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Abstract
The RET receptor has diverse roles in development and disease, modulating proliferation,
survival, and migration of cells. Ligand-independent constitutively active forms of RET
can lead to thyroid neoplasia. Missense mutations are causative agents in multiple
endocrine neoplasia type 2 (MEN 2), featuring medullary thyroid carcinoma (MTC),
whereas RET fusion oncoproteins generated by gene rearrangements are associated with
papillary thyroid carcinoma (PTC). In gene expression screens, interleukin-11 was
identified as a RET-responsive gene. We sought to characterize the expression of IL-11
in response to activation of the RET receptor, and determine how IL-11 might contribute
to RET-mediated cell behaviours. Analysis of HEK293 cells expressing RET, by qRTPCR and ELISA, established that activation of wild-type RET, MEN 2- and PTCassociated RET upregulated IL-11 transcription and secretion. RET induction of IL-11
gene expression appears to be affected directly and indirectly, and is dependent on
activation of the RAS/ERK1/2 signalling pathway. Examination of thyroid carcinoma
cell lines with activated RET indicated that PTC-derived TPC-1 cells express IL-11.
Addition of exogenous IL-11 stimulated STAT3 phosphorylation in thyroid cancer cell
lines, though IL-11 did not affect the proliferation, adhesion, or survival against anoikis
in the cells. Immunohistochemical analyses of human thyroid tissues revealed that RET,
IL-11, and IL-11Rα are expressed in thyroid cells of the normal thyroid, MTC and PTC.
Expression of the three molecules was also detected in immune cell infiltrates in PTC.
Although we were unable to confirm that the autocrine IL-11 stimulation might affect the
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behaviour of thyroid cancer cells, it is likely that IL-11 exerts paracrine
immunomodulatory effects, and acts downstream of RET in normal biological processes.
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Chapter 1
Introduction
1.1 The RET receptor tyrosine kinase
1.1.1 Structure and activation of RET

The RET (Rearranged during transfection) proto-oncogene is an important
regulator of developmental processes, first isolated in a NIH3T3 transformation assay [1].
RET encodes a receptor tyrosine kinase [2], and is the functional receptor for glial cell
line-derived neurotrophic factor (GDNF) [3, 4], a member of the TGF-β superfamily of
ligands. Both inactivating and activating mutations in the RET gene are consequential,
and can lead to congenital malformations and the development of cancer after birth,
respectively.
The RET receptor is a glycoprotein with a mass of 175 kDa (an immature form of
RET is 155 kDa) with a molecular structure consisting of three main regions. The
extracellular N-terminal region of the protein contains cadherin-like repeats and a
cysteine-rich domain; a transmembrane domain spans the lipid bilayer; and the Cterminal intracellular portion of the protein contains a tyrosine kinase domain (Figure
1.1). Two major isoforms of RET stem from differential transcript splicing at the 3’ end,
and are termed RET9 and RET51 to denote the number of distinct amino acids at the Cterminus [5, 6]. Binding of RET to its ligand GDNF requires the presence of the coreceptor
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Figure 1.1 Schematic diagram of the RET receptor tyrosine kinase. The extracellular region of RET
contains a cadherin-like domain and a cysteine-rich domain, followed by a transmembrane domain. The
intracellular region contains the tyrosine kinase domain. As a monomer, the kinase domain of RET is
inactive. Activation of RET by GDNF requires the membrane-anchored co-receptor GFRα-1. This ligandco-receptor complex binds RET and facilitates RET dimerization, autophosphorylation of key tyrosine
residues, and stimulation of intracellular signalling pathways to regulate various cell behaviours.
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anchored to the membrane via a glycosylphosphotidylinositol linkage [7, 8]. Formation
of a ligand-bound complex facilitates dimerization of RET receptors, enabling RET
autophosphorylation and activation of intracellular signalling pathways to regulate cell
behaviours (Figure 1.1). GFRα-1 also acts to recruit RET to specialized regions of the
cell membrane, termed “lipid rafts”, compartments in the membrane with a unique lipid
composition, and are enriched in signalling molecules, including receptors and
intracellular proteins such as the Src family of kinases [9]. RET localization to lipid rafts
facilitates stimulation of downstream signalling molecules, and subsequent outcomes like
neuronal cell survival and neurite outgrowth [10, 11]. Following ligand activation, RET
is internalized through clathrin-coated pits [12].

After RET is activated, it is

ubiquitinated and subsequently degraded [13-15].

1.1.2 Expression and function of RET during development

RET has important roles in mammalian organogenesis, and is expressed in
multiple areas during development. In mice and humans, RET can be detected in the
central nervous system, including motor neurons of the spinal cord and dopaminergic
neurons in the brain; in neural crest cells, including the subset that will become
neuroblasts of the enteric nervous system; and in the developing kidney [16-20]. Genetic
studies using mice have shown that RET is required for proper embryonic development.
Homozygous knockout of either Ret or Gdnf in mice results in neonatal lethality,
manisfesting severe kidney dysgenesis, ranging from malformed, small kidneys, to an
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almost complete lack of kidney development, accompanied by total intestinal agangliosis
[21-24].
A series of complex inductive events between two populations of cells – the
epithelial nephric duct and the metanephric mesenchyme - are required for the initial
stimulation of the ureteric bud, and to orchestrate subsequent branching morphogenesis.
RET is expressed in the neprhic duct, and its derivatives the ureteric bud and collecting
ducts, while GDNF is expressed by the metanephric mesenchyme [4]. Stimulation of
RET by GDNF is necessary in inducing ureteric bud growth and branching, and
application of ectopic GDNF in embryonic tissue culture induces branching from the
Wolffian duct [22]. It is thought that GDNF induces outgrowth by stimulating the
proliferation and survival of ureteric bud epithelial cells [25, 26]. It has yet to be
definitively established whether RET is involved with kidney development in humans,
but there are a handful of reports which hint at the notion. Zhang and colleagues [27]
reported that a RET polymorphism in a splice enhancer sequence in exon 7, predicted to
produce an mRNA transcript yielding a hypomorphic truncated protein, was associated
with decreased kidney weight at birth, an indicator of nephron number. Another study of
aborted foetuses with severely dysmorphic kidneys found that a high proportion (30%)
possessed mutations in RET that would either inactivate or constitutively activate the
receptor [28]. These results may be indicative of a modifier effect for RET contributing
to human renal development.

4

Intestinal agangliosis of Ret-null mice stems from the failure of RET-expressing
neural crest cells (presumptive enteric neurons) to migrate successfully from the neural
tube and colonize the intestinal tract [29]. GDNF expression in the gut serves to guide
the migration of enteric neural crest cells, as they initially enter the foregut, and migrate
to colonize more posterior segments of the digestive tract [29, 30]. GDNF stimulation of
RET is also required to promote the survival and proliferation of enteric neural crest cells
[31, 32], and stimulates their neuronal differentiation [31]. In humans, mutations in RET
contribute to congenital aganglionic megacolon, or Hirschsprung disease (HSCR) [33,
34], which is characterized by an absence of enteric neurons in the distal part of the
intestine (reviewed in [35]). HSCR RET mutations have been traditionally associated
with a loss-of-function, with impaired enzymatic activity or transport to the cell surface
[36-39].
In dopaminergic neurons, GDNF activation of RET is a potent stimulator of
neuronal survival, differentiation and neurite outgrowth [31, 40]. RET signalling also
promotes the survival of motoneurons [41, 42].
RET and GDNF are expressed in the testes [43], and murine testis transplant
experiments that overcome the neonatal lethality of Ret-knockout mice have allowed the
postnatal examination of germ cell development in Ret-null testes. These studies have
revealed RET to be an important regulator of spermatogenesis, necessary in maintaining
germ cell numbers by inducing the proliferation of spermatogonial stem cells, and by
preventing the differentiation of these cells [44].

5

1.1.3 RET downstream signalling

Autophosphorylation of RET intracellular tyrosine residues stimulates multiple
signalling pathways (Figure 1.2). RET can bind and activate the downstream molecules
phospholipase C-γ (PLC-γ), signal transducer and activator of transcription 3 (STAT3),
and Src through the phosphorylation of tyrosines Y1015, Y752/Y928, and Y981,
respectively [45-47]. Y1062 is the key signalling residue in RET, and its importance has
been demonstrated by in vitro and in vivo studies. Signalling through Y1062 is required
for the transforming ability of oncogenic RET mutants [48], and is also a necessity for
normal RET function in development [49]. Phosphorylated Y1062 serves as a docking
site for a number of adaptor proteins. Among them are the DOK proteins [50], which
further recruit NCK, leading to stimulation of Jun N-terminal kinase (JNK) [51]; and
SHC [52, 53], which can bind the adaptor GRB2. GRB2 can either associate with SOS,
leading to stimulation of RAS/ERK signalling, or GRB2 can interact with GAB1/2,
activating phosphotidylinositol-3-kinase (PI3K)/AKT signalling [54, 55].

These

signalling events regulate the activity of transcription factors, with RAS/ERK signalling
activating CREB, while PI3K/AKT leads to the activation of NF-κB [55]. GRB2 can
also bind the ubiquitin ligase CBL, and recruit it for ubiquitination and downregulation of
RET [13].

The MAPK and PI3K pathways have overlapping functions, as well as

contributing to different aspects of RET-dependent cell behaviours. In embryonic tissue
cultures, PI3K signalling is required for the induction of ureteric bud branching from the
neprhic duct in response to GDNF, whereas inhibiting the RAS/ERK pathway had no
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Figure 1.2 Downstream signalling pathways activated by RET. Diagram of RET showing
autophosphorylated tyrosines in the intracellular portion of RET that serve as docking sites for
signalling proteins. Recruited proteins can be phosphorylated by active RET, stimulating a number of
signalling pathways. Differential splicing of the 3’ end of the RET transcript generates 2 isoforms of
the protein which differ in length at the C-terminal cytoplasmic tail, and have been associated with
differences in signalling and function.
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detrimental effect on branching [56]. The pro-survival effects of GDNF on neural cell
types are predominantly dependent on PI3K signalling [54, 57-60], while the RAS/ERK
pathway is involved in differentiation [60, 61]. Functions that depend heavily on both
signalling pathways include chemotaxis towards GDNF [29, 56, 62], and fibroblast
transformation by activated RET mutants [63-65].

1.1.4 Differences between RET isoforms

The two major isoforms of RET, RET9 and RET51, differ in expression,
signalling and function. RET9 and RET51 progress from a partially glycosylated to a
fully glycosylated, mature form at different rates, and although both isoforms are
normally co-expressed, the expression level of RET9 is generally higher than RET51,
during embryogenesis and adulthood [19, 66] (Richardson et al. submitted). During
human kidney development, the expression of RET9 is fairly stable, while RET51
expression is relatively low early in development and increases by 9 weeks, when the
kidney has achieved a recognizable form, leading to the proposal that RET51 may play a
role in later kidney differentiation, and not the intial induction and growth of the ureteric
bud [66]. Consistent with this hypothesis, RET51 stimulates tubulogenesis of murine
collecting duct cells in 3D culture, while RET9 does not support this [18]. Some studies
using monoisoformic transgenic mice that express either RET9 or RET51 have revealed
differences in the ability of each isoform to support normal renal and gastrointestinal
development [49, 67], though others have found the isoforms to have redundant roles
[68].
8

Despite being co-expressed in cells, RET isoforms do not heterodimerize upon
ligand stimulation; additionally, immunoprecipitation experiments suggest that signalling
complexes formed on RET9 have different compositions than those associated with
RET51 [69]. For instance, Y1062 in RET9 binds the adaptor protein SHC by a different
domain than the Y1062 in RET51 [70], and there is a direct binding site for GRB2
present only in RET51, Y1096 [71], the activity which has been found to contribute to
activating the PI3K/AKT pathway [54]. Y1096 also provides a second site for the
GRB2/CBL complex to bind to RET, and may partly account for the different rates of
turnover between the two isoforms [13] (Richardson et al. submitted). The effect of
mutating intracellular tyrosine residues on the activation of downstream signalling
pathways, RET-dependent cell behaviours, and renal development in monoisoformic
mice, varies depending on which RET isoform is examined [68, 72, 73]. Activating
mutations of RET have been found to be more potently transforming in the RET51
isoform than RET9 [74]. Furthermore, expression profiling by cDNA microarray has
revealed that there are a number of genes which are differentially regulated by the two
isoforms [75] (discussed below).

1.1.5 RET mutations in medullary thyroid carcinoma

Constitutive activation of RET by missense point mutations is the underlying
cause of the autosomal dominantly inherited cancer syndrome multiple endocrine
neoplasia type 2 (MEN 2) [76-80]. The defining feature of MEN 2 is medullary thyroid
carcinoma (MTC), a tumour of the neural crest-derived C-cells of the thyroid, which are
9

responsible for calcitonin production, and normally express RET [81].

MTC is a

relatively rare cancer, and accounts for approximately 5-10% of all thyroid neoplasms
[82]. Approximately 75% of MTC cases are sporadic, and the remaining quarter occurs
as part of MEN 2. Although MTC is a fairly indolent tumour, familial occurrence of
MTC is frequently multifocal and bilateral, and has a high propensity to metastasize to
regional lymph nodes [83]. Distant metastases to the mediastinum, lungs, liver, or bone
also occur [82]. Depending on the phenotypic presentation of the syndrome (i.e. the cooccurrence of other abnormalities aside from MTC), MEN 2 can be divided into three
clinical subtypes: MEN 2A, MEN 2B, and familial MTC.

The position of a RET

mutation is strongly correlated with the clinical subtype of MEN 2 manifested in the
patient. Mutations in the extracellular cysteine-rich domain are primarily found in MEN
2A, whereas MEN 2B patients only ever harbour mutations in the kinase domain [84]. In
all cases, ligand-independent activation of RET occurs (Figure 1.3).
Mutations of extracellular cysteines in the membrane-proximal cysteine-rich
region disrupt the normal pattern of intramolecular disulfide bonds. This results in an
unpaired cysteine, which can mediate intermolecular bonding and lead to constitutive
dimerization and activation of RET molecules [85, 86].
The specific Met→Thr mutation at codon 918 accounts for the vast majority of
MEN 2B cases, and is exclusive to the subtype [78-80, 87-89]. The mechanism by which
the M918T mutation activates RET is more complex, and is mediated through
destabilizing the inactive form of RET, and shifting the equilibrium of RET receptors
towards the active state [90, 91]. Biophysical and biochemical studies comparing
10
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Figure 1.3 Consti tutive activatio n of the RET receptor in thyroi d cancer. Schematic diagram of the
ways in which ligand-independent activation of RET can occur, in multiple endocrine neoplasia (MEN)
type 2A and 2B, and in papillary thyroid carcinoma (PTC). In MEN 2A, point mutations (denoted by a
star) can occur in one of the cysteine residues in the cysteine-rich domain, resulting in the formation of
an intermolecular disulfide bond and dimerization of RET. Point mutations in the intracellular kinase
domain occur in MEN 2B, resulting in a RET kinase that can be active as a monomer or dimer. The Nterminal domains of RET/PTC proteins (indicated by green rectangles) associate, dimerizing the RET
kinase domain and leading to its activation.
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wildtype RET and M918T show that the M918T mutant has a greater affinity for ATP,
increased kinase activity and levels of autophosphorylation, and can form dimers without
ligand stimulation [90]. These intracellular mutants can be autophosphorylated as
monomers [90, 92]. Additionally, activation of MEN 2B RET occurs before the receptor
arrives at the cell surface, stimulating MAPK and PI3K signalling pathways from the
endoplasmic reticulum before the receptor reaches its fully glycosylated mature form
[93].
Residue 918 lies in the substrate binding pocket of RET, and it has been
hypothesized that the M918T mutation alters the substrate specificity of the wildtype
kinase, resulting in the phosphorylation of unique intracellular substrates [86, 94-96].
However, this proposal has yet to receive adequate further substantiation, as no novel
substrates have been confirmed; one possible explanation may stem from the past use of
unstimulated wild-type RET as a comparison [90].

1.1.6 Rearrangement of RET in papillary thyroid carcinoma

In addition to germline point mutations, activation of RET may occur by somatic
chromosomal rearrangements that result in the fusion of the tyrosine kinase domain of
RET with an amino-terminal portion of another protein (Figure 1.3; [97]).

These

rearranged forms of RET occur in papillary thyroid carcinomas (PTC), which are derived
from the follicular cells of the thyroid. RET/PTC proteins are oncogenic in vivo, since
transgenic mice expressing RET/PTC proteins in the thyroid develop PTC [98, 99].
There are currently 12 known rearrangements of RET, termed RET/PTC proteins [100];
12

the two most common partner genes are CCDC6 (coiled-coil domain containing 6) and
NCOA4 (Nuclear coactivator 4), which generate the RET/PTC1 [101] and RET/PTC3
[102, 103] proteins, respectively. In all cases, the N-terminal domains are capable of
dimerization, leading to dimerization of the RET tyrosine kinase domain to facilitate
activation. In the cases of RET/PTC1 and RET/PTC3, the motifs that can spontaneously
dimerize are the leucine zipper and coiled-coiled domains, respectively [104, 105]. The
predicted prevalence of RET/PTC rearrangements in sporadic PTC cases varies widely
among studies (20-60%) [106-108], and they occur more frequently in radiation-exposed
PTC patients [109-111]. The impact of having a RET/PTC rearrangement on the clinical
course of PTC is unclear, as correlative studies of mutation status and clinical data have
not yielded explicit trends [112].
Unlike the wildtype RET receptor, RET/PTC proteins lack the extracellular and
transmembrane domains, and are localised to the cytoplasm [105, 113]. This permits
them to escape downregulation by ligand-stimulated internalization and lysosomal
degradation that membrane-localised RET undergoes [15].

1.1.7 Papillary thyroid carcinoma and thyroid autoimmunity

An intriguing feature of PTC is the frequent presence of inflammatory infiltration,
containing a mixture of T and B lymphocytes, dendritic cells, and mast cells [114, 115]
(Melillo et al. in press). Transgenic mice that develop PTCs due to expression of
RET/PTC3 similarly exhibit thyroiditis like human PTC patients [98, 99]. It is unclear
what impact immune cell infiltration imparts on the progression of PTC. Some studies
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have shown that immune cell infiltration is associated with decreased tumour recurrence
and better clinical outcome [116-119], whereas others have reported no such association
[115].

However, in comparison to more aggressive poorly differentiated or

undifferentiated thyroid cancers, which overall have a poorer prognosis, inflammatory
infiltration was considerably greater in PTCs [115].
PTC has been found in approximately 30% of patients with Hashimoto’s
thyroiditis (HT) [120, 121], an autoimmune disease characterized by thyroid follicle
destruction, mediated by T lymphocytes [122]. Furthermore, RET/PTC rearrangements
are detected in a high proportion of patients with HT [123, 124]. Two possibilities
regarding the significance of RET/PTC rearrangements in HT have been put forward:
RET/PTC rearrangements could contribute to the instigation of an autoimmune response,
or alternatively, chronic autoimmune destruction of the thyroid might predispose the
patient to genetic instability and chromosomal rearrangement [124, 125]. It has been
suggested that RET/PTC proteins may be inherently immunogenic, due to novel epitopes
created by the fusion [126]. Immunization experiments have shown that the murine
version of RET/PTC3 is immunogenic in wild-type mice [126]. Human RET/PTC3 is
also immunogenic, though not in transgenic RET/PTC3 mice where RET/PTC3 is
recognized as a self protein [126].

1.1.8 Expression profiling of RET downstream genes

Several studies have tried to elucidate the genes regulated by RET using gene
expression arrays, to further our understanding of the mechanisms of RET-mediated
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processes in normal and pathological conditions. Concordant with the cellular effects of
RET activation, genes isolated from these screens are involved in the regulation of
mitogenesis, metabolism, adhesion, motility, and survival, and this was a feature common
to studies on full-length RET [127, 128] and also RET/PTC oncoproteins [129-132], in in
vitro and in vivo experimental designs.
A consistent finding among the different studies has been the identification of
genes involved in regulating the immune response. These subsets of immune-related
regulators include genes for cytokines, chemokines, and their receptors. Gene expression
profiling of targets regulated by RET/PTC oncoproteins in vitro have identified numerous
molecules, including CXCL1, CXCL10 and IL-24 [130-132], which are able to promote
the proliferation and/or invasion of thyroid cancer cells [130, 133]. The propensity for
immune-regulatory molecules to be identified in RET/PTC gene expression screens has
added to the argument that there may be a causative relationship between RET/PTC
rearrangements and the presence of inflammation seen in PTC patients [132]. Expression
of RET/PTC3 results in a rapid loss of injected thyrocytes in rats, an observation that led
to the tentative proposal that RET/PTC3-induced inflammatory mediators create an
environment that supports the activation of infiltrated macropahges, and subsequent
clearance of the foreign cells [129]. Overall, these data suggest that cytokines and
chemokines upregulated by RET may have immunomodulatory effects as well as effects
on the tumour cells themselves.
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We recently performed gene expression screening for differences in downstream
RET gene targets between MEN 2A- and MEN 2B-RET forms, to identify a molecular
basis for the phenotypic differences associated with each type of mutation [75]. For this
study, a model of inducible, constitutive RET activation was employed as a mimic of
MEN 2-associated activating mutations [90].

This inducible system permitted the

analysis of immediate changes in gene expression that occur downstream of GDNF- and
GFRα-1-independent constitutive RET activation, and has been shown to imitate MEN
2A activation of RET [134]. While distinct expression profiles were associated with the
MEN 2A and MEN 2B (M918T) RET proteins, the genes in both profiles shared similar
functional roles, such as proliferation, metabolism, adhesion, and migration. Further
qRT-PCR validation of genes which appeared to be differentially expressed did not
reveal significant differences in expression, after having taken into account the higher
level of phosphorylation of MEN 2B RET mutant.

This led to the hypothesis that

differences in disease development between the subtypes could result from changes in the
expression of similar genes, but that quantitative differences in gene expression may be a
contributing factor to the disease phenotype [75]. As noted earlier, we did identify a
subset of genes differentially expressed depending on the isoform of RET present.
One of the most highly upregulated genes identified in this study was interleukin11 (IL-11), which was induced under all conditions of RET expression, in both RET9 and
RET51 isoforms, and MEN 2A and MEN 2B forms of RET. Its strong expression level
made IL-11 a target for further study to investigate its role in RET-mediated biological
processes.
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1.2 Interleukin-11
1.2.1 IL-11 stimulated downstream signalling

Interleukin-11 is a 23 kDa cytokine that was first cloned from a bone marrowderived stromal cell line, and identified based on its ability to promote the proliferation of
a murine plasmacytoma cell line [135]. IL-11 belongs to the interleukin-6-type cytokine
family, which includes IL-6, leukemia inhibitory factory (LIF), ciliary neurotrophic
factor, oncostatin M, cardiotrophin-1, and cardiotrophin-like cytokine factor 1 [136].
This group of cytokines is characterized by use of the co-receptor gp130 as the signal
transducing subunit, discovered to also be the case for IL-11 [137]. Specificity for IL-11
binding is provided by the IL-11R α-chain subunit, a transmembrane protein with a very
short cytoplasmic tail [138]. Activation of the IL-11 receptor complex occurs upon
binding of IL-11 to IL-11Rα, leading to the recruitment and dimerization of gp130 [139],
and the stimulation of multiple signalling pathways (Figure 1.4; [140, 141].
Homodimerization of gp130 serves to activate gp130-associated JAK intracellular
tyrosine kinases, which then phosphorylate tyrosine residues in gp130 to create docking
sites for STAT transcription factors [142, 143] and the SHP2 phosphatase [144, 145].
STAT3, and to a lesser extent STAT1, are activated by JAK1 and JAK2 tyrosine kinases
[146, 147]. JAK1 is the major contributor to the activation of both STATs [148].
Recruitment of SHP2 to gp130 results in SHP2 tyrosine phoshorylation, also mediated
predominantly by JAK1, and minimally through JAK2 [149]. Phosphorylated residues in
SHP2 in turn enable GRB2 to bind, leading to the activation of RAS/ERK signalling
[145, 150]. IL-11 can also stimulate the PI3K signalling pathway, though the molecular
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Figure 1.4 Diagram of downstream pathways activated by interleukin-11 stimulation of the IL-11
receptor complex. The high-affinity receptor complex for IL-11 consists of a short IL-11Rα subunit and
the gp130 signal transducing unit with a longer cytoplasmic tail. Dimerization of gp130 activates
associated JAK tyrosine kinases, which can phosphorylate residues on gp130, as well as other adapter
and signalling proteins. IL-11 signalling is mediated primarily through the JAK/STAT pathway, and has
also been shown to activate RAS/ERK signalling and PI3K/AKT signalling.
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mechanism of this has not been as well defined. IL-11 activation has been found to
stimulate the Src family kinases Src and Yes, leading to the association of Yes with PI3K
[151], and also stimulate the formation of a complex involving JAK2, Yes and PI3K
[152].

1.2.2 Expression of IL-11 in vivo

In adult murine tissues, IL-11 is expressed in a broad range of tissues at low
levels, including the lungs, heart, bone, thymus, digestive tract, kidney, and central
nervous system, and is highly expressed in the testes, specifically in seminiferous tubules
[153, 154]. IL-11Rα [154, 155] and gp130 [156] are readily detectable in every tissue
examined. A second Il11ra locus exists in mice, Il11ra2, with 99% identity in the coding
sequence, resulting in 5 amino acids that differ between the two genes; Il11ra2 is only
expressed in testis, lymph nodes, and thymus, and not present in all strains of mice [155].
Il11ra knockout mice with an intact Il11ra2 locus develop normally, and the only overt
defect is female infertility [157]. No homozygous Il11 null mice have been generated,
nor mice with both receptor loci mutated, precluding definitive statements on the
contribution of IL-11 signalling in embryogenesis. But given the restricted expression of
Il11ra2, it may be that no major effects will surface when both Il11ra and Il11ra2 are
disrupted.
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1.2.3 Regulation of IL-11 expression

IL-1 and TGF-β are potent inducers of IL-11 expression in multiple human cell
types, in both normal [158] and tumour-derived cells [159-161]. TGF-β upregulation of
IL-11 is direct: IL-11 transcript levels have been found to peak after 2 hours of TGF-β
stimulation, and were not perturbed by the protein translation inhibitor cycloheximide
[162]. TGF-β and IL-1 regulation of IL-11 is dependent on ERK1/2 and p38 MAPK
activation [163, 164], and is mediated by changes to the composition of DNA-bound
activating protein-1 (AP-1) complex transcription factor [165].

IL-11 can also be

induced by endothelin-1 signalling through the G-protein coupled receptor ETA, which
similarly requires MAPK signalling [166], and is a downstream target of the c-Met
receptor tyrosine kinase [167, 168].

1.2.4 IL-11 in physiology

The effects of IL-11 stimulation are diverse and cell type-specific, affecting the
growth, survival, differentiation, and migration of cells from a variety of tissues. One of
the first functions ascribed to IL-11 was its ability to inhibit preadipocyte differentiation
into mature adipocytes, earning IL-11 the alias adipogenesis inhibitory factor [169, 170].
In hematopoiesis, IL-11, in concert with other cytokines, has been shown to stimulate the
proliferation of early and committed progenitor cells [135, 171, 172]. One of the better
known functions of IL-11 is its role as a potent promoter of megakaryocyte development
and differentiation into platelets [173, 174], which led to the approval of recombinant
human IL-11 as a treatment for severe thrombocytopenia in chemotherapy patients [175].
20

IL-11 has proliferative effects on non-hematopoietic cell types as well, and can
stimulate the growth of lung fibroblasts and hippocampal neuronal cells [153], an effect
dependent on ERK signalling [176]. IL-11 can also have anti-mitogenic influences: IL11 inhibits proliferation of intestinal epithelial cells [177, 178], and can block basic
fibroblast growth factor-induced proliferation of vascular smooth muscle cells [179].
IL-11 influences multiple cell types of the cardiovascular system.

IL-11

stimulates the migration and proliferation of human endothelial progenitor cells, and
promotes vessel formation from endothelial spheroids [180].

IL-11 regulates

differentiation as well, directing cardiac stem cells toward an endothelial cell fate [181],
and triggering cardiomyocyte elongation [182].
IL-11 has been shown to be able to regulate the development of both osteoblasts
and osteoclasts, cells responsible for bone formation and resorption, respectively [183].
IL-11 promotes osteoblast differentiation of bone marrow stromal cells [184], and
promotes osteoclast formation in co-cultures of bone marrow cells and calvarial cells
[185, 186]. In vivo, the overall effect of IL-11 on bone development appears to favour
bone formation. Transgenic mice overexpressing IL-11 in the bone had increased bone
formation compared to wildtype mice: long bones were stronger, with greater cortical
thickness and higher mineral density [184].
IL-11 signalling is required for mouse pregnancy: the only obvious phenotype of
Il11ra knockout mice is female infertility [157] resulting from improper embryo
implantation [187].

In humans, both IL-11 and IL-11Rα are expressed in the

endometrium during the menstrual cycle and pregnancy [188-190], though their
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importance remains to be established. In vitro characterization has shown that IL-11
promotes adhesion of human endometrial epithelial cells to matrix proteins and to
trophoblast cells [191]. Analyses have also demonstrated that while IL-11 does not
influence the proliferation of extravillous trophoblast cells, it acts as a stimulatory factor
for chemotactic migration [192], but inhibits their invasion [193]. These results form a
picture of multi-functional regulation of implantation by IL-11, acting on both the
maternal and embryo-derived cells.

1.2.5 Regulation of immune response

In the context of inflammation, IL-11 has been traditionally considered an antiinflammatory

cytokine.

Treatment

of

macrophages

with

IL-11

inhibits

lipopolysaccharide-induced activation of NF-κB by increasing the levels of the NF-κB
negative regulatory molecules, IκB-α and IκB-β, resulting in decreased production of
pro-inflammatory cytokines (IL-1β, TNF-α, IL-12, and IL-6) [194]. IL-11 has been
shown to modulate a number of aspects of T lymphocyte development. IL-11 promotes
the differentiation of lymphohematopoietic progenitors toward the T cell lineage in an in
vitro system [195], and stimulates the proliferation of CD4+ T cells [196]. In naive CD4+
helper T lymphocytes, IL-11 promotes differentiation toward the Th2 identity and
prevents adoption of the Th1 phenotype, even in the presence of Th1-stimulating factors
such as dendritic cells or exogenous IL-12, by upregulating the expression of Th2-type
interleukins and inhibiting production of Th1-promoting molecules [197, 198].
Concordant with these results is the finding that IL-11 promotes B cell differentiation
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into antibody-producing cells in the presence of T lymphocytes [135, 170, 173]. This
property has been recapitulated in vivo: IL-11 enhances the antibody response of mice
exposed to an immunogenic antigen [170]. Transgenic mice overexpressing IL-11 in the
lung display considerable nodular lymphocyte presence comprised mostly of B
lymphocytes and a small proportion of T lymphocytes [199]. Overall, these studies
combine to support a role for IL-11 as a cytokine which favours the development of a
humoral immune response over cell-mediated responses. Despite the established impact
of IL-11 on hematopoietic cells in vitro, there are no detectable aberrations in postnatal
hematopoiesis of Il11ra-null mice [157]. It remains to be seen whether disruption of the
IL-11 gene will yield similar results.
The above immunomodulatory actions have prompted investigations of IL-11 as a
therapeutic agent for inflammatory diseases with cell-mediated pathogenesis. IL-11 has
been shown to be beneficial in lessening the severity of disease in psoriasis patients,
which has been accompanied with reduced CD8+ cytotoxic T lymphocyte infiltration in
skin lesions, and reduced expression of pro-inflammatory molecules [200].

Trials

assessing the potential therapeutic effects of IL-11 in Crohn’s disease have also shown
progress in ameliorating disease status [201, 202].

1.2.6 Protective effects of IL-11 in models of tissue injury

One of the well established biological consequences of IL-11 stimulation is cell
survival, in various in vitro and in vivo models of tissue injury. Stimulation with IL-11
has been shown to result in decreased death and levels of activated caspase death effector
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proteins in radiation-exposed intestinal cells [203].

IL-11 signalling through the

Ras/ERK pathway has also been seen to improve resistance to apoptosis in intestinal
epithelial cells, triggered by stimulation of the Fas death receptor [204]. IL-11 can also
protect colonic epithelial cells from anoikis [205], apoptotic cell death elicited in the
absence of adhesion to an extracellular matrix [206]. IL-11 confers protection against
cell death in a variety of animal models of oxidative injury, reducing damage in models
of lung [207, 208], liver [209], heart [182], and intestinal injury [210, 211].

1.2.7 The role of IL-11 in cancer

As a soluble factor, tumour-derived IL-11 would be capable of exerting autocrine
and paracrine effects; both avenues of influence have been suggested through studies.
Correlative analyses on the in situ expression of IL-11 and its receptor IL-11Rα in
different types of tumours have yielded varying trends. In ovarian carcinoma, no changes
in IL-11 or receptor expression were observed between normal and cancer tissue [212],
whereas IL-11Rα exhibited increased expression in prostate cancer and was associated
with more progressed tumours [213, 214]. Another study found increased expression of
IL-11 in pancreatic carcinoma, and an association of stronger staining with increased
survival [215]. These puzzling results may be reflective of the cell-type dependent
functions of IL-11.
Studies on colon, gastric, and breast cancer have provided clues on the function
IL-11 signalling might have in tumourigenesis.

IL-11 and IL-11Rα expression are

increased in colon [216, 217] and gastric carcinoma [218, 219], and in both cases IL24

11Rα is associated with the depth of tumour invasion. IL-11 promotes the proliferation
of colorectal cancer cells, and can stimulate chemotactic migration of colorectal and
gastric cancer cells [216, 218]. Increased expression of IL-11 is also observed in a mouse
model of gastric tumourigenesis [220]. Mice with a mutation in gp130 that renders the
molecule unable to activate a negative regulator of STAT proteins, develop gastric
tumours due to hyperactivation of STAT3 [220]. IL-11 signalling is a requirement for
tumour development in this model: when the gp130 mutation is introduced into Il11ranull mice, STAT3 hyperactivation, inflammatory cell infiltration and tumour
development in the stomach do not arise [221].
In breast cancer, IL-11 is implicated in multiple processes, involving both
autocrine and paracrine functions. Expression of IL-11 and IL-11Rα are elevated in
breast cancer tissue, and higher expression levels are associated with poorer clinical
outcome (i.e. recurrence and metastasis) [222]. Several breast cancer cell lines have been
found to express IL-11 [160, 223, 224], and while IL-11 had no effect on their rate of
proliferation [160], it was found to stimulate their chemotactic migration [225]. The
production of IL-11 in breast cancer has also been proposed to act in a paracrine fashion,
to contribute to the accumulation of fibroblasts adjacent to the malignant cells, a
phenomenon termed the “desmoplastic reaction” [224]. Co-culture of breast cancer cells
with adipose fibroblasts inhibited their differentiation into adipocytes, an effect abrogated
by administering an IL-11 neutralising antibody [224].
The osteoclastogenic activity of IL-11 is suspected to promote formation of
osteolytic bone metastases in breast cancer patients, a frequent event which leads to the
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destruction of bone through resorption [226]. IL-11 positivity in breast tumour tissue is
significantly associated with the presence of bone metastases [227], and breast cancer
cells can stimulate osteoblast expression of IL-11, promoting osteoclast formation from
spleen cells [228]. Stronger evidence for a participation in bone metastasis has been
generated from xenograft mouse studies.

Injected human breast cancer cells that

metastasize to bone show higher expression of IL-11 relative to the original population
that was injected [162, 229]. Moreover, overexpression of IL-11 in conjunction with the
extracellular matrix protein osteopontin significantly increases the frequency of bone
metastases [230].
A couple of reports have also linked IL-11 to thyroid cancers. Tohyama and
colleagues [231] reported that a papillary thyroid carcinoma cell line expressed IL-11.
More recently, proteomic expression profiling and immunohistochemical analysis of
thyroid tumour specimens identified IL-11 as a protein that is preferentially expressed by
MTC, compared to other thyroid tumours [232]. In both accounts, the tumour genotypes
(i.e. RET mutation status) were not determined.
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1.3 Rationale, hypothesis and objectives
1.3.1 Rationale and hypothesis

From the genes isolated in our gene expression study [75], IL-11 was chosen for
further investigation. IL-11 was deemed to be a good candidate for study for several
reasons. Most striking was the fact that IL-11 was one of the most highly upregulated
genes in the RET-expressing cell lines examined, irrespective of isoform or activating
mutation. Further, studies have suggested that IL-11 might play a role in the progression
of certain cancer types. Additionally, IL-11 has been reported to be expressed in situ in
thyroid neoplasms, and overexpressed in MTC relative to other thyroid tumour types
[232]. Given its ability to regulate immune cell actions, it is possible that IL-11 might
have immunomodulatory roles in PTC, tumours which frequently show immune cell
infiltration [119, 233]. Overall, the circumstances supported the possibility that the
upregulation of IL-11 by RET may be a consequential event in the development of
thyroid cancer. Thus the goal of this work was to determine how IL-11 might contribute
to RET-mediated processes, in the setting of thyroid cancer. It was hypothesized that
secreted IL-11 induced by RET could stimulate cells in an autocrine manner, to promote
cell behaviours such as survival and growth (Figure 1.5).

1.3.2 Objectives of this study
Three objectives were outlined to address this hypothesis. The first objective was to characterize
the expression of IL-11 in response to the activation of RET, exploring the effect of different
forms of RET, the changes in IL-11 levels with time, and the inhibition of signalling pathways
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Figure 1.5 Schematic diagram of the proposed model of IL-11 autocrine stimulation. Activated
RET upregulates IL-11 expression, and secreted IL-11 may potentially act in an autocrine manner to
stimulate the cell. Stimulation of the IL-11 receptor complex can activate downstream signalling
pathways, such as the JAK/STAT pathway, resulting in changes in gene expression and leading to
modified cell behaviours. Additionally, secreted IL-11 could impinge, in a paracrine fashion, on other cell
types, such as cells of the immune system to modulate their function.
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downstream of RET. The second objective was to determine if thyroid cancer cell lines
are responsive to IL-11, and investigate whether IL-11 could alter the behaviour of those
cells. Finally, the third objective was to examine the expression patterns of IL-11 and IL11Rα in normal human thyroid and thyroid tumours using immunohistochemistry, and
determine if there was a correlation with RET expression.
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Chapter 2
Materials and Methods
2.1 Cell lines and expression constructs
HEK293 human embryonic kidney cells, human papillary thyroid carcinoma cell
line TPC-1 [234], and human medullary thyroid carcinoma cell line TT [235] were
purchased from American Type Culture Collection (Manassas, VA). The HEK293 Teton cell line with the reverse tetracycline-inducible transactivator was obtained from
Clontech (Mountain View, CA).

All cell lines were grown in a 37°C humidified

incubator with 5% CO2, and maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM, Sigma, Oakville, ON) supplemented with 10% fetal bovine serum (FBS,
Hyclone, Ottawa, ON). Full-length RET, GFRα-1, and RET/PTC expression constructs
in the pcDNA3.1 vector (Invitrogen, Burlington, ON), and Tet-responsive intracellular
RET (icRET) constructs in the pTRE2 vector (Clontech) have been previously described
(Table 2.1; [15, 75, 90, 128]). An HEK293 cell line stably expressing full-length RET9
and GFRα-1 (HEK293 FL RET9 cells) have been previously described [236].
2.2 Cell transfections
HEK293 cells or HEK293 Tet-on cells were seeded onto 6-well plates and grown
to ~80% confluency. Cells were transiently transfected with 1 µg of construct DNA
using 3 µL of Lipofectamine 2000 (Invitrogen) per µg of DNA, according to
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Table 2.1 Constructs employed in experiments
Construct

Vector

Description

Reference

RET9

pcDNA3.1

full-length, wildtype

Myers and Mulligan (2004)

RET9 K758M

pcDNA3.1

full-length, inactive

Gujral et al. (2008)

RET9 M918T

pcDNA3.1

full-length, activating

Gujral et al. (2006)

RET51

pcDNA3.1

full-length, wildtype

Myers and Mulligan (2004)

PTC1

pcDNA3.1

RET/PTC rearrangement,
RET9 isoform

Richardson et al. (2009)

PTC3

pcDNA3.1

RET/PTC rearrangement,
RET9 isoform

Richardson et al. (2009)

icRET9

pTRE2

Intracellular, wildtype

Gujral et al. (2006)

icRET9 Y1062F

pTRE2

intracellular, loss of adaptor
docking site

G. Sardana (unpublished)
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manufacturer’s instructions. Culture medium was changed 24 hours after transfection to
serum-reduced medium (DMEM with 0.5% FBS). For experiments utilizing icRET
constructs, 1µg/mL doxycycline and 0.5 µM AP20187 artificial dimerizer (ARIAD,
Cambridge, MA) were added to the medium 24 hours after transfection to induce the
expression and activation of icRET. For transfections involving full-length RET, 1 µg of
GFRα-1 expression construct was co-transfected along with the RET construct, and cells
were stimulated with 50 ng/mL GDNF (PeproTech, Rocky Hill, NJ) 24 hours after
transfection. For RET/PTC construct transfections, no additional action was taken to
activate RET/PTC proteins. Total RNA, protein, and conditioned medium for ELISA
analysis, were harvested 48 hours post-transfection. For co-culture experiments testing
the bioactivity of conditioned medium from transfected HEK293 Tet-on cells (see
below), transfection and collection of conditioned medium were performed as above, but
in a large format using 10 cm plates and 3 µg of expression construct.
2.3 Inhibitor studies
HEK293 FL RET9 cells were seeded into 6-well plates, grown until the next day,
then serum-starved (0.5% FBS in DMEM) overnight. Kinase inhibitors were added to
the cells 30 minutes prior to the addition of 50 ng/mL GDNF. The PI3K inhibitor
LY294002, and the MEK1/2 inhibitor U0126 (both from Cell Signaling Technology,
Pickering, ON). were suspended in DMSO, and applied at a final concentration of 50 µM
and 10 µM, respectively. Whole cell lysates and total RNA were isolated 8 hours after
GDNF stimulation.

For inhibition of protein synthesis, cycloheximide dissolved in
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ethanol was used at a final concentration of 100 µg/mL (Bioshop Canada, Burlington,
ON), and total RNA was isolated 0, 1, 3, 6, and 8 hours after GDNF stimulation.
2.4 Quantitative reverse transcriptase-PCR
Total RNA was harvested from cells using TRIZOL Reagent (Invitrogen)
according to manufacturer’s instructions. Relative quantification of gene transcript levels
was determined by qRT-PCR using the Quantitect SYBR Green RT-PCR kit (Qiagen,
Mississauga, ON) performed on the SmartCycler II System (Cepheid, Sunnyvale, CA).
Mean fold changes relative to unstimulated conditions or empty vector were calculated
using the comparative crossing threshold (Ct) method [237]. Ct values were taken at the
same threshold for all experiments, and determined by SmartCycler II software. The
primers used are as follows: IL-11 forward 5’-CTGAGCCTGTGGCCAGATA-3’,
reverse 5’-AGGGAATCCAGGTTGTGGTC-3’.
2.5 ELISA and conditioned medium co-culture assay
Concentrations of IL-11 in cell-conditioned medium were measured using a
human IL-11 ELISA kit according to manufacturer’s instructions (RayBiotech, Norcross,
GA). In transient transfection experiments, conditioned medium was collected 48 hours
after transfection, as mentioned above. For thyroid cancer cell lines, conditioned medium
samples were collected 48 hours after the last medium change.

In the co-culture

experiment using conditioned medium from RET-transfected cells, HEK293 FL RET9
cells were seeded onto 6-well plates, then cultured in serum-reduced medium (0.5% FBS
in DMEM) overnight.

The cells were then incubated for 30 minutes with freshly

collected conditioned medium, harvested from HEK293 Tet-on cells transiently
33

transfected with icRET9 48 hours after transfection.

At the end of the 30 minute

incubation period, whole cell lysates from the HEK293 FL RET9 cells were harvested for
western blot analysis.
2.6 Western blot analysis
Whole cell lysates were harvested in lysis buffer containing 20 mM Tris-HCl (pH
7.8), 150 mM NaCl, 1 mM sodium orthovanadate, 1% Igepal, 2 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride, 10 µg/mL aprotonin, and 10 µg/mL leupeptin. Protein
concentrations were determined using the BCA Protein Assay, according to
manufacturer’s instructions (Pierce Protein Research, Rockford, IL). For Western blot
analysis, samples were combined with reducing Laemmli buffer, denatured for 5 minutes
at 95°C, and separated by electrophoresis on 10% SDS-polyacrylamide gels. Proteins
were transferred to nitrocellulose membranes (Bio-Rad Laboratories, Mississauga, ON),
and membranes were blocked in 5% milk in Tris-buffered saline with 0.1% Tween-20
(TBST) before primary antibody incubation overnight at 4°C. All primary antibodies
were used in a 1:1500 dilution. Membranes were then washed in TBST, and incubated
with the appropriate species-specific horse radish peroxidise (HRP)-conjugated
secondary antibody at a 1:3000 dilution. Bound antibody was detected with Western
Lightning™ Chemiluminscence Reagant Plus (PerkinElmer, Waltham, MA).

The

following primary antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA): rabbit anti-RET, rabbit anti-phosphoRET (p-Tyr1062), mouse antiphosphoERK (p-Tyr204), rabbit anti-ERK. The following antibodies were purchased
from Cell Signaling Technology: rabbit anti-phosphoRET (p-Tyr905), rabbit anti34

phosphoAKT (p-Ser473), rabbit anti-AKT, rabbit anti-phosphoSTAT3 (p-Tyr705), and
rabbit anti-STAT3. Mouse monoclonal γ-tubulin antibody was purchased from Sigma
(clone GTU-88).
2.7 Proliferation assay
TT cells were seeded in 96-well plates at a density of 10,000 cells per well, and
TPC-1 cells were seeded at a density of 5000 cells per well, in serum-reduced medium
(0.5% FBS in DMEM), with or without the indicated concentrations of IL-11
(PeproTech). After three days of growth, methylthiazolyldiphenyl-tetrazolium bromide
(MTT, Sigma) dissolved in phosphate-buffered saline (PBS) was added to the cells to
reach a final concentration of 250 µg/mL, and incubated for 3 hours at 37°C. Medium
was then removed, and formazan crystals were dissolved in isopropanol acidified with
0.04 M HCl. Absorbance at 570 nm was measured using an ELX 800 UV microplate
reader (Bio-Tex Instruments Inc., Houston, TX).
2.8 Adhesion assay
To prepare the 96-well plate, wells were coated with a 100 µL volume with
varying concentrations of human fibronectin (BD Biosciences, Mississauga, ON) in H2O,
bovine collagen I (BD Biosciences) in 10 mM HCl, or 3% bovine serum albumin (BSA)
in PBS, overnight at 4°C. Excess matrix solution was removed the following day, and
100 µL of 3% BSA in PBS was added to the wells for one hour at room temperature, then
removed. TPC-1 or TT cells were cultured in serum-free DMEM with or without 50
ng/mL IL-11 for 24 hours before seeding. Cells were seeded with or without 50 ng/mL
IL-11, in DMEM containing 0.05% BSA at a density of 50,000 cells per well, and
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allowed to adhere for one hour at 37°C. Wells were washed with pre-warmed PBS
containing 0.1 mM MgCl2 and 0.1 mM CaCl2 to remove non-adherent cells, then
simultaneously stained and fixed with 3.7% paraformaldyhyde, 0.5% Toluidine Blue in
PBS for 3 hours. Wells were washed with H2O, and the stain was solubilised with 0.2%
Triton X-100 (Bioshop Canada). Absorbance was measured at 570 nm using an ELX 800
UV microplate reader (Bio-Tex Instruments Inc.).
2.9 Anoikis assay
To create non-adherent conditions, 96-well tissue culture plates were coated with
100 µL of 20 mg/mL poly(2-hydroxyethyl methacrylate) (poly-HEMA) dissolved in 95%
ethanol. The solution was allowed to completely evaporate in the tissue culture hood for
at least 48 hours. Wells were then washed twice with sterile 1x PBS prior to cell seeding.
TPC-1 or TT cells were serum-starved (0% FBS DMEM) overnight, and seeded onto the
96-well plates in a 100 µL volume at a density of 30,000 cells per well, with or without
the indicated concentrations of IL-11. After 24 hours, MTT was added to the cells, which
were returned to the incubator for a further 3 hours. Formazan crystals were dissolved in
acidified isopropanol, and absorbance at 570 nm was measured as described above.

2.10 Tissue microarray and immunohistochemistry
A thyroid tissue microarray (TMA) composed of formalin-fixed paraffinembedded samples was previously constructed by Dr. Victor Tron’s laboratory. The
TMA was composed of 1.2 mm cores from five cases of papillary thyroid carcinoma and
six cases of medullary thyroid carcinoma. Each tumour was represented by 1-3 tissue
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cores on the TMA. Cores were taken from non-neoplastic areas of eight specimens to
represent normal thyroid tissue. Sections were deparaffinised in toluene and rehydrated
in a descending ethanol series. Immunohistochemical staining of TMA sections for RET,
IL-11Rα, CD3, and CD20 were performed using the Ventana Discovery XT automated
slide processor using the CC1 protocol (Ventana, Tucson, AZ) at the Queen’s Laboratory
for Molecular Pathology (Queen’s University, Kingston, ON), with conditions briefly
described as follows. Antigen retrieval was carried out at 95°C with EDTA (pH 8.0) for
40 minutes, and primary antibody incubation was performed at 37°C. Rabbit anti-RET
(C19, Santa Cruz Biotechnology) was applied at a dilution of 1:20; mouse anti-CD3
(clone PS1, Ventana) and mouse anti-CD20 (clone L26, Ventana) were used at a dilution
of 1:100; all three were incubated for one hour. Rabbit anti-IL-11Rα (N-20, Santa Cruz
Biotechnology) was incubated at a 1:20 dilution for 4 hours, and was generously donated
by Dr. M.J. Ropeleski (Gastrointestinal Diseases Research Unit, Queen’s University and
Kingston General Hospital). Detection of the primary antibody was amplified using
biotinylated universal secondary antibody and streptavidin-conjugated HRP, and
visualized with diaminobenzidine solution (Ventana).
Immunohistochemical staining for IL-11 was performed manually.

Antigen

retrieval was performed using sodium citrate (pH 6.0; S1699, Dako Canada Inc.,
Mississauga, ON), at 95°C for 30 minutes. Tissues were incubated in 3% hydrogen
peroxide for 5 minutes to block endogenous peroxidise activity, then incubated in 0.025%
Triton-X100 in TBS for 5 minutes. Goat anti-IL-11 (AF218, R&D) was incubated at a
1:20 dilution in 0.1% BSA in TBS overnight at 4°C. Detection of the primary antibody
37

was performed using the Universal Dako LSAB+ Kit (Dako Canada Inc.) according to
manufacturer’s instructions. Counterstaining with hematoxylin was performed for all
slides. Images were captured using ImageScope (Aperio Technologies, Inc., Vista, CA).
Qualitative and semi-quantitative immunohistochemical scoring of staining intensity and
proportion of cells stained was performed by consensus between Dr. J.F. Snowdon
(Department of Pathology & Molecular Medicine, Queen’s University) and S.J. Zhu
using a light objective microscope, and based on a scoring system similar to that used by
Kang and colleagues [238] and Basolo and colleagues [239]. Cores were categorized as
one of the following intensities: 0 for no staining, 1 for weak, 2 for moderate, or 3 for
strong staining. The proportion of cells which were immunoreactive was scored as
follows: 1, <25%; 2, 25-50%; 3, 50-75%; 4, >75%. The assigned values for staining
intensity and extent of staining were multiplied to generate an immunohistochemical
score for each core (ranging from 0-12). To generate a score for a tumour represented by
more than one core on the TMA, the scores of each core were averaged.
Immunohistochemical scores were classified into one of three categories: low, 0-4;
moderate, 5-8; high, 9-12. Positive control tissues for antibodies were as follows: IL11Rα, prostate tumour [214]; CD3 and CD20, tonsil tissue [240-243]; IL-11, proliferative
phase endometrium [244]. Normal colon tissue was used to test the anti-RET antibody
[245]. Negative controls for all tissues were performed without the primary antibody.
Additionally, to confirm specificity of the RET immunostain, a negative control stain was
undertaken, where a specific blocking peptide (C19P, Santa Cruz Biotechnology) was
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included in excess with the anti-RET antibody at a 10:1 molar ratio, during primary
antibody incubation.
2.11 Statistical analyses
Statistical significance was determined using the two-tailed, unpaired Student’s t
test, calculated using the Student Version of Minitab Release 12 software (Minitab Inc.,
State College, PA).
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Chapter 3
Results
3.1 Characterization of IL-11 expression in response to RET
3.1.1 Activation of RET receptor upregulates expression of IL-11
As described above, we had previously demonstrated through cDNA microarray

screening that IL-11 expression was upregulated upon activation of RET, in cells
expressing intracellular RET (icRET) proteins, which provided a model for MEN 2A and
MEN 2B constitutive activation of RET [75]. These chimeric proteins are targeted to the
cell membrane via a myristoylation signal (Figure 3.1), but unlike full-length RET,
activation of icRET is not dependent on lipid raft recruitment through association with
GFRα-1 [90, 134].
To begin characterizing the expression of IL-11 in response to RET activation, the
relative levels of IL-11 transcript expressed in response to ligand stimulation of fulllength RET were determined using qRT-PCR. GDNF stimulation of HEK293 cells
transiently expressing full-length RET and GFRα-1 led to increased expression of IL-11
(Figure 3.2). Both RET9 and RET51 isoforms induced IL-11 expression relative to
empty vector control (P<0.01), though RET51 led to a greater increase in IL-11 levels
than RET9, with a 6.2-fold increase compared to 3.5-fold change (P<0.01). Expression
of RET9 containing a MEN 2B-associated activating point mutation Met918Thr (RET9
M918T) resulted in a 7-fold change in IL-11 expression over the empty vector control
(P<0.01), and also produced significantly higher levels of IL-11 expression than RET9
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Figure 3.1 Schematic diagram of RET proteins used in experiments. (A) Full-length RET contains an extracellular domain, a transmembrane
domain (TM), and an intracellular domain that contains the tyrosine kinase domain (TK). (B) RET/PTC fusion proteins PTC1 and PTC3 are
composed of the intracellular domain of RET coupled to the N terminal portion of another protein. Spontaneous dimerization of RET/PTC proteins
is mediated by homodimerization of the N-terminal domains. (C) Chimeric intracellular RET (icRET) is composed of the intracellular domain of
RET, fused to two dimerzation domains (FKBP domains), which associate in the presence of the small molecule AP20187 (Gujral et al. 2006).
icRET also contains a myristoylation signal (Myr) which localizes the protein to the cell membrane.
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(P<0.05), and was not significantly different from wildtype RET51. Although RET9
M918T is already an active kinase, it was also treated with GDNF, as it has been shown
that ligand stimulation fully activates this mutant receptor [90, 246]. The degree of IL-11
induction reflected the levels of phosphorylated RET protein in the cells: there were
greater amounts of phosphorylated RET51 and RET9 M918T than phosphorylated RET9
(Figure 3.2A). GDNF stimulation of cells expressing a kinase-inactive form of RET9
containing a Lys758Met mutation (RET9 K758M, [236]), did not increase IL-11 relative
to empty vector, indicating that the kinase activity of RET was required for the induction
of IL-11 (Figure 3.2).
To examine whether RET membrane association was required for IL-11
upregulation, the ability of RET/PTC oncoproteins to increase IL-11 expression was
examined.

Similar to icRET, RET/PTC fusion proteins have no extracellular or

transmembrane domains (Figure 3.1), but unlike full-length RET or icRET, they are
distributed in the cytoplasm and do not localize to the membrane [15, 105]. RET/PTC
proteins PTC1 and PTC3 were transiently expressed in HEK293 cells, and then cells
were analyzed by qRT-PCR for IL-11 expression. Since RET/PTC proteins dimerize
spontaneously through their N-terminal domains and become activated [104, 105], GDNF
stimulation was not needed. Expression of both PTC1 and PTC3 proteins increased IL11 mRNA levels relative to empty vector control, with 6.5- and 3.5-fold changes
respectively (both P<0.01), increases which are comparable to those seen with full-length
RET activation (Figure 3.2B). Expression of PTC1 resulted in a greater fold change in
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IL-11 levels than PTC3 (P<0.01), consistent with the observation that there were greater
amounts of phosphorylated PTC1 than phosphorylated PTC3 (Figure 3.2).
To determine if increased relative levels of IL-11 transcript were accompanied by
increased cytokine production, cell culture supernatant taken from transfected cells at the
time of RNA harvest was analyzed by enzyme-linked immunosorbent assay (ELISA) to
measure the concentration of secreted IL-11. Conditioned medium from cells expressing
either full-length RET or RET/PTC proteins had increased amounts of IL-11 compared to
empty vector-transfected cells (Figure 3.2C). IL-11 protein levels were seen to reflect the
general trends seen with relative transcript quantification: full-length RET9 M918T
induced greater levels of secreted IL-11 then RET9; and a higher concentration of IL-11
was found in supernatant from PTC1 transfectants compared to PTC3.

3.1.2 RET-dependent IL-11 expression time course analysis

HEK293 cells stably expressing full-length RET9 and GFRα-1 (HEK293 FL
RET9 cells, [128]) were used for further characterization of IL-11 induction. This stable
cell line was chosen to provide consistent levels of RET expression. A time-course
analysis of IL-11 expression in response to GDNF stimulation was undertaken, and IL-11
levels were examined using qRT-PCR (Figure 3.3A). A slight but significant 1.6-fold
increase in IL-11 expression relative to cells without GDNF (i.e. 0 hour) was detected 3
hours after GDNF stimulation (P<0.05). A further increase, to 6.5-fold, relative to
untreated cells was seen by 6 hours (P<0.02) and 19-fold change by 8
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hours after GDNF addition (P<0.02); IL-11 expression after longer durations of GDNF
stimulation did not significantly differ from the 8 hour time point (P>0.50).

The

upregulation of IL-11 in HEK293 FL RET9 cells was considerably greater than the levels
seen in cells transiently expressing full-length RET9 (Figure 3.2), which could be
attributable to a heterogeneous expression of RET among the transient transfectants.
Previous studies have shown that early response of RET targets, such as JunB and
cyclin D1, occurs within 1-3 hours after RET activation [128, 236]. The later onset of
IL-11 expression suggested that IL-11 is an indirect target of RET, upregulation of which
might depend on the induction of intermediary proteins first. To test this, a time-course
analysis was performed in the presence of cycloheximide, a protein translation inhibitor.
When cycloheximide was added alongside GDNF, IL-11 mRNA levels at 8 hours after
stimulation did not differ from the 0 hour time point (Figure 3.3A). Interestingly, coincubation of cycloheximide with GDNF did not abolish the very slight but significant
increase in relative IL-11 expression at 3 hours (P<0.05), which was also detected at 6
hours (P<0.02). These results indicate that the upregulation of IL-11 by RET, whether by
increased transcription or mRNA stabilization, may be brought about in two ways: RET
activation seems to directly induce IL-11 expression to a small degree, but IL-11 is
largely a late response gene target of RET. This later induction is achieved through
indirect means requiring the production of one or more intermediate proteins to mediate
the increase in IL-11 mRNA levels.
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3.1.3 RET downstream signalling

Several signalling pathways are activated downstream of RET, triggered by the
phosphorylation of specific tyrosine residues in the kinase domain of RET. One such
residue is tyrosine 1062, which serves as an important docking site for adaptor proteins
that activate two major pathways: PI3K/AKT and RAS/ERK pathways (reviewed in
[247]). As noted earlier, Y1062 is a critical site for RET signalling, and is needed for
RET function during embryogenesis [49] as well as RET-mediated transformation [48].
We tested the requirement for this site in upregulating IL-11 using transient transfection
of an icRET9 expression construct mutated for Y1062F, previously generated in our
laboratory. Expression of wildtype icRET9 in HEK293 Tet-on cells increased IL-11
transcript levels by 7.6-fold, relative to mock-transfected cells (P<0.001), and also
increased IL-11 cytokine secretion into the medium. The Y1062F mutation significantly
impaired the ability of icRET9 to upregulate IL-11 (P<0.005) (Figure 3.3C), but did not
completely abolish it. Expression of icRET9 Y1062F still increased IL-11 transcript by
1.85-fold relative to mock-transfected cells (P<0.05), and also increased the secretion of
IL-11 into the cell culture supernatant, though at a much lower amount compared to cells
with wildtype icRET9 (Figure 3.3). This suggested that signalling pathways activated
through Y1062 in RET are key in mediating IL-11 expression, though Y1062 is not the
sole contributor; the required pathways can also be activated at lower levels through other
phosphorylated tyrosines.
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A pharmacological approach was taken to elucidate the contributions different
signalling pathways made to the induction of IL-11. As the RAS/ERK and PI3K/AKT
pathways are the two major pathways activated through Y1062, inhibitors targeting these
pathways were employed. Two small molecule kinase inhibitors were examined for their
ability to block IL-11 mRNA expression: the PI3K inhibitor LY294002, and the MEK1/2
inhibitor U0126. HEK293 FL RET9 cells were stimulated with GDNF in the presence of
either an inhibitor or the vehicle control DMSO. Using western blot analysis, it can be
seen that, in DMSO controls, GDNF activation of RET stimulated the phosphorylation of
AKT and ERK (Figure 3.4A). LY294002 blocked the GDNF-induced phosphorylation
of AKT, while U0126 blocked the GDNF-induced phosphorylation of ERK (Figure
3.4A). While GDNF stimulation increased the expression of IL-11 in both DMSO and
LY294002 treated cells, treatment with U0126 completely prevented the upregulation of
IL-11, such that expression in the presence of GDNF did not differ than without GDNF
(P>0.8, Figure 3.4B), revealing that RET induction of IL-11 requires activation of the
RAS/ERK pathway.
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inhibitor U0126 (10µM) to inhibit RAS/ERK signalling, or the PI3K inhibitor LY294002 (50µM) to inhibit PI3K/AKT signalling. After 30
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3.1.4 IL-11 expression in thyroid carcinoma cell lines

Given that constitutive activation of RET can lead to thyroid tumourigenesis
(reviewed in [248]), it was hypothesized that cell lines established from thyroid tumours
with a constitutively activated RET protein would express IL-11. Two thyroid cancer
cell lines expressing endogenous activated RET were assayed for IL-11 by qRT-PCR and
ELISA. TPC-1 cells harbour the PTC1 oncoprotein, and were derived from a papillary
thyroid carcinoma [234].

TT cells contain an MEN 2A-associated activating point

mutation in the extracellular domain of RET, and were derived from a medullary thyroid
carcinoma [235]. Despite the presence of activated RET in both cell lines (Figure 3.5A),
IL-11 was only detected in the TPC-1 cell line. IL-11 was absent in TT cells, evidenced
by a high Ct value in qRT-PCR, and was undetectable by ELISA (Figure 3.5B, C).

3.2 Investigation of IL-11 biological effects
3.2.1 IL-11 signalling in cell lines

IL-11 stimulation of the IL-11 receptor complex, composed of the subunits IL11Rα and gp130, can activate multiple signalling pathways. JAK/STAT signalling is the
predominant pathway activated, and activation of RAS/ERK and PI3K/AKT signalling
can also occur, though not observed in every cell type (Figure 1.4, reviewed in [249]).
To determine whether TPC-1, TT, and HEK293 FL RET9 cells were capable of being
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Figure 3.5 Expression of IL-11 in thyroid carcinoma cell lines. (A) Whole cell lysates from serum-starved TPC-1 and TT cells were analyzed
by western blot analysis for phosphorylated RET. (B) Expression of IL-11 in TPC-1 and TT cells was determined using qRT-PCR, and is
represented by a crossing threshold value (Ct). The Ct value is inversely proportional to the level of expression: the lower the value, the more
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performed in duplicate; TT n=1). (C) Secreted IL-11 protein concentrations in cell culture supernatants from these cell lines was measured using
an ELISA assay (medium harvests: TPC-1 n=3, TT n=1; each sample assayed in duplicate).
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in cell-based assays, cells were incubated with IL-11, and then cell lysates were analyzed
for phosphorylated STAT3, ERK, and AKT by western blot. Stimulation with IL-11
induced STAT3 phosphorylation, but did not stimulate the phosphorylation of ERK or
AKT, in all three cell lines (Figure 3.6A, 3.7A).
We wanted to determine whether secreted IL-11 induced by RET signalling was
capable of stimulating cells, in an autocrine or paracrine fashion. To investigate this, a
“co-culture” experiment was undertaken, using conditioned medium from icRETexpressing cells to culture HEK293 FL RET9 cells, and then assessing the activation of
signalling pathways in the latter. Because the activation of icRET relies on the small
molecule dimerizer AP20187 and not GDNF, conditioned medium harvested from these
cells would not contain GDNF, avoiding stimulation of full-length RET, which also leads
to STAT3 phosphorylation [65, 92]. An additional benefit was that HEK293 Tet-on cells
transiently expressing icRET9 produce a high amount of IL-11. Medium from icRET9expressing cells induced phosphorylation of STAT3 in HEK293 FL RET9 cells, though
the amount of pSTAT3 was less than that seen when cells were stimulated with pure IL11 (Figure 3.6A). Conditioned medium from icRET9 Y1062F cells, which have a very
low level of IL-11 expression compared to wildtype icRET9 (Figure 3.3C and D), did not
noticeably stimulate STAT3 phosphorylation in HEK293 FL RET9 cells (Figure 3.6A).
This suggests that the secreted IL-11 is functionally active, and could serve to stimulate
cells in an autocrine or paracrine manner.
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To determine if other members of the IL-6 family of cytokines might be
upregulated by RET and contribute to the ability of conditioned medium to stimulate
phosphorylation of STAT3, qRT-PCR analysis was used to measure their expression in
response to RET activation. HEK293 Tet-on cells transiently expressing icRET9 and
activated with AP20187 were assayed for IL-6 family gene expression, and compared to
expression levels in mock-transfected HEK293 Tet-on cells.

Activation of icRET9

significantly upregulated the expression of cardiotrophin-like cytokine factor-1 (CLCF-1,
P<0.01) and ciliary neurotrophic factor (CNTF, P<0.05), though the relative increases of
both genes in response to RET activation were less than the relative increase of IL-11
(Figure 3.6B). Though the levels of CLCF-1 and CNTF were not measured in the
conditioned medium, it is possible that these two molecules may also contribute to the
bioactivity of conditioned medium of RET-expressing cells.
To more directly assess the possibility that secreted IL-11 in conditioned medium
stimulates STAT3 phosphorylation, the anti-IL-11 neutralizing antibody AF218 was
employed to attempt to mitigate this pSTAT3 induction. For convenience, an HEK293
Tet-on cell line stably expressing icRET9 (Hickey et al. 2009) was used to generate
conditioned medium. Supernatant taken from cells without icRET9 expression did not
stimulate STAT3 phosphorylation in HEK293 FL RET9 cells (Figure 3.6C, lane 1),
whereas supernatant from cells with icRET9 expression did (Figure 3.6C, lane 2). When
conditioned medium from icRET9 stable cells was incubated in a cell-free plate with 2
µg/mL of AF218 for 90 minutes prior to use on HEK 293 FL RET9 cells, the level of
pSTAT3 induced by this medium was diminished by almost 40% compared to medium
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without AF218 (Figure 3.6C, lane 3 and 4). This indicates that at least part of the
pSTAT3 stimulatory activity of conditioned medium from RET-expressing cells can be
attributable to secreted IL-11.

3.2.2 The effect of IL-11 on proliferation of thyroid carcinoma cells

Among its various effects, IL-11 has been shown to promote the proliferation of
several cell types, including early hematopoietic progenitor cells [171], lung fibroblasts
[176], and colorectal carcinoma cells [216]. The ability of IL-11 to promote the growth
of thyroid carcinoma cells was examined, using colorimetric methylthiazolyldiphenyltetrazolium (MTT) assays to quantitate live cells, and provide a measure of cell number.
TPC-1 and TT cells were seeded into 96-well plates with or without different
concentrations of IL-11, and cell viability was determined after a period of three days.
Although treatment of TPC-1 cells with 10 ng/mL IL-11 resulted in a small but
significant 8% increase in proliferation over untreated cells (P<0.02, Figure 3.7B), no
dose-dependent increase in growth was detected with higher concentrations of IL-11
(P>0.30 for other IL-11 concentrations, Figure 3.7B). IL-11 had no impact on the
proliferation of TT cells at any concentration tested (P>0.10, Figure 3.7C).
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3.2.3 Determining if IL-11 regulates adhesion of thyroid carcinoma cells

IL-11 has been previously shown to modulate cell adhesion, increasing the
adhesion of endometrial epithelial cells to the extracellular matrix proteins fibronectin
and type IV collagen, as well as increasing the adhesion of endometrial epithelial cells to
trophoblast cells [191].

To determine if IL-11 can change the adhesion of thyroid

carcinoma cells, adhesion assays were performed using fibronectin and type I collagen,
preferred adhesive substrates used for these cell lines in our laboratory (J.G. Hickey,
personal communication). TPC-1 and TT cells were cultured with or without 50 ng/mL
IL-11 for 24 hours and then seeded onto matrix-coated 96-well plates, in the continued
presence or absence of IL-11. After one hour, adhesion of cells to the matrix was
measured colorimetrically, and absorbances were calculated relative to adhesion to
uncoated plates. In general, TPC-1 cells exhibited stronger relative adhesion than TT
cells, regardless of matrix composition or concentration (Figure 3.8). Treatment with IL11 was not found to change the adhesiveness of TPC-1 cells to either fibronectin or
collagen I (Figure 3.8A, B).

IL-11 also did not alter the adhesion of TT cells to

fibronectin (Figure 3.8C). IL-11 treatment resulted in decreased adhesion of TT cells to
type I collagen at 5 and 10 µg/mL concentrations of matrix (Figure 3.8D), though neither
of these decreases reached levels of significance (P=0.066 and 0.075, respectively).
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Figure 3.8 Examining the effect of IL-11 on cell adhesion. The levels of cellular adhesion to tissue culture plates coated with extracellular
matrix proteins were measured colorimetrically, and calculated relative to adhesion without matrix. Cells were cultured in the absence or
presence of 50 ng/mL IL-11 (indicated by solid and broken lines, respectively) for 24 hours prior to performing the adhesion assays. Average
relative absorbance ± SD is shown. (A) Adhesion of TPC-1 cells to plates coated with varying concentrations of fibronectin (n=3, in replicates of
four). (B) Adhesion of TPC-1 to collagen I (n=1, in replicates of four). (C) Adhesion of TT cells to fibronectin (n=2, in replicates of four). (D)
Adhesion of TT cells to type I collagen (n=3, in replicates of four).
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3.2.4 IL-11 in detachment-induced apoptosis

Anoikis is a phenomenon whereby cells undergo programmed cell death when
adhesion to the extracellular matrix is disrupted [206]. IL-11 has been found to confer
protection to colonic epithelial cells against anoikis [205], so we sought to determine
whether IL-11 had similar protective effects on thyroid carcinoma cells. To generate
conditions of forced detachment, cells were cultured in 96-well plates coated with poly(2-hydroxyethyl methacrylate) (poly-HEMA), a hydrogel that is effective in preventing
cell attachment [206]. Culturing cells on poly-HEMA significantly reduced the viability
of TT and TPC-1 cells, compared to cells grown under adherent conditions, i.e. uncoated
tissue culture plates (P<0.001, Figure 3.9). To examine if IL-11 could improve cell
survival on poly-HEMA, cells were seeded with or without the indicated concentrations
of IL-11. As seen in Figure 3.9, the addition of IL-11 did not enhance the survival of
either cell line.
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Figure 3.9 Examining the effect of IL-11 on anoikis. Conditions of forced detachment were obtained by seeding cells onto poly-HEMAcoated wells, in the absence or presence of IL-11. Cell viability was measured using MTT assays, and absorbances were normalized to the
absorbance of cells in adherent conditions (uncoated). Values shown are average relative absorbance ± SD. For each experiment, each
condition had eight replicates. Anoikis was examined in (A) TT cells (n=4) and (B) TPC-1 cells (n=1).
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3.3 Expression of RET, IL-11, and IL-11Rα in situ
Neither the expression pattern of IL-11 nor IL-11Rα in the adult human thyroid
has been detailed, though it has been reported that IL-11 is overexpressed in MTC
relative to other thyroid tumour types [232]. We sought to elucidate the expression
pattern of these two molecules, and RET, in normal and neoplastic thyroid. Given the in
vitro results obtained thus far demonstrating the upregulation of IL-11 in response to
RET activation, we wanted to determine whether the expression of RET and IL-11
showed a consistent pattern, which could indicate that RET stimulates IL-11 expression
in vivo. To this end, immunohistochemical staining of a thyroid tissue microarray (TMA)
was undertaken. The thyroid TMA consisted of normal thyroid (NT) specimens taken
from non-neoplastic tissue of patients who had presented with follicular adenoma, PTC,
or MTC (indicated in Table 3.1); and specimens of PTC and MTC.

An

immunohistochemical scoring scheme based on the system used by Kang et al. [238] and
Basolo et al. [239] was employed to assess the TMA. Cores were assessed based on the
intensity of staining of thyroid epithelium in normal thyroid tissue, or neoplastic cells in
thyroid cancer, as well as the proportion of cells which were immunoreactive. These two
factors were combined to create an immunohistochemical score categorized as either low,
moderate, or high. Parafollicular cells, which are present in relatively low numbers in
normal thyroid samples, could not be identified, as they are very difficult to distinguish
by cell morphology alone, and calcitonin immunostaining of serial sections was not
undertaken.
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All antibodies were tested on control tissues prior to immunostaining of the TMA.
Normal colon tissue was immunoreactive for RET in ganglion cells of the myenteric
plexus, as previously reported [245]; the signal was abolished when a specific blocking
peptide was added to the primary antibody incubation (Figure 3.10A, B). Staining of
proliferative phase endometrium was used as a positive control to confirm specificity of
the anti-IL-11 antibody. In line with previous reports [244, 250, 251], strong IL-11
expression was observed in glandular epithelial cells, with moderate expression in some
stromal cells (Figure 3.10C, D). To verify the specificity of the anti-IL-11Rα antibody,
prostate tumour tissue was used. IL-11Rα is expressed in the glandular epithelium in
normal prostate [252], and prostate carcinoma [213, 214], which is what we observed
(Figure 3.10E, F). Tonsil tissue was used as a positive control for CD3 and CD20
staining ([241, 243], Figure 3.10G, H). The colloid in normal thyroid tissue was found to
be non-specifically immunoreactive to the anti-RET, anti-IL-11, and anti-IL-11Rα
antibodies (Figure 3.11, 3.12).

3.3.1 RET

Immunohistochemical detection of RET showed it exhibited mostly cytoplasmic
staining and some membranous staining, consistent with previous reports of its cellular
localization [253]. RET expression was found in the epithelial follicular cells in normal
thyroid tissue and, within a core, the pattern of expression was uniform with almost all
cells positive (Figure 3.11, 3.12). Normal thyroid showed a range of different staining
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Figure 3.10 Immunohistochemical study of positive control tissues to verify antibody specificity. (A,
B) Normal colon. (A) Immunohistochemical detection of RET in the myenteric plexus, with strong
immunoreactivity in ganglion cells (black arrow). (B) A specific blocking peptide against the RET antibody
was included in 10-fold excess to confirm specificity of the staining. Brown pigmented particulate matter was
visible on the negative control section, but this matter was not in the same plane as the tissue section. (C,
D) Proliferative phase endometrium. (C) Strong expression of IL-11 was observed in glandular (black arrow)
and lumenal (red arrow) epithelium, and lower levels in the stromal cells. (D) No primary antibody was used
as a negative control. (E, F) Prostate carcinoma. (E) Expression of IL-11Rα is detected in the glandular
epithelium. (F) No primary antibody was used as a negative control. (G) CD3 immunostaining on tonsil
tissue showing T lymphocytes (black arrow) surrounding germinal centers. (H) CD20 immunostaining on
tonsil tissue showing B lymphocytes in germinal centers (black arrow). All images at 10X original
magnification, except for colon (25X).
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Table 3.1 Immunohistochemical scoring of normal thyroid (NT) tissue cores for RET, IL-11, and IL11Rα expression. Each specimen is represented by 1-3 cores on the TMA (--, core missing on slide). NT
tissue was obtained from non-neoplastic regions of thyroids with pathology; diagnoses of the thyroid
neoplasms are indicated in parentheses (*, neoplasms not included in IHC analysis). Scoring of the stained
tissue was performed as outlined in Materials and Methods. Intensity values range from 0 (absent) to 3
(strong); extent of tumour cells immunoreactive ranges from 1 (<25%) to 4 (>75%). The
immunohistochemical score of each core (0-12) is indicated in parentheses in bold.

RET

IL-11

IL-11Rα

Sample

Intensity,
Extent

Intensity,
Extent

Intensity,
Extent

NT1 (PTC2)

2, 4 (8)

--

--

NT2 (FA*)

2, 3 (6)

1, 1 (1)

--

--

2, 3 (6)

1, 1 (1)

3, 4 (12)

2, 4 (8)

1, 1 (1)

3, 4 (12)

2, 4 (8)

1, 1 (1)

2, 4 (8)

--

--

1, 3 (3)

--

--

--

1, 4 (4)

1, 1 (1)

2, 4 (8)

1, 3 (3)

1, 1 (1)

2, 4 (8)

1, 4 (4)

1, 1 (1)

3, 4 (12)

2, 4 (8)

1, 3 (3)

NT6 (FA*)

2, 4 (8)

1, 4 (4)

1, 1 (1)

NT7 (MTC*)

1, 2 (2)

--

--

1, 2 (2)

1, 2 (2)

1, 1 (1)

1, 2 (2)

1, 2 (2)

0 (0)

1, 3 (3)

1, 2 (2)

1, 1 (1)

1, 4 (4)

2, 2 (4)

--

--

2, 3 (6)

1,1 (1)

NT3 (FA*)

NT4 (FA*)

NT5 (FA*)

NT8 (MTC3)

NT9 (MTC4)
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Table 3.2 Immunohistochemical scoring of neoplastic thyroid tissue cores for RET, IL-11, and IL11Rα expression. Each specimen is represented by 1-3 cores on the TMA (--, core missing on slide).
Scoring of the stained tissue was performed as outlined in Materials and Methods. Intensity values range
from 0 (absent) to 3 (strong); extent of tumour cells immunoreactive ranges from 1 (<25%) to 4 (>75%). The
immunohistochemical score of each core (0-12) is indicated in parentheses in bold. PTC, papillary thyroid
carcinoma; MTC, medullary thyroid carcinoma.

RET

IL-11

IL-11Rα

Sample

Intensity,
Extent

Intensity,
Extent

Intensity,
Extent

PTC1

1, 4 (4)

2, 3 (6)

--

1, 4 (4)

3, 4 (12)

0 (0)

1, 4 (4)

3, 4 (12)

0 (0)

1, 4 (4)

1, 3 (3)

0 (0)

1, 4 (4)

2, 3 (6)

0 (0)

2, 4 (8)

1, 4 (4)

1, 1 (1)

1, 3 (3)

2, 4 (8)

2, 1 (2)

PTC4

1, 4 (4)

--

--

PTC5

1, 4 (4)

3, 4 (12)

1, 2 (2)

PTC2

PTC3

1, 4 (4)

3, 4 (12)

1, 2 (2)

1, 4 (4)

3, 4 (12)

1, 1 (1)

MTC1

1, 4 (4)

1, 4 (4)

1, 4 (4)

MTC2

1, 4 (4)

--

--

1, 1 (1)

1, 4 (4)

1, 1 (1)

0 (0)

1, 4 (4)

1, 2 (2)

MTC3

1, 2 (2)

--

--

MTC4

1, 4 (4)

2, 4 (8)

2, 2 (4)

MTC5

MTC6

1, 4 (4)

2, 4 (8)

1, 4 (4)

1, 4 (4)

2, 4 (8)

1, 4 (4)

2, 4 (8)

2, 4 (8)

2, 4 (8)

2, 4 (8)

2, 4 (8)

2, 4 (8)

2, 4 (8)

2, 4 (8)

2, 4 (8)

2, 4 (8)

3, 4 (12)

2, 4 (8)

1, 4 (4)

1, 4 (4)

1, 4 (4)

1, 4 (4)

1, 4 (4)

1, 4 (4)
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intensities, and of the eight samples that were stained for RET, five of them exhibited
moderate or strong intensity (Table 3.1).
The majority of the PTC specimens represented on the TMA exhibited weak
intensity of RET expression across the tumour cells in each core, resulting in low
immunohistochemical scores (Table 3.2). It cannot be ascertained whether the RET
being detected is the wild-type receptor or a fusion RET/PTC oncoprotein, since the
antibody’s epitope is located in the C-terminus of RET. Using RT-PCR, Nikiforova et al.
[254] found frequent expression of wild-type RET mRNA in PTC (15 out of 27 samples),
after excluding the presence of parafollicular cells in those samples by absence of
calcitonin expression.

Previously, research groups have described the genetic

heterogeneity of PTCs with respect to the occurrence of RET/PTC rearrangements within
a tumour, which can result in focal immunohistochemical detection of RET across a
section [107, 124, 255, 256]. We observed focal immunoreactivity in some samples
(2/4), where groups of tumour cells in a tissue core exhibited slightly higher intensity of
staining than the surrounding cells (Figure 3.13). It is possible that these groups of cells
may harbour a RET/PTC rearrangement, leading to increased expression of the
intracellular domain of RET under a different promoter [15]. In three of four PTC
specimens, the presence of infiltrated immune cells was readily discernable, in line with
previous reports on the high frequency of infiltration with this histotype of thyroid cancer
[119, 233]. The infiltrates consisted of a mixed population of cells, which included B and
T lymphocytes, revealed by CD20 and CD3 immunoreactivity respectively (Figure 3.14)
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RET

Negative

IL-11

*

*

NT

IL-11Rα

*

PTC

MTC

300 µm

Fig ure 3. 11 I mm un o histoc hem ical a nalysi s of hu ma n thyr oid tis sue. Expression of RET , IL-11 an d IL-11R α in no rmal thy roid (NT ), pa pillary
thyroid carcinom a (PT C), and medullary thyroid carcinoma (M TC ). Fo r each histological subtype, stainings sh own are f rom different sections of
one core. Immunohistochemical staining without a primary antibody served as a negative control. Positive staining is indicated by brown
colouration; nuclear blue staining is hematoxylin counterstain. Colloid (indicated by *) showed non-specific reactivity.
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IL-11Rα
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NT
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moderate
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Figure 3.12 Higher ma gnifica tio n of h uman thyroi d tissue cores. Expression of RET, IL-11, and IL-11Rα in normal thyroid (NT), papillary
thyroid carcinoma (PTC), and medullary thyroid carcinoma (MTC). For each type of thyroid tissue, stainings shown are different sections from the
same tissue core. Intensity of each stain is indicated below each image. Immunohistochemical staining without a primary antibody served as a
negative control. *, colloid with nonspecific staining; black arrow, follicular epithelium; red arrow, neoplastic thyrocytes; green arrow, immune
cells.
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B

D

Fig ure 3.13 Imm un ohis toc hemi stry o f PTC tis sue sh owin g the ex pressi on o f RET a nd IL -11. (A) Low -magnification view of a core
immunostained for RET. (B) Low magnification view of a section from the same core, immunostained for IL-11. (C) Higher magnification of A,
showing the heterogeneity of RE T prot ein staining. Cells with moderate RET exp ression can be observed (black arrow ), as well as cells with little
to no RET protein (red arrow). (D) Higher magnification of B, showing strong expression of IL-11 in tumour cells.
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Figure 3.14 Immunohistochemical analysis of RET, IL-11, IL-11Rα, CD3, and CD20 expression in PTC. A proportion of immune infiltrates
(black arrow) in PTC express RET, IL-11, and almost all of the infiltrates are positive for IL-11Rα. The presence of T lymphocytes (red arrow) and
B lymphocytes (green arrow) in PTC are revealed by positivity for the cell surface markers CD3 and CD20, respectively.
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Strong to moderate RET staining intensity was observed in a proportion of the infiltrated
immune cells. In MTCs, RET expression was present uniformly in tumour cells, with
weak to moderate levels of staining intensity (Figure 3.11, 3.12; Table 3.2).
The presence of RET in MTCs was not unexpected, as parafollicular cells
normally express the RET receptor [81] and previous studies have demonstrated RET
expression in MTCs [257, 258].

Overall, PTCs and MTCs had a lower average

immunohistochemical score than normal thyroid (Table 3.3), which principally resulted
from lower staining intensities in neoplastic thyroid.

3.3.2 IL-11

IL-11 was present in the thyroid (Figure 3.11, 3.12), and its expression was found
to be higher overall in PTC and MTC relative to normal thyroid (Table 3.1-3.3). Weak to
moderate levels of IL-11 staining intensity were observed in the follicular epithelium of
the normal thyroid tissue, and the extent of staining was found to be variable between
samples. PTC samples presented with increased intensity of IL-11 positivity compared to
normal thyroid, and showed moderate and strong levels of IL-11 expression in the tumour
cells (Figure 3.13, 3.14). Positivity was also detected in a proportion of the surrounding
infiltrated immune cells in PTC. MTC tissues showed a range of intensities for IL-11
immunoreactivity between samples, and exhibited increased extent of immunoreactivity
in thyrocytes compared to normal thyroid. The extent of IL-11 expression was highly

72

Table 3.3 Summary of RET, IL-11, and IL-11Rα expression in thyroid tissue.
Average immunohistochemical scores (0-12), taking intensity and extent of staining
into account, for each type of thyroid tissue ± standard deviation. Number of cases
for each type of thyroid tissue are shown in parentheses, according to the
immunohistochemical score of each sample (0-4, low; 5-8, moderate; 9-12, high).

RET

IL-11

IL-11Rα

Normal Thyroid

PTC

MTC

6.3 ± 3.2

4.3 ± 0.7

4.2 ± 2.3

(3, 3, 2)

(4, 1, 0)

(3, 2, 0)

4.4 ± 1.9

8.1 ± 3.5

6.1 ± 2.0

(5, 3, 0)

(0, 2, 2)

(2, 3, 0)

1.0 ± 0.3

0.7 ± 0.8

4.6 ± 2.4

(8, 0, 0)

(4, 0, 0)

(3, 2, 0)
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similar between different specimens, and in each case, expression was uniform and
almost the entire population of tumour cells was positive for IL-11.
Based on the in vitro data presented above, it was hypothesized that the
expression pattern of RET would be positively correlated with IL-11 expression. RET
and IL-11 were often found to be present in the same cell types in a given sample: both
proteins were detectable in follicular cells in normal thyroid, and in the tumour cells in
PTC and MTC (Figure 3.12, 3.13). Both the expression of RET and IL-11 were found to
be uniform in the tumour cell populations in each core of MTC (Figure 3.12), which is
consistent with our in vitro data regarding the regulatory relationship between RET and
IL-11.
The heterogeneous cell population in PTCs offered a greater opportunity for
comparing the expression patterns of RET and IL-11. Both RET and IL-11 were found to
be expressed in a proportion of leukocytes (Figure 3.14); however, the sections stained
were not serial sections, and co-expression in identical leukocytes could not be
ascertained. In the PTC cores which exhibited a heterogeneous pattern of RET staining,
the expression pattern of IL-11 did not mirror that of RET. In these cases, IL-11
expression was fairly uniform across the core, with a moderate to strong staining intensity
(Figure 3.13). Overall, the in situ expression patterns of RET and IL-11 could be
consistent with the in vitro data which demonstrated that IL-11 is positively regulated by
RET. The finding of uniformly strong IL-11 expression in PTC samples with weak or
heterogeneous immunoreactivity for RET may perhaps reflect RET-independent
expression of IL-11.

This would not be incompatible with the notion that RET
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upregulates IL-11, since IL-11 can also be stimulated by other molecules. Additionally,
it is important to note that no instances were observed where a core displayed strong RET
expression and absent IL-11. The possibility that IL-11 is a target of RET in vivo could
not be excluded.

3.3.3 IL-11Rα

Normal thyroid tissue showed very weak, heterogeneous staining of IL-11Rα in
the epithelium, with a small proportion of positive cells (Figure 3.11, 3.12). Very weak
signals were also seen in the tumour cells in PTC, though unlike NT, the expression of
IL-11Rα was more uniform in the population of cells in a given sample. Infiltrated
immune cells in PTC exhibited strong immunoreactivity for IL-11Rα (Figure 3.14). The
immunohistochemical detection of IL-11Rα on lymphocytes is concordant with studies
which have documented the responsiveness of B and T cells to IL-11 [135, 197, 198]. In
MTC tissue, weak and moderate levels of IL-11Rα expression were detected in the
tumour cells. Infiltrating lymphocytes strongly positive for IL-11Rα were also detected
in one of the five MTC samples (Figure 3.15).

Similar to immunohistochemical

detection of RET, IL-11Rα was found to exhibit mostly cytoplasmic staining and with
some membranous presence, which has been documented by others as well [188].
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IL-11Rα

CD3

CD20

300 µm

Figure 3.15 Immunohistochemical analysis of MTC for IL-11Rα, CD3, and CD20. Lymphocytic infiltration of the thyroid tumour tissue core
can be seen. A lymphoid follicle is visible in the tissue core (box), which is strongly immunoreactive for IL-11Rα. The corresponding area is also
strongly positive for the B cell marker CD20. Sections from the same core immunostained for RET and IL-11 are not shown, as the lymphoid
follicle is not present in those sections.
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Chapter 4
Discussion
The many processes that RET is involved in during the development of normal
organs and neoplastic tissues have fuelled efforts to elucidate the mechanisms employed
by RET to mediate its biological effects. Numerous studies over the years have identified
a number of genes whose expression patterns are modulated by RET activation, and
consistently, researchers have found that a subset of these genes is involved in regulating
the immune system [75, 130-132]. One of the target genes we identified through cDNA
microarray screening was IL-11 [75], which was chosen to be the focus for further
investigation.

4.1 Expression of IL-11 in response to RET activation
We had previously shown that expression of IL-11 transcript is increased in cells
expressing chimeric icRET proteins, relative to empty vector control cells [75]. We
sought to characterize the expression levels of IL-11 in response to the activation of RET,
exploring the impact of different RET protein forms, time course of IL-11 upregulation,
and signalling pathways downstream of RET that are needed for this induction.
First, we examined the ability of wild-type full-length RET proteins, which
require the co-receptor GFRα-1 to become stimulated by ligand, to increase IL-11
expression upon activation (Figure 3.2). GDNF stimulation of RET9 upregulated IL-11
transcript levels as well as secretion of the cytokine into the surrounding medium.
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Activation of RET51 brought about a greater induction of IL-11 compared to RET9, as
did the constitutively activated MEN 2B-associated mutant protein RET9 M918T. This
pattern reflected the increased levels of phosphorylated RET found in RET51 and RET9
M918T expressing cells compared to cells with RET9 (Figure 3.2A). Overall, there were
greater amounts of total RET protein in RET51 and RET9 M918T expressing cells. The
fact that the M918T mutation results in a more active kinase [90] is likely another
contributing factor to the higher level of phosphorylated RET, compared to cells with
wildtype RET. The upregulation of IL-11 expression was dependent on the kinase
activity of RET, as stimulation of a kinase-dead RET with GDNF did not result in any
changes in IL-11 levels. The ability to induce IL-11 expression was not restricted to
membrane-targeted forms of RET, as the RET/PTC oncoproteins PTC1 and PTC3 were
also able to increase IL-11 expression relative to empty vector controls, with fold changes
in IL-11 comparable to that seen with full-length RET (Figure 3.2).

Thus, the

upregulation of IL-11 is a common feature of all forms of RET proteins examined:
intracellular membrane-localized RET, naturally occurring full-length transmembrane
RET, and cytoplasmic RET/PTC fusion proteins.
Time course analysis showed that there is an early response in IL-11 transcript
levels, in the form of a small yet consistent increase by 3 hours after RET activation, and
also a late response with a much larger increase in IL-11 by 8 hours after RET activation
(Figure 3.3A). The later response, but not the early response, is dependent on protein
translation, indicating that production of intermediary proteins downstream of RET
activation is necessary for the full upregulation of IL-11. The induction of IL-11 by RET
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could be effected through two separate mechanisms, one accounting for the early
response and one responsible for the late response. Alternatively, both the early and late
increases in IL-11 expression could depend on the same factors. In this scenario, the
labile factors are available in limited quantities that initially facilitate the upregulation of
IL-11 within 3 hours after RET activation, but need to be replenished to increase IL-11
expression later.

In either case, potential molecules that could be mediating IL-11

expression are the JunB and c-Fos proteins, which RET has been shown to upregulate
[236, 259]. They have been demonstrated to be crucial in mediating transcription of IL11 downstream of other stimuli, such as TGF-β and IL-1 [163, 165], and as both are
immediate gene targets of RET, they could be mediating the late increase in IL-11
expression. IL-1 stimulated increase in IL-11 has been shown to be partially mediated by
IL-11 transcript stabilization [163]. It is also possible that the upregulation in IL-11
transcript could be a consequence of an increase in the stability of IL-11 mRNA, and not
solely due to an increase in the transcriptional activity at the IL-11 gene.
The induction of IL-11 was heavily dependent on signalling pathways propagated
through RET residue Y1062, but was not completely abolished when Y1062 was mutated
(Figure 3.3B-D). A number of signalling pathways are activated through phosphorylated
Y1062, including the RAS/ERK and PI3K/AKT pathways [54, 55]. Activation of these
signalling proteins downstream of RET Y1062F is substantially impaired compared to
wildtype RET, but still evident compared to empty vector control [55], indicating that
other tyrosine residues also contribute to the activation of these pathways, although to a
lesser degree. The low level activation of ERK and AKT are likely candidates for the
79

small increase in IL-11 expression observed downstream of RET Y1062F.

Using

specific inhibitors, we found that suppressing ERK activation completely prevented RET
from upregulating IL-11 expression 8 hours after RET activation (Figure 3.4), whereas
inhibition of PI3K/AKT signalling did not mitigate IL-11 induction (Figure 3.4). These
results show that, at least for the late response in IL-11 levels, the ability of RET to
stimulate IL-11 expression is mediated through the RAS/ERK pathway. An examination
of relative IL-11 levels 3 hours after RET activation was not undertaken, so the cause of
the immediate response in IL-11 expression could not be ascertained.
We established that conditioned medium from cells expressing RET was able to
stimulate STAT3 phosphorylation (Figure 3.6). As predicted from the small amount of
IL-11 secreted by cells expressing RET mutated for Y1062, conditioned medium from
such cells did not detectably stimulate STAT3 phosphorylation. The degree of STAT3
phosphorylation was less when the conditioned medium was pre-treated with an IL-11
neutralizing antibody, which does not cross-react with other members of the IL-6 family
of cytokines (manufacturer’s instructions). This demonstrates that RET-induced IL-11 is
secreted in an active form, capable of stimulating cells in a paracrine manner, and
potentially an autocrine manner as well. Examination of the RET-expressing cells for
expression of the IL-6 family of cytokines showed that RET can increase expression of
two other members of the family, CLCF and CNTF. It is possible that these cytokines,
and other soluble factors not investigated, also contribute to the bioactivity of the
conditioned medium.
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4.2 Response of thyroid cancer cell lines to IL-11
Two thyroid cell lines were employed for this study, derived from two types of
thyroid cancer: TPC-1 cells from PTC, and TT cells from MTC. Although we predicted
that both would express IL-11, based on the presence of constitutively activated forms of
RET, IL-11 was only detected in TPC-1 cells (Figure 3.5). One possibility to account for
the lack of any IL-11 expression in TT cells could be that due to long-term culture
conditions, the autocrine effects of IL-11 were no longer needed, resulting in the loss of
this pathway downstream of RET.
Stimulation of TPC-1 and TT cells with IL-11 activated STAT3, but did not bring
any changes in the levels of phosphorylated ERK or AKT (Figure 3.7A). IL-11 does not
activate these pathways in all cell types [205, 216], so this pattern could be a cell-type
specific effect. However, there is a high level of background pERK and pAKT in both
cell lines, which could represent a maximal activation of those signalling pathways, or
obscure potentially small changes elicited by IL-11 stimulation.
Based on previous reports detailing the in vitro effects IL-11 exerts on a variety of
cell types (reviewed in [260]), we sought to investigate what kind of influence IL-11
might have on thyroid cancer cell lines. IL-11 did not promote the proliferation of either
the fast-growing TPC-1 cells or the slow-growing TT cells (Figure 3.7B-C). This was
not unexpected, as the consequences of IL-11 stimulation have been shown to be celltype specific, such that IL-11 does not have a consistent effect on mitogenesis. IL-11 has
proliferative activity in some cells [153, 176, 251], anti-proliferative activity in others
[178, 179], and no effect on proliferation in yet other cells types [192]. We examined
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whether IL-11 offered any protection against detachment-induced cell death, as IL-11 has
been shown to protect colonic epithelial cells against anoikis [205]. Culturing TPC-1 and
TT cells on poly-HEMA coated plates for 24 hours resulted in approximately 50% and
30% decreases in cell viability, respectively (Figure 3.9), rates which are comparable to
those seen with some other cancer cell lines [261]. We found that the treatment of cells
with IL-11 did not improve the survival of TPC-1 or TT cells cultured on poly-HEMA
(Figure 3.9). Next, we decided to determine whether IL-11 exerts any effect on the
adhesion of TPC-1 or TT cells to extracellular matrix proteins, as IL-11 can modulate the
adhesion of endometrial epithelial cells [191].

Overall, TPC-1 cells were strongly

adherent, whereas TT cells exhibited weak levels of adhesion to uncoated plates, as well
as to matrix protein-coated plates. IL-11 did not confer TPC-1 cells with altered adhesive
properties to either collagen or fibronectin (Figure 3.8). Treating TT cells with IL-11 did
not change cell adhesion to fibronectin, but did yield a trend toward decreased adhesion
to type I collagen, with an approximately 20% decrease in adhesion at two matrix
concentrations, though the differences between treatment and no treatment did not reach
levels of significance (Figure 3.8). In summary, IL-11 does not have any detectable
bearing on the proliferation, resistance to anoikis, or adhesion of the thyroid cancer cell
lines tested.
There have been no studies examining the role of IL-11 in normal or pathological
thyroid biology. A few reports have investigated the effects of another member of the IL6 cytokine family, LIF, on TT cells. Autocrine production of LIF and activation of
JAK/STAT3 signalling is capable of inhibiting the growth of TT cells and altering their
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state of differentiation, bringing about changes in cell morphology and calcitonin
expression [262-264]. Our findings that IL-11 does not alter the tested qualities of the
thyroid cancer cell lines could simply be because IL-11 does not normally participate in
shaping these behaviours in thyroid cells in vivo. It could also reflect the fact that the
cells are perpetually in a state of activated ERK and AKT signalling (Figure 3.7A),
probably partially supplied by the presence of a constitutively active RET kinase (Figure
3.5A), and have become insensitive to any potential influences of IL-11. Alternatively, it
may be that a wider range of cellular behaviours need to be tested, and we have yet to
uncover the capacity in which IL-11 modulates the activity of thyroid cancer cells. Two
potential avenues that warrant exploration are migration and invasion. IL-11 acts as a
chemoattractant for several cell types, including colorectal and breast cancer cells [216,
225], and is capable of increasing Matrigel invasion of colorectal and gastric cancer cells
[216, 218].

4.3 In situ expression of RET, IL-11, and IL-11Rα in thyroid
As we have determined that RET can stimulate the expression of IL-11, we
wanted to determine whether IL-11 is expressed in thyroid tumours that are associated
with constitutively activated RET protein. Immunohistochemical staining of a thyroid
TMA was executed, to elucidate the pattern of expression of RET, IL-11, and IL-11Rα.
Immunohistochemical analysis for RET showed it is expressed in follicular cells
of normal thyroid tissue (Figure 3.10-11). There has been a lack of consistency in the
literature regarding the expression of RET in the normal thyroid.
83

Our data is in

agreement with studies that have also indicated the presence of RET in normal follicular
cells [124, 238] and follicular cell-derived tumours [265], though not at strong levels.
However, our results are in contrast to other reports which found no RET expression in
normal thyroid epithelium by IHC, despite using similar RET antibodies [255, 266]. It
should be noted though that these reports also found no RET positivitiy in parafollicular
cells [255, 266], cells which are widely accepted to express RET [81, 267].
As expected, MTC tumour cells expressed RET, which has been previously
reported [257, 258, 268], and all the PTCs also showed RET expression. Unexpectedly,
the intensity of immunoreactivity was noticeably lower in these two cancers than in
thyrocytes of the normal thyroid. One conjecture is that the reduction in the intensity of
RET expression might represent partial thyrocyte dedifferentiation, leading to decreased
RET expression. Although both PTC and MTC are classified as differentiated thyroid
tumours, there is still divergence in the identity of tumour cells from normal thyrocytes.
Using gene expression profiling, Durand et al. [269] showed that PTCs exhibited reduced
expression of genes involved in thyroid function, such as thyroglobulin and thyroid
peroxidase. The expression of RET itself was not examined in that study, but it is
possible that the expression of RET may also be affected. This scenario would not be
applicable to PTCs that possess a RET rearrangement, which places the C-terminal
portion of RET under the control of another promoter [15]. Mutational analyses of
tumour specimens for RET mutations were not available for this study; it is indeterminate
whether the RET stainings in PTC tumours were a result of constitutively active
RET/PTC fusion protein or wild-type RET receptor.
84

IL-11 expression was found in normal and neoplastic thyroid tissue (Figure 3.1112). Follicular cells in normal thyroid expressed IL-11. In PTC and MTC, IL-11 was
detected in the thyroid cancer cells. PTC and MTC showed relatively higher expression
compared to normal thyroid, with a greater intensity and extent of staining. Although the
sample sizes were small, and statistical analyses on immunohistochemical scores were
not undertaken, these results are useful in providing a general picture of the pattern of IL11 expression. Based on the results obtained from in vitro experiments demonstrating
that IL-11 is upregulated in response to RET activation, it was anticipated that the in situ
expression pattern of IL-11 might be highly similar to that of RET, if RET stimulates IL11 expression in vivo. RET and IL-11 were found to be co-expressed in the same cell
types in normal thyroid and cancer. In MTC, RET and IL-11 were both expressed in the
tumour cells in a uniform pattern across a tissue core. The tissues which had the highest
intensity of IL-11 expression were PTC, which also exhibited a very low expression of
RET. Some cores presented with heterogeneous staining of RET with foci displaying
slightly higher intensity, but these foci did not coincide with areas of higher IL-11
expression – the entire core, in these cases, showed uniformly moderate or strong IL-11
immunoreactivity (Figure 3.13). It is possible that increased IL-11 expression cannot be
detected, if the increased protein is not retained by the cells, but secreted. An alternative
possibility is that another stimulus contributes to regulating IL-11 expression in the
thyroid. This is a probable option, as it is known that various other stimuli can promote
IL-11 expression [161, 166, 168]. Importantly, we did not detect any cores which
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showed RET expression without IL-11 expression, which would have been inconsistent
with the model of RET as a positive regulator of IL-11.
There is a great likelihood that RET protein in PTC and MTC is constitutively
active, given that approximately 25% of MTC cases are familial and have germline
mutations [82], and of the remaining 75% of cases which present as sporadic MTC, about
a third could have somatic mutations [270]. The numbers are less definitive for PTC,
where the proportion of patients positively detected with a RET rearrangement can
encompass a wide range from 20-60%, depending on the method of detection [106-108].
It is not established if RET in the normal thyroid is activated. Co-expression of any of
the GDNF family of ligands and their respective co-receptors in the thyroid would be
required to sustain RET signalling, and it is unknown whether any of the ligand
complexes are present in the normal thyroid. An in situ hybridization study did not find
any GDNF or GFRα-1 expression in normal thyroid, but they also did not detect any RET
expression, which they proposed might be due to a lack of C cells in the tissue sampled
[267].

Another study found expression of GFRα-4, but not its ligand persephin, in

normal thyroid [271]. It would be interesting to elucidate the expression pattern of
phosphorylated, active RET in thyroid tissue, as we have shown in vitro that activation of
RET is needed to stimulate IL-11 expression. On the whole, we cannot determine from
the evidence we acquired whether RET upregulates IL-11 in vivo.

Normal thyroid tissue and PTCs showed very low levels of IL-11Rα in
thyrocytes, whereas MTC tumour cells were observed to stain weakly to moderately for
86

IL-11Rα (Figure 3.10, 3.11). It remains unclear in what capacity, if any, IL-11 could be
impacting on thyrocytes in MTC. The expression of both IL-11 and IL-11Rα in the
thyroid cancer cells in MTC would make autocrine stimulation of the tumour cells a
possibility. IL-11 was not found to modify the proliferation, survival, or adhesion of TT
cells. There are discrepancies between this tumour-derived cell line and actual tumours.
Although TT cells do not express any IL-11, the cytokine can be readily detected in MTC
tumour cells in situ (Figure 3.10, 3.11). Thus, TT cells are not an entirely appropriate
representation of MTC cells; it is possible that cancer cells in MTC react differently to
IL-11 than TT cells do, and perhaps properties of MTC tumour cells such as proliferation,
survival, or adhesion, are actually amenable to influences from IL-11 in vivo.
Although PTC neoplastic cells had absent or weak immunoreactivity for IL-11Rα,
strong staining in surrounding immune infiltrates was evident in three of the four
specimens. IL-11Rα+ infiltrated immune cells were also visible in one MTC specimen.
The populations were determined to contain both B and T lymphocytes (Figure 3.12),
which others have reported to consist of both CD4+ helper and CD8+ cytotoxic T cells
[114]. PTCs often show leukocyte infiltration [119, 233] that involves a variety of cell
types, such as mature and immature dendritic cells [115, 272], mast cells (Melillo et al. in
press), macrophages [273], and natural killer cells [114].
Based on the established effects of IL-11, it is interesting to speculate that IL-11
secreted by the cancer cells could have paracrine immunomodulatory functions in thyroid
cancer. It is possible that IL-11 could play a part in attracting immune cell infiltration.
This possibility may play a larger role in PTC, as MTCs are less frequently associated
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with immune infiltrates. In vitro, IL-11 has been shown to be a chemotactic factor for
leukemic T cells [274]. Overexpression of IL-11 in the lung in mice results in the
accumulation of inflammatory cells in peribronchiolar nodules, composed mostly of B
cells with a smaller population of helper and cytotoxic T cells [199]. If IL-11 does
contribute to immune cell recruitment, it is certainly not the major determining factor,
given that both MTCs and PTCs express IL-11, but only PTCs display frequent
infiltration.
As stated earlier, IL-11 has pleiotropic effects on multiple immune cell types. IL11 can regulate CD4+ T cell proliferation and differentiation, inhibiting the commitment
to a Th1 phenotype and supporting adoption of the Th2 phenotype [196-198, 275]. Its
actions on dendritic cells have not been ascertained, though it has been noted that IL-11
does not affect dendritic cell maturation [197]. IL-11 has been shown to indirectly
stimulate mast cell proliferation through fibroblasts [276].

IL-11 inhibits

lipopolysaccharide (LPS)-induced activation of monocytes towards the M1 phenotype,
preventing the release of a host of inflammatory cytokines such as TNFα, IL-1, and IL-12
[194, 277].
Given the complex interconnectivity between the behaviour of one immune cell
type and that of another, it is difficult to argue that the immunomodulatory functions of
IL-11 might combine to ultimately favour either tumour progression or an anti-tumour
environment. One possibility can be gleaned from the effects IL-11 has on helper T cells
[197] and macrophages [194]. Monocytes can differentiate into macrophages with either
an M1 or M2 phenotype: M1 macrophages have tumour cytotoxic actions and are
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associated with tumour regression, whereas M2 macrophages promote tissue remodelling
and are associated with tumour growth (reviewed in [278]). Differentiation into the M1
phenotype requires inflammatory stimuli such as LPS or IFN-γ, while commitment to the
M2 phenotype is promoted by anti-inflammatory stimuli such as IL-4, IL-10, and IL-13.
Although IL-11 has not been found to affect the differentiation of human peripheral
blood monocytes into macrophages [279], IL-11 promotes Th2 polarization of CD4+ T
lymphocytes, and can stimulate the production of Th2-type cytokines such as IL-4 and
IL-10 [197, 198].

Thus, through the regulatory actions of IL-11 on helper T cell

differentiation towards the Th2 phenotype, IL-11 could indirectly stimulate monocytes
towards adopting the M2 phenotype, contributing to tissue remodelling and decreasing
cell-mediated tumour cell destruction. Through these mechanisms, one possibility that
can be envisioned is that tumour cell production of IL-11 would have pro-tumour
influences on the immune system.

Ultimately, it remains to be determined what

immunomodulatory functions IL-11 might have in the context of thyroid cancer.

4.4 Assessment of the proposed model of autocrine stimulation
Initially, an autocrine mode of stimulation by IL-11 was hypothesized to influence
neoplastic cells in thyroid cancer. Surveying reports of other soluble factors that are
upregulated by RET, there are several examples of autocrine stimulation promoting protumour behaviours. For instance, IL-1, IL-4, and IL-10 are produced by papillary thyroid
carcinoma cells, and act in an autocrine manner to support proliferation and resistance
against Fas-mediated apoptosis [280, 281]. PTC3 can induce the expression of IL-24,
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CXCL1, and CXCL10, factors which also act in an autocrine manner to enhance
proliferation and invasion [130, 133]. We did not observe IL-11 effects on the set of
behaviours tested using two thyroid cancer cell lines. Based on our findings, we can
come to a few reasonable explanations. Firstly, as mentioned above, the thyroid cancer
cell lines used in this study could simply be poor models that don’t reflect the behaviour
and responses of thyroid cancer cells in situ. Secondly, it is possible that autocrine
production of IL-11 has effects earlier in tumourigenesis, and established tumours and
cell lines no longer require the stimulatory actions of the cytokine. Thirdly, it may be
that secreted IL-11 works in a mainly paracrine fashion, with little effect on neoplastic
thyroid cells.
Potential roles for IL-11 in thyroid cancer were not elucidated, but the possibility
that IL-11 is a mediator of the biological effects of RET activation under nonpathological circumstances remains a possibility. One such normal circumstance may be
found in embryogenesis, during kidney development. Exogenous IL-11 has been shown
to induce branching of the ureteric bud in murine explants [282], a process for which
RET is required.

The expression pattern of IL-11 in the adult kidney, and during

mammalian kidney development, has not been determined. Whether IL-11 is regulated
by RET in the ureteric bud epithelium will be an intriguing avenue of study, which could
provide clues as to how IL-11 acts downstream of RET to achieve RET-mediated effects.
Another site that merits investigation is the testis, in which both RET and IL-11
expression have been detected [153, 283]. The testis is also one of the handful of sites in
mice which express the second IL-11 receptor gene Il11ra2 [155]. RET is required for
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murine spermatogenesis, being a vital component in maintaining spermatogonial stem
cell identity [43, 44, 284, 285]. A definitive function for IL-11 in germ cell development
has not been recognized, but there is evidence that suggests IL-11 can play a part in the
normal process [153]. In mice, Il11 is expressed in developing spermatogonia and in
round spermatids, and administration of IL-11 improves recovery of spermatogenesis
following chemotherapy and radiation [153]. Elucidating the role of IL-11 in the testis,
and whether its expression is controlled by RET, will aid in uncovering of the
relationship between RET and IL-11 in vivo.

From the immunohistochemical analyses of PTC tissue, it was evident that RET
was expressed in a subset of infiltrated immune cells, which were also positive for IL11Rα. It is possible that these cells expressed either CD3 or CD20 as well, though it was
difficult to establish definitive co-expression. The finding of RET on immune cell types
is corroborated by reports which document the presence of RET and GFRα-1 on multiple
types of normal immune cells in humans, such as CD4+ and CD8+ T cells, B
lymphocytes, and monocytes [286], and in acute myeloid leukemic cells and monocytic
leukemic cells [287-289].

Investigations into the potential function of RET signalling

revealed that the addition of GDNF to peripheral blood mononuclear cells modulated the
production of TNF [286]. There is evidence that suggests RET signalling is involved in
the development of T cells, specifically the survival of maturing T cells in the thymus
[290]. More recently, Veiga and colleagues [291] presented evidence implicating RET as
an important factor in the migration of RET+ hematopoietic cells, contributing to the
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development of secondary lymphoid organs in the gut called Peyer’s patches. Given the
immunomodulatory functions of IL-11, including regulating hematopoietic cell
mitogenesis [135, 172], promoting the commitment of lymphohematopoietic progenitors
toward the T cell lineage [195], and modulating helper T cell differentiation and
proliferation [196-198], an opportunity for RET-induced IL-11 to exert these effects
exists and should be investigated. The concept that RET activation can elaborate a host
of immunoregulatory factors may not only have implications in thyroid pathology, but
can also reflect one of the many roles that RET signalling plays in normal physiology.

4.5 Conclusions and future directions
We have shown that the expression of IL-11 is positively regulated by the
activation of RET in vitro, and is dependent on RET signalling through the RAS/ERK
pathway. Although IL-11 was capable of stimulating the JAK/STAT pathway in thyroid
cancer cell lines, IL-11 did not alter the proliferation, adhesion, or anoikis resistance of
the thyroid cancer cell lines. Using immunohistochemistry, we determined that IL-11
and its receptor IL-11Rα are expressed in the normal thyroid and different types of
thyroid cancer. It is not known whether the regulatory relationship between RET and IL11 occurs in vivo in the thyroid, and it remains to be elucidated in what capacity IL-11
may be contributing to the varied functions of RET. We did not establish ways in which
autocrine IL-11 stimulation might impact thyroid cancer cells, but as a soluble factor IL11 is capable of stimulating cells in a paracrine manner. Cells which are likely to be
impinged on in thyroid cancer would be immune infiltrates, a common occurrence in
92

PTC.

Thus, in addition to its cell-autonomous oncogenic properties, RET-induced

secretion of immunomodulatory molecules provides another route for RET to influence
tumourigenesis, whether the overall effect be tilted in favour of anti-tumour or protumour immune responses.

Further issues that remain to be addressed include

establishing the identities of the intermediate proteins that serve to link RET signalling
with IL-11 upregulation, as well as examining whether IL-11 might modulate other
behaviours of thyroid cancer cells not tested in this study, such as migration and invasion.
Given the immunomodulatory effects of IL-11, a logical avenue of research to explore in
the future would be what paracrine actions IL-11 might exert, and on what cell types.
Ultimately, this will aid in determining what manner of influence tumour cell-derived IL11 exercises on the interaction between tumour cells and the immune system in vivo.
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Appendix A
Reagents
10% SDS-PAGE gel
10% acrylamide
31 mM Tris-HCl, pH 8.8
0.1% SDS
0.1% ammonium persulfate
0.05 mM TEMED

2X Laemmli buffer
250 mM Tris-HCl, pH 6.8
4% SDS
10% glycerol
0.01% bromophenol blue
2% β-mercaptoethanol

5% SDS-PAGE gel
5% acrylamide
10 mM Tris-HCl, pH 6.8
0.1% SDS
0.1% ammonium persulfate
0.09 mM TEMED

10X PBS
1.4 M NaCl
0.03 M KCl
0.04 M Na2PO4
0.02 M KH2PO4
pH 7.4

SDS-PAGE running buffer
25 mM Tris
190 mM glycine
0.1% SDS

LB medium
1% bacto-tryptone
0.5% Bacto-yeast
1% NaCl
pH 7.0

SDS-PAGE transfer buffer
25 mM Tris
190 mM glycine
0.1% SDS
20% methanol

LB agar
1% bacto-tryptone
0.5% Bacto-yeast
1% NaCl
1.5% Bacto-agar
pH 7.0

1X TBST
10 mM Tris, pH 7.5
100 mM NaCl
0.1% Tween-20

MTT solution
2 mg/mL MTT
1X PBS

Cell lysing buffer
20 mM Tris-HCl, pH 7.8
0.15 M NaCl
1% Igepal
2 mM Na2EDTA
1 mM sodium orthovanadate
10 µg/mL leupeptin
10 µg/mL aprotonin
1 mM PMSF

Adhesion assay stain and fixative
0.5% Toluidine blue
3.7% Paraformaldehyde
1X PBS
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