoprecipitated with the viral protein, which
possessed a molecular mass of approximately 53 kDa. This was discovered
by several groups simultaneously (Lane and Crawford, 1979) (Linzer and
Levine, 1979) (Kress et al, 1979) (Melero et al, 1979), and the cellular protein
was named p53. Subsequently it was found that p53 was overexpressed by
other tumour viruses, such as the Abelson murine leukaemia virus (Rotter et
al, 1980). Further findings demonstrated overexpression of this protein in
different cancer cells, with a lack of detection in non-transformed cells,
seemingly confirming suspicions of p53 as a cellular oncogene. To further
characterise p53, several groups cloned its gene (Tp53), although notably
these clones were produced from cancer cells. Experiments subsequently
suggested p53 was able to transform primary cells in vitro, cooperating with
other recognised cellular oncogenes (Eliyahu et al, 1984) (Parada et al,

1984).

1.3.3: Identification of p53 as a tumour suppressor

Throughout the 1980s further experiments were conducted to better
examine the role of p53 as an oncogene. However, it became apparent that
p53 clones used in previous experiments were mutated and this was
responsible for its transforming ability, with wild-type p53 unable to

transform cells (Finlay et al, 1988). Following this, it was found that p53 was
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inactivated or mutated in a number of different cancer clonal populations,
suggesting instead that p53 acted as a tumour suppressor (Baker et al, 1989).
Confirmation of this came from experiments performed using wild-type p53,
which demonstrated repression of cellular transformation following
overexpression of p53 (Eliyahu et al, 1989) (Finlay et al, 1989). Therefore,

p53 was identified as a true tumour suppressor.

1.3.4: The structure of p53

p53 is a 393 amino-acid protein with a molecular mass of 43.7 kDa, which
runs at 53 kDa on a protein gel due to its proline-rich region, to which it owes
its name. Its amino-terminus contains two activation domains (AD), the first
from residues 1-42 and the second from 43-92, which are involved in
regulation of various genes. Both AD1 and AD2 are able to interact with
histone acetyltransferases and with the basal transcription machinery
(Candau et al, 1997). Experiments using p53 mutants also found AD1 and
AD2 were capable of promoting transcription of different subsets of genes

independently (Zhu et al, 1998).
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Figure 1.3.1: Schematic diagram of p53 protein structure. At the N-terminus
an activation domain 1 (AD1) exists at residues 1-42. Activation domain 2
exists at residues 43-92 and contains a proline-rich domain (PRD). The DNA-
binding domain (DBD) is present at residues 101-300, which is responsible for
p53 binding to DNA. A nuclear-localisation signal (NLS) exists at 305-322,
while a tetramerisation domain (TD) is present at residues 326-356, which is
responsible for oligomerisation of p53. At the C-terminus is a negative
regulation domain (NEG), from residues 364-393. Nuclear exclusion signal
(NES) domains are present at residues 11-27 and 340-351.

The DNA binding domain (DBD) of p53 is present from residues 101-300. It
contains four highly conserved regions (Harms and Chen, 2006), which
operate a critical role in binding of p53 to consensus sequences of
downstream genes (Olivier et al, 2002). The ability of p53 to function as a
tumour suppressor seems dependent upon the DBD, as greater than 80% of
the mutations found in p53 in human tumours are present in the DBD
(Olivier et al, 2002).

In order for p53 to bind to its consensus sequences with a high
affinity, it requires oligomerisation to form a homo-tetramer, which is
maintained through its hydrophobic core produced by its helix:helix
interaction (Mateu and Fersht, 1998).

p53 exists as both a cytoplasmic and nuclear protein, shuttling to the
nucleus to act as a transcription factor, and exerting other effects in the

cytoplasm, such as interactions with mitochondrial proteins to facilitate
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apoptosis. Due to its size, tetrameric p53 is not capable of entering the
nucleus, and so requires a nuclear localisation signal (NLS) (residues 305-
322) and two nuclear export signals, located at the C-terminus and N-
terminus (Scoumanne et al, 2005) (Viadiu et al, 2008). Mutations of the NLS
or NES are relatively rare, however p53 subcellular localisation is regularly
altered in cancers due to changes in post-translational modifications of p53
(Liang and Clarke, 1999).

The regulatory domain is located at the C-terminus, present at amino
acid residues 364-393. It has been labelled as a negative regulation domain,
and is a site of post-translational modifications such as phosphorylation,
acetylation, methylation, neddylation (conjugation of NEDD8 to target
proteins) and Sumoylation (conjugation of small ubiquitin modifier proteins
to target proteins) (Liu and Kulesz-Martin, 2006) (Gostissa et al, 1999) (Gu
and Roeder, 1997). This is also the site of ubiquitination of p53, which is
primarily regulated by MDM2, which will be covered in more depth later in

this chapter.

1.3.5: Biological activities of p53

p53 has been shown to possess numerous biological activities, although its
role as a tumour suppressor is most widely recognised. p53, as a
transcription factor, has been demonstrated to facilitate the transcription of

numerous target genes involved in the DNA damage response (Vogelstein et
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al, 2000). Direct transcriptional control of the cyclin dependent kinase
inhibitor p21 is activated by p53 and this process facilitates cell cycle arrest
(El-Deiry, 1997), which can potentially lead to cellular senescence.
Transcriptional activation of many pro-apoptotic genes has also been
demonstrated. Indeed, p53 can induce apoptosis via the mitochondrial route,
such as by induction of pro-apoptotic genes BAX (Bcl-2-associated X protein)
(Miyashita and Reed, 1995) and PUMA (p53 upregulated modulator of
apoptosis) (Nakano and Vousden, 2001), which leads to the release of
cytochrome C from mitochondria and activation of APAF-1 (Apoptotic
protease activating factor 1) (Green and Reed, 1998), or via the death
receptor route (Vousden, 2000), such as FAS (Lin and Benchimol, 2000). p53
has also been shown to act as a transcriptional repressor via its interaction
with histone deacetylase proteins, enzymes which remove acetyl groups

from histones and allow tighter histone binding to DNA (Murphy et al, 1999).

1.3.6: Regulation of p53

As p53 has been shown to possess potent tumour suppressor activities, it is
evident that p53 requires tight regulation, and in normal cells is kept at
relatively low levels. It has been demonstrated that p53 is regulated
transcriptionally and post-transcriptionally. It is also regulated post-
translationally, via its subcellular localisation, activity and stability (Woods

and Vousden, 2001). Transcriptional regulation is achieved via transcription
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factors such as NF-xkB (Nuclear factor kappa-light-chain-enhancer of
activated B cells) (Webster and Perkins, 1999) and HOXA5 (Raman et al,
2000). However, the primary control of p53 takes place at the protein level.
Subcellular localisation is an important control for p53 function, as the
protein is required to be present in the nucleus to facilitate transcription of
downstream genes. This is achieved through use of the NLS and NES
sequences present on the p53 protein, which allow p53 to be transported to
the nucleus to potentiate activation, while p53 is shuttled to the cytoplasm
for interactions with the mitochondria and to enable degradation via the
proteasome (Freedman and Levine, 1998). However, the main regulation of
p53 is determined by MDM2 (Mouse double minute 2), a protein with an
intimate relationship with p53, which will be closely described later in this

chapter.

1.3.7: p53 in thyroid cancer

Mutations in the p53 gene are the most frequent in all human cancers, being
present in approximately 50% of human tumours sequenced. However, as
shown in Figure 1.3.3, only 11.3% of human thyroid cancers show any form
of p53 mutation (Olivier et al, 2002). The vast majority of well-differentiated
thyroid carcinomas show no sign of p53 mutation, while anaplastic thyroid
carcinomas present with a high frequency (67-88%) of p53 mutations

(Kondo et al, 2006) (Smallridge et al, 2009). This suggests p53 is not
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involved in early thyroid tumourigenesis, but is important in progression to
aggressive thyroid cancer. Indeed, inactivation, rather than mutation, of p53
has been implicated in well-differentiated thyroid cancer. Mechanisms for
this appear to include retention of p53 in the cytoplasm (Zedenius et al,
1996) and MDM?2 overexpression in papillary thyroid carcinoma (Jennings et

al, 1995).
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Figure 1.3.3: p53 mutation prevalence in tumours from different tissues.
Thyroid cancer shows an 11.3% p53 mutation prevalence (Taken from
Malaguarnera et al, 2007).
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1.4.1: MDM2, the master p53 regulator

1.4.2: Identification and structure of MDM2

The MDMZ2 gene was originally identified using double-minute chromsomes,
which are small fragments of extrachromosomal DNA frequently found in
tumours and formed from gene amplifications (Barker, 1982), in transformed
mouse fibroblasts (Cahilly-Snyder et al, 1987) (Fakharzadeh et al, 1991).
Investigations into the role of MDM2 revealed knockout of MDMZ2 in mice
resulted in embryonic lethality, later demonstrated to be caused by apoptosis
(Jones et al, 1995) (Montes de Oca Luna et al, 1995). Its relationship with
p53 was revealed as knockout of p53 resulted in the rescue of the embryonic
lethality caused by loss of MDMZ2, suggesting constitutive activation of p53
following deletion of MDM2 (de Rozieres et al, 2000).

MDM?2 is a 491 amino acid protein and contains several functional
domains (Figure 1.4.1). The N-terminus contains the main binding site for
p53, while the central acidic and zinc-finger domains are binding sites for a
number of different proteins. The C-terminal ring-finger domain is the origin
of the E3 ubiquitin ligase activity of MDM2, and is also the site of binding to a
closely related protein named MDMX, which is structurally similar to MDM2
and can inhibit the transcriptional activity of p53 and has also been shown to

inhibit the degradation of MDM2 (Tanimura et al, 1999).
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Figure 1.4.1: Structure of MDM2 protein. The N-terminus contains a p53-
binding domain, a nuclear localisation signal (NLS) and a nuclear export signal
(NES). The C-terminus contains a ring-finger domain and a zinc finger domain
(ZF). An acidic region is also present.

1.4.3: The p53-MDM2 regulatory loop

MDM?2 and p53 are the main constituents of an autoregulatory feedback loop
designed to keep levels of p53 low in unstressed cells, but able to rapidly
facilitate increased levels following DNA damage. As a transcription factor,
p53 induces transcription of MDMZ2 by binding to two p53 consensus
sequences present on the MDMZ2 gene (Barak et al, 1993) (Perry et al, 1993).
MDM? is subsequently able, via its E3 ligase activity, to ubiquitinate p53,
tagging p53 for degradation by the proteasome (Haupt et al, 1997) (Honda et
al, 1997). This is achieved through a cluster of lysine residues located within
the C-terminus of p53 (Rodriguez et al, 2000). As p53 is degraded, protein
levels decrease, which results in a reduction of MDMZ transcription and
thereby a decrease in p53 degradation. This negative feedback loop serves to

keep levels of p53 low in unstressed cells. A second method of p53 inhibition
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by MDM2 is via binding to the N-terminal transactivation domain of p53,
thereby inhibiting induction of downstream genes by p53 (Momand et al,

1992) (Oliner et al, 1993).

Figure 1.4.2: The p53-MDM2 autoregulatory negative feedback loop. p53
induces transcription of MDMZ2 which ubiquitinates p53 leading to its
degradation by the proteasome. Ub=ubiquitin protein.

The MDM2-mediated p53 ubiquitination requires formation of protein
complexes containing several MDM2 and p53 proteins, following attachment
of C-terminal MDM?2 to the ring-finger domain of another MDM2 protein

(Poyurovsky et al, 2007) (Kostic et al, 2006). Degradation of p53 by the 26S
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proteasome subsequently requires formation of a polyubiquitin chain
composed of at least four ubiquitin molecules (Thrower et al, 2000).
Ubiquitination results in exposure of the C-terminal NES, required for nuclear
export, and dissociation of MDM2 from the p53 protein (Carter et al, 2007).

MDM?2 has also been shown to mediate monoubiquitination of p53,
and investigations have previously shown high levels of MDM2 to cause
polyubiquitination and degradation, whereas low expression of MDM2 can
result in monoubiquitination and a variety of cellular effects (Li et al, 2003).
An example of this is monoubiquitination has been shown to cause nuclear
export of p53, and be important in transcription-independent activities of
p53 such as interacting with mitochondrial proteins in order to facilitate
apoptosis (Mihara et al, 2003) (Chipuk et al, 2004). Indeed, as MDM2 is
expressed at low levels in unstressed cells, where it preferentially
monoubiquitinates  p53, it is possible that MDM2-mediated
polyubiquitination of p53 is more likely to act upon cells where p53 is
stabilised due to DNA damage, returning p53 levels to previous unstressed
levels.

MDM?2 is considered the primary regulator of p53 degradation,
however investigations have discovered other regulatory proteins. Pirh2 can
promote MDM2-independent ubiquitination (Leng et al, 2003), while COP1
has also been revealed to function as an ubiquitin ligase affecting p53
(Dornan et al, 2004). The E2 ligase RAD6 has also been shown to possess an
important role in the regulation of p53 (Jentsch et al, 1987). RAD6 has

previously been shown to be involved in DNA damage repair by catalysing
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the ubiquitination of several proteins involved in the DNA damage response
(Hoege et al, 2002) (Kim et al, 2009). Overexpression of RAD6 led to a
reduced half-life of the p53 protein, and it has been shown to be capable of
forming a ternary complex with MDM2 and p53 in order to promote
degradation of p53. Results also revealed MDM2-mediated degradation of
p53 required RAD6 in HL7702 liver cells (Chen et al, 2012). The research
describing Pirh2, COP1 and RAD6 demonstrates MDM2 is not alone in
affecting p53 degradation, and, as p53 is an important protein, there would
be expected redundancies.

Other methods of p53 regulation by MDM2 have been demonstrated,
such as interacting directly with p53 mRNA and preventing its translation
(Candeias et al, 2008). Also, by regulating degradation of RPL26 (a ribosomal
protein), through ubiquitination, MDM2 can regulate p53 as RPL26 has been
shown to participate in the regulation of p53 translation (Takagi et al, 2005)

(Ofir-Rosenfeld et al, 2008).

1.4.4: Inhibition of p53-MDM2 interaction

In order for p53 to be activated in response to DNA damage, its interaction
with MDM2 needs to be suppressed to allow increased expression of p53 to
occur and generate the DNA damage response, leading to cell cycle arrest or
apoptosis. This is primarily achieved through stabilisation of p53 by

inhibition of its interaction with MDM2. Indeed, a large body of recent
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research has focused on disrupting the p53-MDM?2 interaction through the
use of small molecule inhibitors and a number have been identified, including
the inhibitor Nutlin-3 (Vassilev et al, 2004).

Numerous proteins have been demonstrated to act upon p53 and
MDM?2 to inhibit their interaction and facilitate activation of p53. Upon
oncogene activation, ARF, an alternative reading frame of the CDKN2A locus,
is increased transcriptionally and stimulates growth arrest by activating p53.
This is achieved by binding of ARF to the central acidic domain of MDM2 and
inhibiting its interaction with p53 (Sherr, 2001) (Kamijo et al 1998)
(Pomerantz et al, 1998). Inhibition of ubiquitination by acetylation of the
same lysine residues can also occur by CBP/p300, transcriptional co-
activating proteins, limiting ubiquitination and stabilising p53 levels (Li et al,
2002). Additionally, MDM?2 is also the subject of acetylation, with the Ring-
finger domain acetylated and causing inactivation of MDM2 (Wang et al,
2004). Phosphorylation has also been shown to be a key factor in p53
regulation by MDM2. Phosphorylation of serines 15 and 20 at the N-terminal
region of p53, following DNA damage, can cause inhibition of the interaction
with MDM2 (Prives and Hall, 1999), while phosphorylation of MDM2 at
serine 395 can also inhibit the interaction (Maya et al, 2001). Other post-
translational modifications have also been implicated in regulation of the
p53-MDM2 interaction, including Sumoylation, neddylation and methylation
(Rodriguez et al, 1999) (Xirodimas et al, 2004) (Chuikov et al, 2004).

MDM?2 stability has been shown to play a role in p53 regulation. As

opposed to ubiquitinating p53, MDM2 possesses the capability to
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ubiquitinate itself, and several DNA damage kinases have been demonstrated
to facilitate increased self-ubiquitination, and subsequent degradation of
MDM?2 (Chang et al, 1998) (Stommel and Wahl, 2004).

The cellular localisation of MDM2 has also been the subject of
research into its interaction with p53. As mentioned previously, ARF has a
role in this process, and has been demonstrated to sequester MDM2 to the
nucleoli as a means of stabilising and activating p53 (Weber et al, 1999). The
protein PML (Promyelocytic leukemia protein), a phosphoprotein which
localises to nuclear bodies and functions as a transcription factor and tumour
suppressor, has also been found to interact with MDM2 and cause
sequestration of MDM2 to the nucleolus (Wei et al, 2003) (Bernardi et al,

2004).

1.4.5: p53-independent functions of MDM2

It is widely accepted that the primary role of MDM2 is regulation of p53,
however MDM2 has been to shown to possess a variety of other effects.
MDM? is capable of ubiquitinating histone proteins H2A and H2B (Minsky
and Oren, 2004), implicated in transcriptional repression. MDM?2 has also
been demonstrated to bind to the mRNA of the anti-apoptotic protein XIAP
(X-linked inhibitor of apoptosis protein), which has the effect of enhancing its
translation (Gu et al, 2009). Another protein that is regulated by MDM2 is E-

cadherin, crucial in the epithelial to mesenchymal transition important in
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tumour formation, which is targeted for degradation, via the 26S proteasome,
by MDM2 (Yang et al, 2006). Other interacting factors of MDM2 are shown in

figure 1.4.3.
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Figure 1.4.3: Schematic diagram showing identified MDM_Z interacting factors.
Arrows above MDMZ2 show factors that increase MDMZ2 expression. Blocked
arrows above MDMZ2 show factors that reduce MDMZ2 expression (Ganguli and
Wasylyk, 2003).

1.4.6: MDM2 in thyroid cancer

The role of MDM2 in thyroid cancer development is controversial.

Overexpression of MDM2 has been reported in several tumour types, such as
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in 6.7% of brain tumours, 5.9% of breast carcinomas and 20% of soft tissue
tumours (Momand et al, 1998). Testing of MDM2 expression in thyroid
carcinomas by Zou et al found a 2-3-fold increase in expression in 4 of 20
thyroid carcinomas. However, the 4 carcinomas all demonstrated a p53
mutation, which could result in increased MDM2 expression, leading
investigators to conclude that MDM2 does not play a significant role in the
development and progression of thyroid carcinoma (Zou et al, 1995). In
contrast, another study found overexpression of MDM?2 in 33% of papillary
thyroid carcinomas, although there was no significant correlation between
MDM?2 expression and clinicopathologic features of aggressiveness (Horie et
al, 2001). Furthermore, increased MDM2 nuclear staining was reported in
8/24 (33%) papillary thyroid carcinomas, implicating nuclear accumulation

of MDM2 in papillary thyroid carcinoma development (Jennings et al, 1995).

1.5.1: Pituitary tumor-transforming gene binding factor

1.5.2: Identification and structure of PBF

The pituitary tumor-transforming gene binding factor, hereafter referred to
as PBF (also known as PTTG1IP and c21orf3), was first identified through its
interaction with the pituitary tumor-transforming gene. The PBF C-terminus

was shown to bind to the C-terminus of hPTTG1, thereby causing increased
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nuclear accumulation of hPTTG1, and required for transcription of FGF2 by
hPTTG1 (Chien and Pei, 2000).

Human PBF consists of 6 exons spanning 24 Kb within chromosomal
region 21q22.3. The gene corresponds to a 180 amino-acid protein which
does not share any significant homology with any other known human
protein, suggesting a unique function for PBF. It is well conserved across a
wide range of species, and human PBF has 73% homology to mouse and 52%
homology to zebrafish (Yaspo et al, 1998), suggesting it is evolutionarily
important. The PBF protein contains a signal peptide at the N-terminus that
is also the site of a nuclear export signal. A PSI (Plexin, semaphorin and
integrin) domain exists which is followed by a transmembrane domain from
residue 95 to 122. PBF also contains a nucleolus signal, while a nuclear
localisation signal and a sorting signal are located at the C-terminus (Figure
1.5.1). Because of its structure, PBF has been labelled as a cell surface
glycoprotein due to its signal peptide and transmembrane domain. However,
its nuclear localisation signal also suggests PBF is possibly a nuclear protein,
and research by our group has implicated roles for PBF at the cell surface and

in the nucleus.
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Figure 1.5.1: PBF protein structure. The N-terminus contains a signal peptide,
nuclear localisation signal (NLS) and PSI domain. The central region is the
location of a transmembrane domain and nucleolus signal. The C-terminus
contains a nuclear localisation signal (NLS) and a sorting signal, and is also the
site of hPTTG1 binding. SUMO=sumoylated.

Northern blot analysis has revealed PBF mRNA expression in a wide variety
of normal tissue, including stomach, spleen, testis, colon and thyroid (Chien

and Pei, 2000) (Yaspo et al, 1998) (Stratford et al, 2005).
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Figure 1.5.2: Northern blot showing mRNA expression of PBF in stomach,
thyroid, spinal cord, lymph node, trachea, adrenal gland and bone marrow.
Actin cDNA was used as a control to ensure equal loading (Taken from Chien
and Pei, 2000).
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1.5.3: PBF effect upon iodide uptake in thyroid cells

The sodium iodide symporter, also known as NIS, facilitates iodide uptake
into thyroid cells in order to synthesise thyroid hormones. This mechanism
is regularly used to deliver radioiodine to thyroid cells following surgical
removal of the thyroid gland in patients with thyroid cancer. Our group has
reported that PBF is able to repress NIS expression and iodide uptake via two
distinct mechanisms. PBF is capable of repressing NIS mRNA expression by
affecting the basal promoter activity and that of a Near Upstream Element
(NUE), requiring PAX8 and USF1 sites present in the NUE, as PBF was unable
to inhibit the NUE following mutations of PAX8 (Paired box gene 8) and USF1
(Upstream stimulatory factor 1) (Boelaert et al, 2007). Further
investigations determined PBF is also able to bind NIS at the plasma
membrane in vitro, and to alter its subcellular localisation by transporting it
into vesicles (Smith et al, 2009). These results have shown novel effects of
PBF effects upon NIS expression, localisation and subsequent iodide uptake,
which have important implications for the treatment of thyroid cancer using

ablative radioiodine treatment.
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1.5.4: PBF in thyroid cancer

PBF overexpression has previously been found in a number of tumour types,
including thyroid, colon, breast and pituitary (Stratford et al, 2005) (Watkins
et al, 2010). Indeed, our group demonstrated significantly increased PBF
mRNA and protein expression in papillary thyroid cancer samples compared
to normal controls (Figure 1.5.3). Furthermore, PBF expression was
associated with early tumour recurrence independent of known prognostic

indicators (Stratford et al, 2005).

PBF mRNA expression

Normal Cancer
Number 1 27
Mean ACT & SEM 12.51 + 0.43 10.78 + 0.21
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Figure 1.5.3:  Significantly increased mRNA and protein expression,
respectively, of PBF in thyroid cancer samples compared to normal controls.
The Western blot labels N as normal and C as thyroid cancer samples. Actin
was used as a control to ensure equal protein loading (Taken from Stratford et
al, 2005).

The entire coding region of PBF was sequenced in 24 thyroid tumours and no
mutations were found (Stratford et al, 2005), suggesting PBF overexpression
is the predominating factor in thyroid cancer, rather than mutation.
However, recent research has discovered 11 PBF mutations in a variety of
human cancers, comprising 10 substitution missense mutations and 1
substitution synonomous mutation, which are documented in the Cosmic

database (http://cancer.sanger.ac.uk/cancergenome/projects/cosmic/),

although 7740 samples were tested, suggesting mutation of PBF is rare.

In order to determine the transforming potential of PBF in vitro,
NIH3T3 cells were created which stably overexpressed PBF. These cells
showed significant colony formation compared with vector-only cells, and
subsequently nude mice were injected with NIH3T3 cells overexpressing
PBF. Mice with cells overexpressing PBF showed aggressive tumour
formation, indicating PBF is capable of cellular transformation in vitro and is
tumourigenic in vivo (Stratford et al, 2005).

More recently, in order to determine the effect of PBF in vivo, a mouse
model was generated possessing thyroid-specific overexpression of PBF.
Although no tumour induction was found in mice aged up to 18-months, PBF

transgenic mice showed 100% penetrance of significantly increased thyroid
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size, comprising a significant increase in both macrofollicular and
hyperplastic lesions. PBF transgenic mouse thyroids also demonstrated
significantly increased TshR (TSH receptor) expression and p-Akt activation,
providing a possible mechanism for the increased thyroid growth observed

(Read etal, 2011).

1.5.5: Interaction of PBF with p53

Investigations into the role of PBF in tumourigenesis revealed an interaction
of PBF with the tumour suppressor protein p53. GST pull-down assays
showed a specific interaction of PBF with p53. Mutational studies revealed
that the regions of p53 from amino acid residues 160-318 and 318-393 are
required for its interaction with PBF, while mutational analysis of PBF
demonstrated that the N-terminal region of this protein was required for p53

interaction (Figure 1.5.4).
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Figure 1.5.4: Specific interaction between GST tagged p53 and 35S-methionine
labelled PBF with inhibition of interaction using defined mutations. Interaction
between GST tagged PBF and 3°S-methionine labelled p53 is also shown.
M1=mutant 1, M2=mutant 2, 1-100=p53 with amino acids 1-100 etc (Taken
from Read et al, 2013, Manuscript under revision).

Subsequently, Co-Ip (co-immunoprecipitation) assays confirmed the PBF-
p53 interaction in TPC1 and K1 thyroid carcinoma cells and in HCT116
colorectal cells, suggesting the interaction is not limited to thyroid cells.
Transient reporter assays revealed that p53-mediated gene regulation was
affected by overexpression of PBF in H1299 cells, as, following

overexpression of PBF, p53-responsive cyclin dependent kinase inhibitor
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CDKN1A and HDMZ promoter activity was repressed upon co-transfection
with p53.

Further investigations into the role of PBF on p53 function revealed
that PBF reduced the half-life of the p53 protein in TPC1, K1 and HCT116
cells, suggesting PBF is involved in the degradation of p53. Upon depletion of
PBF using a specific siRNA there was an increase in the half-life of p53,
providing further evidence for the role of PBF in p53 regulation. As p53
degradation is primarily achieved via ubiquitination, the proteasome
inhibitor MG132, which reduces degradation of ubiquitin-tagged proteins by
the proteasome, was used to analyse ubiquitination of p53. Following
overexpression of PBF, p53 ubiquitination was increased (Figure 1.5.5)
(Read et al, 2013, Manuscript under revision).

As increased p53 degradation may increase genetic instability, due to
its role as a tumour suppressor, experiments were carried out using FISSR-
PCR performed on mouse primary thyrocytes from wild-type and PBF
transgenic mice to determine genetic instability. Results revealed a
significant increase in genetic instability in PBF transgenic mice compared to
wild-type, which correlated with the average level of genetic instability
previously reported in human thyroid cancer (Kim et al, 2005). cDNA
microarrays used to survey expression of DNA repair genes in mouse
thyrocytes showed significant dysregulation of 17 genes, including Xrcc2,
Rad6 and TIk1 (serine/threonine-protein kinase tousled-like 1), suggesting

PBF overexpression significantly affects many DNA damage repair processes.
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Overall our studies have shown a potential role for PBF in the
regulation of p53, however further studies are required to elucidate the

complex processes underlying this.

VO PTTG1IP
Ubg-p53 "
P53 1P —>
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-

Figure 1.5.5: Ubiquitination assay of p53 following transfection with vector-
only or PBF, showing increased ubiquitination of p53 with PBF overexpression.
Increased ubiquitin bands for p53 are present following overexpression of PBF
(Taken from Read et al, 2013, Manuscript under revision).

1.6: Hypotheses and aims

hPTTG1 is overexpressed in many cancers and plays a dual role in
tumourigenesis. hPTTG1 initiates tumourigenesis through its role as the
human securin, causing aneuploidy as a result of dysregulated mitosis.
hPTTG1 has also been demonstrated to stimulate expression of various

growth and angiogenic factors, thereby promoting transformed cell growth.
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We sought to determine the effects of hPTTG1 overexpression
in vivo through use of a transgenic mouse model of thyroid-specific

overexpression of hPTTG1.

We hypothesised that hPTTG1 overexpression in vivo would result in
hyperplasia and subsequent neoplasia of the thyroid gland. Our aim was to
characterise the effect of hPTTG1 overexpression in vivo and to determine
potential effects upon growth factor expression. We also hypothesised that
stimulation of thyroid cell growth may be altered in Pttg1 knockout mice and
in hPTTG1 transgenic mice. To investigate this we employed standard
methods of goitre induction using an iodine deficient diet and drugs to inhibit

endogenous thyroid hormone production.

hPTTG1 interacts with p53 and approximately 50% of all cancers harbour
mutations in the tumour suppressor p53. However, in thyroid cancer, p53 is
rarely mutated and it is hypothesised that p53 inactivation via other
mechanisms is responsible for the repression of this potent tumour
suppressor. MDM2 is the primary regulator of p53 expression, causing
ubiquitination of p53, and subsequent degradation, through a negative
feedback loop that seeks to keep levels of p53 low until DNA damage occurs.
Increased expression of the hPTTG1 binding factor (PBF) has
been observed in a number of cancers, including the thyroid, and a specific
interaction with p53 has been demonstrated. PBF has been shown to

significantly reduce the half-life of p53, demonstrating increased
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ubiquitination of p53 following overexpression of PBF, and implicating PBF
as a novel regulator of p53, which potentially has important effects in the
DNA damage response. Furthermore GST pull-down assays demonstrated a

potential interaction between MDM2 and PBF.

We hypothesised that the PBF-mediated increased ubiquitination and
degradation of p53 occurs via MDM2, an effect that has been shown
previously for proteins such as Insulin receptor tyrosine kinase substrate
(Wang et al, 2011) and Yin Yang 1 (Sui et al, 2004). Our aim was to
investigate this firstly by confirming the interaction between PBF and MDM2,
secondly by determining if MDM2 was required for PBF-mediated increased
degradation of p53, and thirdly by determining the potential mechanisms
underlying these processes.

Overall our work aimed to investigate the roles of hPTTG1
and PBF in thyroid cancer and to provide mechanistic insights into the
consequences of hPTTG1 and PBF overexpression previously observed in

thyroid cancer.
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Chapter 2. Materials and Methods
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2.1: Murine studies

hPTTG1 transgenic mice were generated, bred and maintained at the
Biomedical Services Unit of the University of Birmingham. All experiments
were conducted in accordance with United Kingdom Home Office regulations.
Cardiac punctures were performed under general anaesthesia and mice were

sacrificed by overdose of anaesthetic.

2.2: Cell lines

Thyroid papillary carcinoma TPC1 cells were kindly provided by Dr Rebecca
Schweppe (Division of Endocrinology, Metabolism and Diabetes, University
of Colorado Denver, Aurora, Colorado). Thyroid papillary carcinoma K1 cells
were obtained from the Health Protection Agency Culture Collections, United
Kingdom. Thyroid papillary cancer 1 (TPC1) and thyroid papillary cancer K1
cells were routinely cultured in RPMI 1640 