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Abstract 

Infiltration of the tumour microenvironment by nerve fibres, termed cancer 

neurogenesis, is a relatively understudied feature of human carcinogenesis. Until 

only recently, perineural invasion (PNI), a process by which cancer cells surround 

and invade nerves, was thought to be the sole interaction between both tumoural 

and neuronal populations. PNI has traditionally been associated with clinically 

advanced tumours, in which it is thought to provide an alternate route for 

metastasis, generally resulting in a relatively poor prognosis for the patients. 

Recent studies however have demonstrated that denervation can supress tumour 

growth and metastasis, suggesting that there is separate interplay between both 

cancer and neuronal cells, extending far beyond that of PNI. However, what is 

yet to be fully elucidated in the literature is the molecular mechanism or mediators 

at play, responsible for facilitating this nerve-cancer cell crosstalk. What has been 

hypothesised, and since proven in a handful of human cancers, is that trophic 

factors are released by nerves and are capable of acting on cancer or other cells 

encompassing the tumour microenvironment. Conversely, cancer cells release 

neurotrophic factors that are capable of stimulating nerve infiltration or 

neurogenesis of the tumour. Neurotrophins and their receptors are one such 

family of neurotrophic factors that are emerging targets in oncology. More 

specifically, NGF and its precursor protein proNGF, along with their receptors, 

TrkA, p75NTR and sortilin, have already been implicated in several human 

cancers, including but not limited to that of the breast, skin (melanoma) and 

prostate. The overarching aim of this thesis was to develop a greater 

understanding of the emerging importance of both nerves and neurotrophic 

growth factors in influencing the growth and dissemination of human cancers. 

More specifically, this body of work aims to elucidate the extent and role of nerve 

infiltration within the tumour microenvironment of breast and thyroid cancers, as 

well as to determine any associations with the expression and function of NGF, 

proNGF and their receptors, TrkA, p75NTR and sortilin. 

In a large cohort of primary breast tumours, we detected neural infiltration using 

the broad neuronal marker, PGP9.5. Invasive ductal carcinomas had a higher 

proportion of nerves as compared with that of invasive lobular carcinomas as well 
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as ductal carcinomas in situ. Additionally, the secretion of NGF was detected from 

a series of breast cancer cell lines, within their conditioned culture media. Co-

culturing breast cancer cells with that of neuronal-like cells resulted in neurite 

outgrowth, which was ablated with the use of an NGF blocking-antibody, 

highlighting its potential role in stimulating breast cancer neurogenesis.    

Following this, we looked to further clarify the expression and function of both 

nerves and neurotrophic growth factors in thyroid cancer. ProNGF expression 

was analysed by immunohistochemistry in two cohorts of cancer versus benign 

and normal thyroid tissues. Although innervation of thyroid cancers has not been 

previously reported, using the neuronal marker PGP9.5 we detected nerves in 

primary thyroid tumours. In both cohorts, proNGF was found to be overexpressed 

in thyroid cancer cells, as compared with both thyroid adenomas and normal 

thyroid tissue. We also demonstrated that proNGF is secreted by anaplastic 

thyroid cancer cell lines, highlighting its potential as a diagnostic biomarker, both 

histologically and within that of the blood. Next we looked to define the expression 

of TrkA, p75NTR and sortilin in thyroid cancer, as well as to determine if targeting 

these receptors reduced features of aggressiveness. TrkA was found to be more 

commonly expressed in tumours, where it was found to be associated with lymph 

node metastasis. In addition, nerves in the tumour microenvironment were 

positive for TrkA. P75NTR was overexpressed in anaplastic thyroid cancers 

compared to papillary and follicular subtypes whereas sortilin was overexpressed 

in all histological subtypes, as compared with adenomas and normal thyroid 

tissue. Targeting TrkA, p75NTR and sortilin in vitro using a pair of anaplastic thyroid 

cancer cell lines decreased cell survival and features of metastasis (migration 

and invasion), thus highlighting their potential are novel therapeutic targets in this 

devastating subtype of thyroid disease. Taken together, the work portrayed in this 

thesis has provided new evidence highlighting the importance of nerve infiltration 

in human carcinomas of the breast and thyroid, elucidated a role for NGF as a 

potential regulator of neurogenesis in the breast tumour microenvironment, as 

well as implicated NGF, its precursor proNGF and their receptors (TrkA, p75NTR 

and sortilin) as novel targets for therapeutic intervention.   



S. Faulkner 12  PhD Thesis 
 

CHAPTER 1 | Thesis Overview 

 

1.1 Introduction 

 

To date, cancer research has primarily focussed on targeting cellular control 

pathways in cancer cells arising from mutations of both tumour suppressor genes 

and proto-oncogenes. More recently, the tumour microenvironment has been the 

subject of increasing investigation, as the immune and circulatory systems have 

drawn additional focus as alternate or supplementary means for recognising, 

managing and eliminating tumour growth and metastasis. However, the potential 

role of nerves and by association neurotrophic factors in the initiation and 

progression of human tumours remains understudied.  

 

1.2 Aims of the study  

 

The overarching aim of this thesis was to develop a greater understanding of the 

emerging importance of both nerves and neurotrophic growth factors in 

influencing the growth and dissemination of human cancers. More specifically, 

this body of work aims to elucidate the extent and role of nerve infiltration within 

the tumour microenvironment of breast and thyroid cancers, as well as to 

determine any associations with the expression and function of NGF, proNGF 

and their receptors, TrkA, p75NTR and sortilin.  
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1.3 Organisation of the thesis 

 

At the outset, discussed here within Chapter 1 is a thesis overview of the body 

of work contained within this thesis, in which all subsequent chapters containing 

published or written work are summarised.  

Chapter 2 of this thesis is composed part thereof a review article entitled “Nerve 

Dependence: From Regeneration to Cancer” (published in Cancer Cell). This 

publication discusses parallels between the necessity for nerves and trophic 

factors in the phenomena of regeneration as well as their requirement for cancer 

progression. Of particular interest, the suggestion of a bidirectional 

communication between that of the nervous system and the tumour 

microenvironment, termed a nerve-cancer cell crosstalk, is highlighted as an 

exciting, unexploited concept that will form the framework of this thesis. The 

second half of Chapter 2 acts as an introduction to the neurotrophin family of 

growth factors and receptors. More specifically, NGF and its precursor proNGF, 

as well as their receptors TrkA, p75NTR and sortilin, are explored in regard to what 

is currently known about their expression and function, with respect to growth and 

metastasis, in a variety of human cancers.   

Following on, Chapter 3 is presented as a published article entitled, “Nerve 

fibers infiltrate the tumor microenvironment and are associated with nerve 

growth factor production and lymph node invasion in breast cancer” 

(published in Molecular Oncology). Whilst the expression and biological function 

of neurotrophins and their receptors have been explored to some extent in the 

breast cancer setting, the presence of nerves within the tumour 

microenvironment remained fragmentary. Chapter 3 focuses on clarifying the 

extent of nerve fibre infiltration in a large cohort of breast tumours as well as 

elucidating any potential role for NGF in promoting or facilitating this observation.  

As a result of the data obtained for breast cancer in Chapter 3, we looked to 

extend this study in Chapter 4, to determine if the same observations apply to 

different tumour types, in this case thyroid cancer. This is presented as a 
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publication entitled “ProNGF is a potential diagnostic biomarker for thyroid 

cancer” (published in Oncotarget).  

Chapter 5 is comprised of the publication entitled “Neurotrophin Receptors 

TrkA, p75NTR and Sortilin are Increased and Targetable in Thyroid Cancer” 

(in final revision for The American Journal of Pathology). Given the striking 

overexpression of proNGF in thyroid tumours covered within Chapter 4 of this 

thesis, it was logical to explore the expression of its receptors, TrkA, p75NTR and 

sortilin, as well as the presence of nerves, in the same cohort of thyroid tumours, 

as well as to determine any biological role they may play with respect to tumour 

growth and metastasis.  

Chapter 6 is in the form of a general discussion, in which the findings of the 

publications contained within this thesis are summarised, placed into perspective, 

with respect to both past and present literature, and potential future directions or 

translational aspects for this body of work are postulated.  
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CHAPTER 2 | Literature Review 

2.1 Nerve Dependence: From Regeneration to 

Cancer 

2.1.1 Preface 

Chapter 2 contains a review article entitled “Nerve Dependence: From 

Regeneration to Cancer” which has been published in in the journal Cancer 

Cell. This review serves as an introduction to my thesis and provides relevant 

background information on a comparative analysis between the role of the 

nervous system and derived molecules in cancer versus regeneration. 

Furthermore, this article postulates the extent and role of neurogenesis in the 

tumour microenvironment and discusses possible mechanisms and mediators at 

play in this phenomenon. Chapter 2 is also composed of a literature review 

introducing the neurotrophin family of growth factors and receptors, which have 

been identified as potential candidates or mediators of tumour neurogenesis. 

More specifically, nerve growth factor (NGF) and its precursor proNGF, along 

with their receptors TrkA, p75NTR and sortilin, are discussed in relation to their 

structure and function, in both the neuronal and tumoural setting.   
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2.1.2 Publication 
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2.2 Neurotrophin family of growth factors and 

receptors 

Neurotrophins (NTs) are a cluster of largely conserved polypeptide growth factors 

that are important regulators of neuronal growth, survival and differentiation [1, 

2]. In humans, this group of proteins consists of four neurotrophic factors: nerve 

growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 

(NT-3) and neurotrophin-4/5 (NT-4/5) [3]. Each of the NTs and their 

corresponding precursors (proNGF, proBDNF, proNT-3 and proNT-4/5) arise 

from the same gene and mRNA sequence, resulting in an array of shared 

characteristics between pro and mature form [4]. All proNTs have a molecular 

weight (MW) of approximately 26 kilodaltons (kDa) and are comprised of the 

mature NT (approximately 13 kDa) joined to the N-terminus of the pro-peptide 

sequence [5]. NTs are manufactured through the proteolytic maturation of their 

precursors, a process which begins in the endoplasmic reticulum (ER) and 

involves the segregation of pre-proNTs from their signal peptide into the proNTs. 

The sequestered proNTs are then subjected to a range of cleaving mechanisms 

at dibasic amino acid sites, either intracellularly (via furin) or extracellularly (via 

metalloproteases or plasmin), resulting in the formation of mature NTs [6-8].   

Mature NTs, which exist as non-covalently associated homodimers, induce 

neuronal responses by interacting with two distinct classes of cell membrane 

receptors: p75NTR (neurotrophin receptor), of the tumour necrosis factor receptor 

superfamily, and the Trk (tropomyosin-related kinase, also named NTRK1) family 

of receptor tyrosine kinases (Figure 1) [9]. Up until recently, proNTs were thought 

of as purely a source used for the production of mature NTs, however what has 

now been revealed is that they do indeed have a distinct functional role [10]. Lee 

et al. determined that proNTs promote neuronal apoptosis, in comparison to their 

mature counterparts, which induce survival and differentiation [6]. Following this 

discovery, Nykjaer et al. identified a receptor capable of binding to all proNTs, 

namely sortilin (Figure 1) [11, 12]. Activation of a complex between 

p75NTR/sortilin regulates a pro-apoptotic effect on neurons, usually taking place 

during neuronal development and aging, and involves the inhibition of the RAC 
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(Rho GTPase) pathway [13]. Conversely, an interaction between sortilin and the 

Trk receptors enhances axonal transport and neurotrophin signalling via the 

activation of the MAPK pathway, as well as phosphatidylinositol 3-kinase and 

phospholipase C-γ1 signalling [14].   

Figure 1 | Binding of neurotrophins and pro-neurotrophins to their 

receptors. NGF, BDNF, NT-3, NT-4/5 in addition to their respective precursor 

proteins (proNGF, proBDNF, proNT, proNT-4/5) all bind to p75NTR with 

approximate equal affinity whereas Trk receptors (TrkA, TrkB, TrkC) bind 

neurotrophins with different specificities. Sortilin only binds to the pro-

neurotrophins. Adapted from Bradshaw et al. 2014 [15]. 

Importantly, It has been shown that NTs and their precursors are also capable of 

inducing a variety of non-neuronal responses in healthy and diseased tissue [1]. 

This is due not only to the existence of proNTs, NTs and their receptors in areas 

outside of the nervous system, but also as a result of the intracellular signalling 
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controlled by their specific receptors being very important to downstream 

pathways controlling the survival, proliferations and differentiation of cells [5]. 

2.2.1 Nerve growth factor (NGF) 

NGF is a 13.5 kDa monomer crucial to the development of the sympathetic and 

sensory neurons [16]. NGF carries out its neurotrophic activity via the 

establishment of a trimeric complex with TrkA and p75NTR, which induces 

downstream signalling pathways critical for the survival and differentiation of 

central and peripheral neurons [17]. NGF facilitates connections between the 

nervous system and peripheral organ sites during embryogenesis and post-natal 

development. More specifically, NGF is manufactured and secreted by organs 

which need to be innervated, in order to attract nerve fibres into them. Once these 

connections have been well-established during development, then the foremost 

peripheral effect of NGF in the adult is indeed the promotion of pain [18], where 

inhibition of NGF and its receptor TrkA, which happens to be a nociceptor, have 

substantial analgesic effects [19]. In particular, anti-NGF blocking antibodies 

have entered clinical trials for the treatment of chronic rheumatoid and back pain 

[20, 21]. More recently, neurotrophic factors such as NGF have been implicated 

in tumour neoneurogenesis [22], which will be discussed in more detail 

throughout the forthcoming pages of this thesis.   

2.2.2 Structure and function of proNGF 

ProNGF is a 25 kDa protein comprised of the mature NGF polypeptide (13.5 kDa) 

in combination with an inactive pro-segment (11.5 kDa) in N-term (Figure 2) [6].  

In addition to being a reservoir for the production of NGF, proNGF has recently 

been rendered capable of eliciting its own biological effects, independent to 

pathways of survival and differentiation mediated by NGF, as it can bypass the 

cleaving processes that follow its synthesis and release (Figure 2) [9, 23]. The 

role of proNGF in the nervous system is multifunctional, having both neurotrophic 

and pro-apoptotic activities reported (Figure 3) [24]. For inducing its pro-

apoptotic effect on neurons, the proNGF protein binds to and forms a trimeric 

complex with the p75NTR and sortilin receptors, resulting in the inhibition of the 

RAC (Rho GTPase) pathway (Figure 3) [3, 11]. Sortilin is a 95-kDa plasma trans-

membrane receptor that has the ability to bind the pro-segment of proNGF [25, 

26]. However, opposing studies have also described proNGF in terms of having 
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neurotrophic activities, by stimulating the survival and differentiation of neurons 

via interactions with a complex of TrkA and p75NTR, resulting in the downstream 

activation of the mitogen-activated protein kinase (MAPK) pathway (Figure 3) 

[27]. In the CNS, proNGF has been reported as being more abundant than mature 

NGF, where it is capable of exhibiting similar neurotrophic activity [28]. It has 

been suggested that proNGF induces neurotrophic or apoptotic activities based 

on the relative levels of its receptors, p75NTR and TrkA, as well tissue type [29]. 

More specifically, proNGF promotes apoptotic activity in cases of injury where 

p75NTR is dominant [30-32], whereas proNGF overexpression is neurotrophic in 

undamaged tissue containing a higher proportion of TrkA [33]. Even though the 

bulk of ligand-receptor binding for proNGF is carried out through both p75NTR and 

sortilin, TrkA phosphorylation, as a result of receptor stimulation by proNGF, has 

also been identified and the downstream signalling reported, primarily through 

activation of the MAPK pathway [34]. As a result, proNGF is not only categorized 

as a reservoir for the mature NGF protein, but also as an active agent produced 

from the NGF gene that can exert a range of distinct biological effects. 

 

Figure 2 | Structure of proNGF and NGF. NGF 

is synthesized as a 25-kDa precursor protein, 

termed proNGF, that yields the mature NGF 

polypeptide of 13.5-kDa and an inactive pro 

segment of 11.5-kDa. Cleavage of the pro-

peptide from the N-terminus occurs 

intracellularly by furin, or extracellularly by pro-

convertases. 

 

 

 

2.2.3 Structural and functional characteristics of receptors for proNGF  

ProNGF is capable of binding to and activating a complex between sortilin with 

that of either p75NTR and TrkA, resulting in a variety of downstream signalling 

cascades. [34]. The stimulation of p75NTR results in the activation of c-Jun N-

terminal Kinase (JNK) and nuclear factor-κB (NFkB), whereas TrkA primarily 
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activates Ras, Rac, ERKs, phosphatidylinositol 3-kinase, phospholipase C-γ1 

signalling, as well as their downstream effectors [1]. Although the receptors for 

proNGF have a tight association with one another, their structures, activations 

and biological impacts are quite distinct and are presented below. 

 

Figure 3 | Biological function of proNGF and NGF in neurons. ProNGF 

induces neuron apoptosis via the activation of a complex between p75NTR and 

sortilin. NGF promotes neuron survival and differentiation through the TrkA and 

p75NTR receptors. In some models, proNGF has been reported to induce 

differentiation of neurons  via interactions with a complex of TrkA and p75NTR [29]. 

This illustrates the diversity of these proteins with respect to their biological 

effects. Adapted from Bradshaw et al. 2014 [15] 
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2.2.4 P75NTR (p75 neurotrophin receptor) 

P75NTR is the common receptor to all neurotrophins and pro-neurotrophins. It was 

first identified as the receptor for NGF and was logically called NGFR [35], 

however, subsequent studies revealed that all pro/neurotrophins were ligands for 

this particular receptor, thus it was renamed p75NTR [36-38]. P75NTR is a 75 kDa, 

type I receptor (Figure 4) member of the superfamily of TNF (tumour necrosis 

factor) receptors [17, 39]. The extracellular domain is involved in membrane 

targeting, conformation and ligand binding [40] and contains four cysteine-rich 

domains (CRDs) (Figure 4) [41-43]. An essential characteristic of the intracellular 

part of p75NTR is the presence of 5 death domains (DD) (Figure 4) [41] and it is 

classified it as a type II DD receptor associated with activating the caspase 

pathway and regulating apoptosis [44]. This notably involves the activation of the 

NF-kB transcription factor [1]. Initial 3D analysis of p75NTR structure and binding 

to NGF/proNGF indicated a ligand-receptor interaction with an asymmetrical ratio 

of 2:1, in which homodimeric proNGF binds to a single p75NTR [45]. In contrast, a 

recent model including the extracellular domain of an N-glycosylated p75NTR 

showed a 2:2 complex ratio, with proNGF homodimer binding to a dimeric p75NTR 

[46]. In this latest hypothesis, a S-S bridge is formed between two p75NTR 

molecules in the transmembrane region [40]. 

Figure 4 | The neurotrophin receptor p75NTR. 

P75NTR is made of an extracellular ‘cysteine rich’ 

domain (CRD), containing four repeated 

cysteine residues. The transmembrane domain 

includes one cysteine that is involved in signal 

transduction. The intracellular domain, made up 

of a Chopper domain and 5 death domains 

(DD), plays a role in the regulation of post-

translational modifications (PTMs), and in 

particular O-glycosylation, cleavage, protein 

interactions and activation of downstream 

signaling [44]. Adapted from Hondermarck et al. 

2015 [47]. 
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2.2.5 Sortilin receptor 

Sortilin is a 95 kDa member of the family of Vps (Vacuolar protein sorting) 10p-

domain receptor found predominantly in the brain, spinal cord and muscles [48, 

49]. It was originally discovered as the neurotensin receptor [50] but it was later 

found as being a co-receptor for proNGF and other pro-neurotrophins [11, 51]. 

ProNGF does not bind and elicit a response in p75NTR without the presence of 

sortilin. Sortilin is co-receptor for proNGF and mediator of interaction with p75NTR 

[11]. Once its signal peptide of 33 aa is released, sortilin is a protein of 798 aa 

with an N-glycosylation [52, 53] (Figure 5) [54]. Sortilin interacts with all pro-

neurotrophins, and its interaction with proNGF has been more particularly 

described. Nykjaer et al. have shown that proNGF binds to sortilin with high 

affinity (kd of 5 nM), while NGF has only a low affinity for this receptor (kd of 87 

nM) [13]. Sortilin signal transduction is solely dependent on the specific 

interaction it has with a variety of its co-receptors. Sortilin/p75NTR promotes the c-

Jun N-terminal kinase (JNK) 3 and caspases 3, 6 and 9 pathways, leading to 

neuronal apoptosis [13]. Conversely, sortilin may associate with TrkA, leading to 

an anterograde axonal transport and expression of TrkA on the plasma 

membrane. This increased receptor expression results in enhanced NT 

signalling, and thus cell survival, via activation of the the PLCγ, Akt and Ras 

pathways [13].     

Figure 5 | Structure of the sortilin receptor. 

Sortilin is made up of one transmembrane 

domain, a cytosolic tail and a long 

extracellular domain. Its VPS10P domain 

(~700 aa) composes its N-terminus, and is 

essential to ligand binding.  It is made of 10 

conserved cysteine residues establishing five 

disulfide bounds, as well as a β propeller 

domain. The intracellular domain is 

composed of sequences implicated in its 

internalization and intracellular traffic: the 

Y792SVL795 motif, the D824SDED828 acidic 

cluster and the di-leucine L829L830 domain. 

Adapted from Hondermarck et al. 2015 [47]. 
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2.2.6 TrkA receptor 

Tropomyosin related kinase A (TrkA) is a tyrosine kinase receptor with a 

molecular weight of around 140 kDa (Figure 6). The extracellular domain, which 

is glycosylated, controls the dimerization, whereas the intracellular domain 

presents several tyrosines, which can eventually be phosphorylated (Figure 6). 

TrkA was originally described as a tyrosine kinase protein associated with 

tropomyosin A, for which NGF was identified as its ligand [55]. Binding between 

proNGF and the TrkA receptor is disputed. ProNGF induces the death of 

sympathetic neurons by binding to sortilin and p75NTR without the activation TrkA 

[6]. However, other groups have shown that proNGF is co-immunoprecipitated 

with TrkA in sympathetic neurons and PC12 cells and that it enables 

neuritogenesis (and not apoptosis), though with lower efficacy than NGF [28]. 

Structural analyses have shown that TrkA binds to proNGF with less affinity than 

NGF [11]. The masking of tryptophan by the pro-peptide of proNGF seems to 

reduce its association with TrkA as compared to NGF [56-58]. Furthermore, Al-

Shawi et al. [24] demonstrated that neurons from young rodents respond to 

proNGF by increasing survival and neuritogenesis, and neurons from elderly 

rodents die by apoptosis upon stimulation by proNGF. Also, work by Masoudi et 

al has shown that proNGF can activate phosphorylation of TrkA and underlying 

MAPKs, leading to neuronal survival and differentiation, although to a lesser 

extent than NGF [29]. Ultimately, it seems that proNGF is a weak ligand for TrkA 

and that the stoichiometry of the various receptors, including p75NTR and sortilin, 

controls the interaction of proNGF with TrkA and the observed antagonistic 

biological effects (apoptosis vs. neuronal outgrowth). These observations explain 

why proNGF is reported to be neurotoxic or neurotrophic, depending on the study. 
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Figure 6 | Diagrammatic representation of 

tropomyosin related kinase A (TrkA). TrkA 

is composed of a transmembrane, 

glycosylated, type I protein of approximately 

800 aa. The extracellular domain comprise a 

leucine rich domain with two cysteine rich 

regions, two immunoglobulin domains (C1-

C2) and an insert (green) that increases the 

specificity of TrkA for its ligands. The 

intracellular domain presents a tyrosine 

kinase domain that transautophosphorylates 

upon stimulation of TrkA [58, 59]. Adapted 

from Hondermarck et al. 2015 [47]. 

 

 

 

2.3 NGF, proNGF and their receptors in cancer 

It has been suggested that proNTs, NTs and their receptors play a role in cancer, 

however to date the majority of studies into this family of growth factors and 

receptors have been in relation to the nervous system [3]. Mature NGF, prior to 

its discovery and sequencing, was first identified as a factor secreted by 

proliferating tissue, in particular by murine sarcomas, which is capable of 

enhancing the growth and attraction of nerve fibres [60]. There is also preclinical 

evidence in animal models showing that NGF inhibition leads to a decrease in 

pain, particularly in breast and prostate cancers [61, 62]. Studies that have 

demonstrated that NGF and proNGF are involved in cancers are detailed below. 

2.3.1 Breast cancer 

In breast cancer, there has been many reports showing that targeting NTs and 

their receptors in a preclinical setting results in the inhibition of breast cancer cell 

growth and features of aggressiveness, such as migration and invasion [5]. 

Descamps et al. were the first group to describe an active role for NGF in 

stimulating the proliferation of a series of breast tumour-derived cancer cell lines, 

as compared with normal human breast epithelial cells [63]. This was mediated 
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by NGF binding to its receptor TrkA, leading to the downstream activation of 

MAPKs (Figure 7). Subsequent studies further elucidated the role of p75NTR, for 

which NGF binding results in the downstream TRADD mediated activation of NF-

kB, leading to enhanced cell survival (Figure 7) [64, 65]. The synthesis and 

secretion of NGF by breast cancer cells also underpins the presence of a positive 

autocrine feedback loop, involving the dual activation of both TrkA and p75NTR 

[66]. Furthermore, inhibiting components of this pathway in a preclinical animal 

model resulted in a reduction in tumour growth, further sparking interest in the 

potential utility of NGF and its receptors as targets for therapeutic intervention 

[67]. A separate study by Lagadec et al. reinforced the emerging importance of 

the NGF/TrkA axis in breast cancer progression [68]. TrkA, as well as its active 

counterpart phospho-TrkA, were both overexpressed in a series of breast 

carcinomas as compared with normal breast tissue. Following on, stable 

overexpression and constitutive activation of TrkA in a breast cancer cell line 

resulted in enhanced cell growth, migration and invasion, mediated by the 

downstream activation of PI3K-Akt and ERK-p38 MAPK. These in vitro 

discoveries were emulated in vivo using a murine xenograft model, in which TrkA 

overexpression promoted growth, angiogenesis, as well as metastasis, primarily 

to the lung, of the tumours [68]. These findings were further explored by the group 

in a subsequent article, which revealed that the protein Ku86, which is involved 

in repairing DNA double stranded breaks [69], was not only found to be increased 

in TrkA overexpressing breast cancer cells, but was vital for the observed TrkA 

mediated stimulation of invasion [70].  

Similarly, to that of mature NGF, ProNGF is secreted by breast tumour cells and 

can act in an autocrine manner to significantly impact tumour cell growth and 

metastasis through various signalling pathways [16]. More specifically, proNGF 

stimulates the migration/invasion of breast cancer cells through an autocrine loop 

which is mediated by the receptors TrkA and sortilin (Figure 7). This signalling 

pathway requires the phosphorylation of TrkA as well as the activation of Src and 

Akt, but not the MAP-kinases. Moreover, in contrast to what has previously been 

described regarding the biologically active receptors and subsequent 

downstream pathway activation for proNGF, p75NTR is not involved, which was 

the first indication or evidence of an active TrkA-sortilin relationship. In addition, 
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a comparison between proNGF levels and patient clinicopathological parameters, 

in a series of breast cancer TMAs, revealed a positive correlation with lymph node 

invasion, suggesting a link to metastasis [16]. A study by Roselli et al. analysed 

the expression and biological function of sortilin in a large cohort of breast 

tumours as well as in vitro using established breast cancer cell lines [71]. Sortilin 

was detected in epithelial cells, with increased levels in tumours, as compared to 

normal breast tissue. Further analysis of the clinicopathological parameters 

revealed an association between sortilin expression and enhanced lymph node 

invasion, suggesting a relationship with metastatic potential. Analysis of sortilin 

expression in vitro illustrated that sortilin levels were higher in cancer cell lines as 

compared to non-tumorigenic breast epithelial cells and that functional assays 

utilizing siRNA knockdown of sortilin resulted in the inhibition of cancer cell 

adhesion, migration and invasion [71].  

The NGF-proNGF-p75NTR axis has also been linked to breast cancer stem cell 

(CSC) differentiation, plasticity and self-renewal [72]. More specifically, NGF or 

proNGF enrich for CSCs in several breast cancer cell lines and p75NTR mediated 

breast CSC self-renewal, via the regulation of key transcription factors [72]. In 

addition, the secretion of NGF by breast cancer cells has also been shown to 

induce nerve infiltration in breast tumours, as described in this thesis, resulting in 

neuronal outgrowth (axonogenesis or neo-neurogenesis) (Figure 7). Whilst 

studies of this particular nature are still relatively in their infancy, the hypothesis 

that NGF, or even its precursor proNGF, may play a role in the crosstalk between 

the peripheral nervous system and breast tumours warrants further exploration 

[73]. Angiogenesis is another important factor in the progression of solid tumours. 

Romon et al. demonstrated that NGF could be an important stimulator for breast 

cancer angiogenesis whereas proNGF has thus far not been implicated [74]. 

Consequently, NGF, proNGF and their receptors, TrkA, p75NTR and sortilin, may 

serve as diagnostic or metastatic biomarkers and as potential therapeutic targets 

in breast cancer, thus exploration into a variety of different tumour types is 

warranted. 
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Figure 7 | ProNGF/NGF signaling in breast cancer cells. In breast cancer 
cells, NGF stimulates TrkA and p75NTR leading to the activation of cell 
proliferation and survival, respectively. ProNGF binds to a complex TrkA/sortilin 
to stimulate cancer cell migration and invasion via the activation of Src and Akt. 
NGF liberation by breast cancer cells may also act on and induce neuron 
outgrowth of surrounding nerves (axonogenesis or neo-neurogenesis – this 
Thesis) [73] and/or angiogenesis [74]. Adapted from Bradshaw et al. 2014 [15]. 
 

2.3.2 Pancreatic cancer 

The expression of NGF in normal pancreatic tissue has been described, where it 

is thought to contribute to innervation [75]. NGF is expressed in pancreatic 

vasculature whereas TrkA is found localised within β-cells contained within 

regions of endocrine tissue known as the islets of Langerhans, where they play 
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a role in glucose-induced insulin secretion [75]. More specifically, high glucose 

levels rapidly increase NGF secretion and subsequent TrkA phosphorylation. 

Conversely, a reduction in NGF or disruption to TrkA signalling results in impaired 

glucose tolerance and insulin secretion [75]. Thus far however, research into the 

expression, modulation and role of NGF in pancreatic tumours has been limited. 

Research carried out in 1999 by Zhu et al. reported high immuno-reactivity of 

NGF in pancreatic cancer as compared to normal pancreatic tissue in humans 

[76]. Comparisons between this NGF overexpression with the clinocopathlogical 

parameters of the patients revealed a positive correlation between NGF immuno-

reactivity with that of perineural invasion (PNI), a mechanism by which cancer 

cells surround and invade nerves, as well as pain sensation [76]. Murine studies 

also carried out by the same team reported that TrkA stimulation and downstream 

activation of its signalling pathways significantly enhanced the growth and 

tumorigenic capacity of pancreatic tumours [77]. Pancreatic neuroplasticity during 

the development and progression of pancreatic cancer, involving not only 

increased neural hypertrophy and density, but also alterations to neural 

subpopulations [78]. More specifically, a crosstalk between the changing 

neuronal environment with that of pancreatic cancer cells is mediated by the 

presence or recruitment of a variety of neuronal cells, such as Schwann cells [79], 

as well as the secretion of neuronal mediators or neuropeptides, which in turn 

may modulate inflammation and tumour growth [78]. NGF, proNGF and their 

receptors are one such family of proteins for which their increased expression 

has been correlated to poor prognosis [80]. Blocking of NGF signalling with 

neutralising antibodies or direct targeting of NGF, TrkA and p75NTR using siRNA 

has been shown to inhibit the proliferation of pancreatic cancer cells as well as 

their ability to migrate towards dorsal root ganglia (DRG), in vitro [80]. 

Furthermore, a recent study has shown that gold nano-cluster delivery of siRNA 

against NGF effectively downregulated NGF protein expression in animal 

models, resulting in decreased aggressiveness and tumour progression [81]. 

The existence of proNGF in pancreatic cancer cells has only been illustrated in 

one study [82], therefore, its importance as a possible biomarker or candidate for 

therapeutic intervention has not yet been established. Sortilin has also been 

shown to play a role in stimulating pancreatic secretions for lipid digestion as well 
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as a protective agent against for pancreatic beta cells against cytotoxic molecules 

[83]. However, compelling research carried out by Mijatovic and colleagues has 

also linked sortilin to the migration of pancreatic cancer cells [84], which could in 

turn and by association implicate its ligand proNGF.  

2.3.3 Melanoma 

Melanocytes share a common neuroectodermal origin with that of the nervous 

system, thus, it is not surprising that they express all NTs [85, 86]. With respect 

to melanoma, NGF and its receptors were first shown to be expressed in human 

melanoma cells in the 1970s [87, 88]. For the common NT receptor p75NTR, 

immunostaining was previously described as negative in normal melanocytes 

and detectable in benign nevi [89], whereas it has since been found to be 

overexpressed in both desmoplastic and spindle cell melanomas [90-92]. TrkA 

was also found to be expressed in cases of both primary and metastatic 

melanoma as well as being associated with poor prognosis [93, 94]. Truzzi et al. 

demonstrated that NGF is synthesised and secreted by primary and metastatic 

melanoma cell lines and that its receptors TrkA and p75NTR are also expressed 

[95]. Targeting TrkA and p75NTR, with the inhibitor K252a or transfection with 

p75NTR siRNA, respectively, inhibited both the proliferation and migration of these 

melanoma cells, in vitro [95]. A previous study demonstrated that proNGF could 

exert powerful stimulatory effects on the migration of melanoma cells, for which 

the required concentration is 20 times less than that of its derivative protein, NGF 

[96]. Truzzi et al. confirmed these findings, from which it was made apparent that 

proNGF strongly induces motility of melanoma cells [95]. In addition, the same 

authors observed that normal melanocytes express sortilin, a key receptor for 

proNGF, at comparably lower levels than in that of cancer cells. Treatment of 

these normal melanocytes with a known tumour promoter, namely tetradecanoyl 

phorbol acetate (TPA), leads to the overexpression of sortilin in these cells, 

suggesting that expression of this receptor may be increased during tumoural 

transformation. Furthermore, utilising melanoma cells expressing varying levels 

of sortilin, this study also demonstrated that sortilin expression positively 

correlates with migratory capacity [95]. More recently, a study by Pasini et al. 

found an overexpression of the TrkA gene in up to 50% of their cohort of 

metastatic melanoma cases, which were also correlated with poor clinical 
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outcome [97]. Surprisingly, induction of the NGF-TrkA signalling cascade in 

melanoma cell lines, triggering downstream MAPK activity, resulted in oncogene-

induced cessation of growth [97]. This may point to a differential role for NGF as 

compared with proNGF in melanoma.      

2.3.4 Prostate and gastric cancer 

The mechanisms or agents responsible for stimulating the growth of peripheral 

neurons into the prostate and gastric tumour microenvironment are yet to be fully 

elucidated, however, it has been suggested that this neurogenesis, as well as 

cancer progression, could be mediated by the synthesis and liberation of 

neurotrophic growth factors [98]. With respect to prostate cancer, Pundavela et 

al. demonstrated that proNGF is overexpressed, primarily in that of the cytoplasm 

of cancer cells, in a cohort of 120 human prostate tumour samples [27]. 

Furthermore, the quantification of proNGF intensity or immunoreactivity within 

these samples was positively correlated with that of Gleason score [27]. These 

findings support the very initial observations by Delsite and Djakiew in 1999, 

which identified the expression of proNGF in human prostatic stromal cells, 

however, mature NGF was not detected by either group, suggesting a more 

dominant role for proNGF [27, 99]. Pundavela et al. also determined that prostate 

cancer cells can induce axonogenesis in two neuronal cell lines (PC-12 and 

50B11) via the secretion of proNGF, in vitro. Conversely, blocking antibodies 

directed against proNGF inhibited this observed effect [27]. Until very recently, 

work carried out looking at the expression and biological function of NGF in 

gastric cancer has been sparse. Du et al. were one of the first lab groups to 

demonstrate the expression of NGF and its Trk receptor, using cDNA 

microarrays, in both normal gastric mucosa and gastric carcinomas [100]. 

Ahluwalia et al. have also described the expression of NGF and its receptor TrkA 

in gastric mucosal endothelial cells isolated from rats, where they play a critical 

role in promoting angiogenesis [101]. Very recently, in a major study, NGF 

overexpression in gastric epithelial cells, induced by cholinergic stimulation with 

acetylcholine (ACh), has been linked with expanding enteric nerves, ultimately 

resulting in enhanced carcinogenesis [102]. More specifically, tuft cells 

(chemosensory cells) positive for the Doublecortin-like kinase gene (DCLK1) and 

nerves of the stomach are both a rich source of ACh. Cholinergic signalling within 
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the gastric epithelium, facilitated by the agonist carbachol, was found to promote 

the overexpression of NGF, in turn altering enteric nerve morphology and 

enhancing epithelial proliferation and tumorigenesis [102]. Abolition of cholinergic 

signalling via surgical vagotomy successfully reversed NGF overexpression in 

gastric tumours. Furthermore, the inhibition of Trk receptor activation, using the 

small molecule inhibitor PLX-7486, was also capable of supressing the growth of 

stromal nerves in NGF-overexpressing mice [102]. Overall, this landmark study 

suggests a role for Trk inhibitors and potentially anti-NGF blocking antibodies for 

disrupting the role of the ACh-NGF axis in enhancing neuronal growth and 

tumorigenesis in gastric cancer [102]. These studies further highlight the interplay 

between proNTs, NTs and their receptors with that of the nervous system, in a 

range of human cancers, in turn highlighting a compelling target for therapeutic 

intervention.   
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CHAPTER 3 | Nerve fibers infiltrate the tumor 

microenvironment and are associated with 

nerve growth factor production and lymph 

node invasion in breast cancer 

 

3.1 Preface 

Chapter 3 contains an original research article entitled “Nerve fibers infiltrate 

the tumor microenvironment and are associated with nerve growth factor 

production and lymph node invasion in breast cancer” which has been 

published in the journal Molecular Oncology. The infiltration and manifestation of 

nerves within the tumour microenvironment has been previously described for 

several human cancers, such as the prostate and pancreas, and has been 

directly correlated with aggressiveness. Breast cancer neurogenesis has also 

been described, however the data remains fragmentary and the molecular 

mediators driving this infiltration have not been elucidated. This chapter contains 

the first demonstration of a NGF-driven nerve infiltration in the microenvironment 

of breast tumours. More specifically, patients with a higher degree of nerve 

infiltration had more aggressive cases of disease as well as increased NGF 

protein expression. Furthermore, in vitro analyses of breast cancer cells co-

cultured with neuronal-like cell lines elucidated a function role for NGF in this 

neurotrophic response.  
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3.2 Publication 
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3.3 Supplemental Files 

 

Supplementary Table 1. Association between the presence of nerve 

fibers and ER/PR/HER2 status of invasive breast carcinomas. Chi-

square test was used for p-value calculation. 

 

 
Nerve Fibers 

Negative 
Nerve Fibers 

Positive 

p-value 

 

 

ER/PR/HER2 status  

  

0.0620 

 

ER-/PR-/HER2- (n=123) 

 

98 (80%) 

 

25 (20%)  

ER+/PR+/HER2+ (n=14) 8 (57%) 6 (43%)  

ER+/PR-/HER2+ (n=13) 10 (77%) 3 (23%)  

ER-/PR+/HER2+ (n=7) 7 (100%) 0 (0%)  

ER+/PR-/HER2- (n=39) 34 (87%) 5 (13%)  

ER-/PR+/HER2- (n=19) 19 (100%) 0 (0%)  

ER+/PR+/HER2- (n=71) 54 (76%) 17 (24%)  

ER-/PR-/HER2+ (n=33) 25 (76%) 8 (24%)  
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Supplemental Figure S1. NGF-mediated neurotrophic effect of breast 

cancer cells for 50B11 cells from dorsal root ganglia. Immortalized dorsal root 

ganglia (DRG) neurons 50B11 were obtained from Dr A. Höke (John Hopkins 

University, Baltimore USA). The coculture with breast cancer cells was performed 

as described for PC12 cells in the Material and Methods section. For co-culture 

with the breast cancer cells, the same protocol as for PC12 cells was used (see 

Material and Methods section), but the culture media included 5μM forskolin 

(necessary to obtain neurite outgrowth with these cells). A) MCF-7 cells were 

able to induce neurite outgrowth in 50B11 cells. This neurotrophic effect was 

partially inhibited by addition of anti-NGF antibody but not by IgG control. B) 

Representative pictures of each experimental condition are shown. The results 

represent the mean of 3 independent experiments +/- SD. *** p<0.001; ** p<0.05. 
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Supplemental Figure S2. Detection of tyrosine hydroxylase positive nerve 

fibers in breast cancer. Tyrosine hydroxylase was detected by IHC using the 

same protocol as described in Material and Methods, with anti-tyrosine 

hydroxylase (Millipore, catalogue number AB152). A) Nerve trunk composed of 

many fibers positive for tyrosine hydroxylase is shown by an arrow. B) Individual 

nerve fibers (axons) positive for tyrosine hydroxylase are indicated by arrows. 

Scale bar=50 μm. 
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CHAPTER 4 | ProNGF is a potential 

diagnostic biomarker for thyroid cancer 

 

4.1 Preface 

Chapter 4 contains an original research article entitled “ProNGF is a potential 

diagnostic biomarker for thyroid cancer” which has been published in the 

journal Oncotarget. Subsequent to revealing the extent of neural invasion within 

primary breast tumours, as well as identifying NGF as a potential inducer, we 

looked to extend these findings to determine if a similar mechanism is at play in 

human thyroid cancer. We observed neural infiltration in only 5% of thyroid 

tumours which is significantly less than what we reported for breast cancer 

(~28%). Additionally, we found proNGF to be overexpressed in thyroid tumours 

as compared with both benign adenomas and normal thyroid tissue, highlighting 

its potential as a novel diagnostic biomarker. However, this overexpression was 

not associated with the presence of nerve fibres.  
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4.2 Publication 
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4.3 Supplementary Files 
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CHAPTER 5 | Neurotrophin Receptors TrkA, 

p75NTR and Sortilin are Increased and 

Targetable in Thyroid Cancer 

 

5.1 Preface 

Chapter 5 contains an original research article entitled “Neurotrophin Receptors 

TrkA, p75NTR and Sortilin are Increased and Targetable in Thyroid Cancer” 

which has been accepted for publication in The American Journal of Pathology. 

It serves to build on our findings from Chapter 4 through examining the 

expression and function of the receptors for proNGF, namely TrkA, p75NTR and 

sortilin, in thyroid cancer. We show that the expression of TrkA, p75NTR and 

sortilin is increased in a cohort of thyroid tumours, as compared with adenomas 

and normal thyroid tissue. Furthermore, TrkA was expressed in nerves found 

within the tumour microenvironment, whereas p75NTR and sortilin were absent. 

Additionally, we implicate their activation and downstream signalling as potential 

principal constituents of tumour aggressiveness in two anaplastic thyroid cancer 

cell lines. 
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5.2 Publication 
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5.3 Supplemental Files 

 

Supplemental Figure S1. Validation of antibodies used for 

immunohistochemistry. The specificity of antibodies used for 

immunohistochemistry was validated with IgG isotype controls in a matched case 

of papillary thyroid carcinoma (PTC). In addition, using the same antibodies, 

Western blot analysis for TrkA, p75NTR, and sortilin was performed in thyroid 

tumor samples and PC-12 cells, which are known to express neurotrophins. A: 

Immunohistochemical detection of TrkA, p75NTR, and sortilin, along with matched 

isotype IgG negative control, in a case of PTC. B: Western blotting detection of 

TrkA, p75NTR, and sortilin in a panel of thyroid tumor samples, including follicular 

thyroid carcinoma (FTC) (n = 1) and PTC (n = 3). β-Actin was used as an equal 

loading control. C: Western blotting for TrkA, p75NTR, and sortilin using PC-12 

cells. In B and C, TrkA, p75NTR and sortilin were detected at the expected 

molecular weight of 140, 75, and 100 kDa, respectively. 
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Supplemental Figure S2. Nerve growth factor (NGF) and precursor for NGF 

(proNGF) protein expression and secretion in anaplastic thyroid carcinoma cell 

lines. The protein level of NGF and proNGF was measured using Western blot 

analysis in the anaplastic carcinoma cell lines, CAL-62 and 8505c, as well as in 

their conditioned culture medium. ProNGF was detected in the protein extract 

and conditioned medium of both cell lines. NGF was detected in the cell extract 

from both cell lines; however, only 8505c cells secreted NGF. β-actin was used 

as an equal loading control. 
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Supplemental Figure S3. Impact of targeting TrkA, p75NTR, and sortilin in the anaplastic 

thyroid cancer cell line 8505c. 8505c cells were transfected with siRNA against TrkA 

(siTrkA), p75NTR (siP75NTR), and sortilin (siSort) alone and in combination (siCombo), as 

well as with a universal negative control siRNA (siCont). A: Effect of siRNA on protein 

levels. The impact of siRNA transfection in inhibiting the protein level of TrkA, p75NTR, 

and sortilin was measured by Western blot analysis 24, 48, and 72 hours after 

transfection. Nontransfected cells (nontrans.) were also analyzed. β-Actin protein 

expression was used as an equal loading control. TrkA protein level is inhibited after 72 

hours. p75NTR expression is absent in 8505c cells. Sortilin level completely decreases 

after transfection for 48 and 72 hours. For cell signaling, the impact of siRNA against the 

three receptors is less strong than for CAL-62 cells (Figure 6). siCombo decreases the 

level of phosphor-TrkA (p-TrkA), phosphor-ERK1/2 (p-ERK1/2), and phospho-SRC (p-

SRC), but the impact of individual siRNA is less clear, suggesting a synergistic effect of 

the combined inhibition. B: Cell growth. The number of cells was measured by cell 

counting at 72 hours after transfection, and siRNA-treated cells were compared with 

siCont cells. SiRNA against TrkA and sortilin, alone and in combination (siCombo), 

significantly inhibited cell growth compared with siCont. Consistent with the absence of 

p75NTR in these cells (A), siP75NTR has no effect. C: Apoptosis. The proportion of 

apoptotic cells was measured in flow cytometry using Annexin V, and siRNA-treated cells 

were compared with siCont cells. siRNA against TrkA and sortilin, alone or in 

combination, increases the percentage of apoptotic cells compared with siCont. 

Consistent with the absence of p75NTR in these cells (A), siP75NTR has no effect. The 

numbers indicate the percentages of the cells represented by alive, apoptotic, and dead 

populations. D: Cell migration. Cell layers were scratched 72 hours after transfection with 

siRNA, and reduction in gap area was measured 20 hours later. Targeting TrkA and 

sortilin, alone and in combination (siCombo), results in the inhibition of wound scratch 

healing. Consistent with the absence of p75NTR in these cells (A), siP75NTR has no effect. 

E: Cell invasion. Transwell assays were set up 72 hours after siRNA transfection, and 

cells were allowed to invade for 20 hours. Only siTrkA and siSort significantly inhibit 

cancer cell invasion. Similar results were observed when using the siRNAs in 

combination (siCombo). Consistent with the absence of p75NTR in these cells (A), 

siP75NTR has no effect. Data are expressed as means ± SD (B, D, and E). Data are 

representative of at least three technical replicates, each consisting of at least three 

biological replicates. ∗∗P < 0.01, ∗∗∗P < 0.001, and ∗∗∗∗P < 0.0001 versus controls. 
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CHAPTER 6 | General Discussion 

 

The primary focus of this thesis was to further clarify the current understanding 

of the involvement of both nerves and neurotrophins in mediating the 

development and progression of human cancers. More specifically, this was 

addressed by examining the presence of nerve fibre infiltration within the tumour 

microenvironment, using the neuronal marker PGP9.5, as well as the expression 

of NGF, proNGF and their receptors (TrkA, p75NTR and sortilin) in cohorts of both 

breast and thyroid primary tumours. Following immunohistochemical detection, 

functional experiments were carried out, in vitro, using representative neuronal 

and cancer cell lines, to further elucidate the potential mediators underpinning the 

nerve-cancer cell crosstalk as well as the related molecular mechanisms 

influencing tumour growth and metastasis.  

The study presented in Chapter 3 of this thesis reveals the presence of individual 

nerve fibres, commonly referred to as axons, within a significant proportion of 

primary breast cancers. With respect to histological subtype, invasive ductal 

carcinomas were more susceptible to neural manifestations as compared with 

both invasive lobular carcinomas and in situ lesions. Furthermore, these 

manifestations were associated with certain characteristics of metastatic cancers, 

namely lymph node invasion. Prior to our investigation, a limited number of 

studies had reported the presence of nerves within primary breast tumours [103, 

104], in which neural infiltration was also found to be associated with features of 

tumour aggressiveness. Despite these findings, no follow up studies were carried 

out for the purpose of identifying the molecular drivers of this breast cancer 

related neurogenesis. A previous study by Adriaenssens et al. revealed that 

nerve growth factor (NGF) is produced and secreted by breast cancer cells [67], 

where it was later determined to act in an autocrine manner, stimulating its 

receptors TrkA and p75NTR [68, 105].  Given the major role of NGF in directing 

nerves to specific sites for the innervation and development of organs during 

embryonic growth [1], we hypothesised that the production of NGF by breast 

cancer cells may play a similar role in directing nerves into the microenvironment 

of primary breast tumours. Interestingly, an association was found between the 
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presence of nerve fibres in the microenvironment and the expression of NGF by 

cancer cells, which was particularly apparent in the more clinically aggressive 

cases of disease, highlighting their individual or possible joint utility as predictive 

biomarkers. This finding prompted us to explore the potential mechanism by 

which NGF may mediate the neurogenesis of the breast tumour 

microenvironment. In vitro, a series of breast cancer cell lines were found to 

secrete NGF as well as being capable of inducing neurite outgrowth in the 

neuronal cell line, PC12, during co-culture. The specificity of this finding was 

confirmed using anti-NGF blocking antibodies, which diminished the observed 

effect. Therefore, work carried out within this chapter of my thesis provided novel 

information regarding the presence and impact of the neuronal component in the 

breast tumour microenvironment. In addition, we elucidated a potential 

mechanistic role for NGF in initiating and regulating this infiltration. In terms of 

potential clinical applications, future preclinical studies in animal models will have 

to confirm the relevance of anti-NGF strategies to inhibit nerve infiltration in vivo.  

The nature or origin of the nerves infiltrating the breast tumour microenvironment 

remains to be clarified. Given that PGP9.5 is a broad neuronal marker, future 

studies will need to be conducted in order to clarify the distribution of sympathetic, 

parasympathetic or sensory nerves and to identify the mechanism(s) by which 

each of these neuronal subpopulations influence the nature of cancer cells. 

Furthermore, the extent and nature of tumour innervation may have been 

underestimated. Paraffin embedded TMAs generally do not contain a sufficient 

amount of tissue, with respect to both area and depth of the core, for the purpose 

of precisely measuring and dissecting neural infiltration and densities in tumours. 

Subsequent studies looking to extend on this research should utilise thicker 

sections as well as whole tumour tissue samples to precisely characterise the 

density and source of tumour innervation. Additionally, immunofluorescent 

microscopy of fresh or frozen sections should be applied for simultaneously 

assessing the immunoreactivity of sympathetic, parasympathetic or sensory 

nerves.   

Subsequent to revealing the extent of neural invasion within primary breast 

tumours, as well as identifying NGF as a potential inducer and mediator of this 

phenomena, Chapters 4 and 5 of this thesis focus on further clarifying the 



S. Faulkner 91  PhD Thesis 
 

expression and role of both nerves and neurotrophic growth factors in another 

human cancer, specifically that of the thyroid. Recent data has shown an increase 

in mortality over the past three decades for patients diagnosed with late stage 

thyroid cancer, signifying not only rise in incidence, but also the need for novel 

treatment strategies for this particular subgroup of patients [106]. In particular, 

anaplastic thyroid carcinoma, the most lethal histological subtype, carries a high 

mortality rate, with median survival less than one year after diagnosis [107]. Thus, 

the identification of new targets for the diagnosis and treatment of clinically 

significant thyroid cancer is essential. 

Chapter 4 of this thesis highlights the prevalence of neural infiltration as well as 

the protein expression of proNGF in a cohort of clinically annotated thyroid 

tumours, as compared with both adenomas and normal thyroid tissue. Although 

innervation of thyroid cancers has not been previously reported, we observed 

nerve fibres in only 5% of cases (data not shown). This proportion is significantly 

less than what we reported for breast cancer, in which up to 28% of invasive 

ductal carcinomas contained neural manifestations. Due to this difference 

between breast and thyroid cancer, it was not at all surprising to find no 

association of nerve fibres presence in the tumour with any clinically relevant 

features of thyroid tumours (data not shown). Previous studies have revealed that 

NGF expression has no association with any clinicopathological features of 

thyroid cancer [108]. NGF protein expression has previously been described as 

diffuse throughout the cytoplasm of the majority of cells found within both normal 

and cancerous thyroid tissue [108]. However, its precursor protein, namely 

proNGF, was previously unexplored within the context of thyroid cancer but has 

been implicated in several other tumour models, including melanoma and breast 

cancer [16, 95]. For the first time, we found proNGF to be overexpressed in 

thyroid tumours as compared with both benign adenomas and normal thyroid 

tissue. A recent study by Pundavela et al. demonstrated that proNGF is also 

overexpressed in prostate cancer, where it is involved in stimulating 

axonogenesis (nerve infiltration) [109]. This prompted us to investigate any 

association between proNGF expression and that of neural invasion in our thyroid 

tumours. We hypothesised that perhaps proNGF was a driver of nerve infiltration 

in the thyroid tumour microenvironment, as in the prostate and similar to the role 
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we found for NGF in breast cancer. However, in contrast with prostate and breast 

tumours, the expression of proNGF was not associated with the presence of 

nerve fibres or with any of the other clinicopathological parameters of the patients. 

Despite these findings, the overexpression of proNGF in thyroid tumours as 

compared with that of adenomas and normal thyroid tissue nonetheless 

highlighted its potential utility as a novel diagnostic biomarker. Given that proNGF 

has previously been shown to be secreted by breast and prostate cancer cells 

[16, 109], and more recently by anaplastic thyroid cancer cells (Chapter 5 of this 

thesis), its value as a blood biomarker should also not be overlooked and should 

be investigated in the future. In collaboration with our industrial partner BioSensis 

Lty Ptd (Prof Robert Rush, Adelaide), we have developed ProNGF ELISA kits 

that are currently on the market and have been specifically designed for assaying 

human serum samples. Prospective studies should follow up on the potential use 

of proNGF as a novel blood biomarker, with respect to both diagnostic and 

prognostic utility.    

The overexpression of proNGF observed in our cohort of thyroid tumours 

(Chapter 4) suggests a potential role in pathogenesis, however, the status of its 

receptors remained unclear. ProNGF acts as a ligand and is capable of binding 

to a receptor complex between the membrane protein sortilin and p75NTR, 

initiating various signalling pathways (NFKB, RhoA and JNK) [15]. In addition, 

proNGF has also been shown to activate TrkA, which in turn has been shown to 

regulate the MAPK pathway [15]. In thyroid cancer, the expression of sortilin had 

never been reported and although p75NTR [110] and TrkA [111] are expressed, 

their clinicopathological significance remains unclear. Therefore, the study 

contained within Chapter 5 of this thesis looked to define the expression of TrkA, 

p75NTR and sortilin in thyroid cancer, as well as to determine if targeting these 

receptors reduced features of aggressiveness. We demonstrated the expression 

of TrkA, p75NTR and sortilin was increased in a cohort of thyroid tumours, as 

compared with adenomas and normal thyroid tissue. TrkA was also expressed 

within the neural population of the tumour microenvironment, whereas both 

p75NTR and sortilin were absent. In developing neurons, TrkA activation results in 

the stimulation of various tyrosine kinase-induced signalling pathways leading to 

neurite extension [15]. Therefore, based on our observation that proNGF is 
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expressed and secreted by thyroid cancer cells, we can hypothesise that it may 

bind to and activate TrkA receptors on nerves, which could in turn represent a 

previously unreported mechanism of neurogenesis in thyroid cancer. 

Interestingly, our data also shows that p75NTR is overexpressed in most cases of 

anaplastic thyroid cancer. This undifferentiated subtype has a poor survival rate 

(only around 5% after 5 years) and at this stage there is no targeted treatment, 

Given that TrkA was also expressed and knowing that sortilin is an essential co-

receptor for proNGF, we followed up these findings, in vitro, using two 

representative anaplastic thyroid cancer cell lines. Our data revealed that 

targeting these neurotrophin receptors with specific siRNA resulted in a 

decreased growth and invasion, suggesting their potential utility as novel 

therapeutic targets. New therapeutic strategies are required for treatment of 

thyroid cancers that do not respond to current treatment, in particular, anaplastic 

thyroid carcinoma and metastatic differentiated thyroid cancer. Here we show for 

the first time that the expression of proNGF and its receptors, TrkA, p75NTR and 

sortilin are all increased in thyroid tumours, as compared with benign lesions and 

normal thyroid tissue. Additionally, we implicate their activation and downstream 

signaling as a potential principal constituent of tumour aggressiveness in 

anaplastic thyroid carcinomas, which warrants further assessment of their utility 

as novel targets for therapeutic intervention. A number of orthotopic and more 

recently genetically engineered immunocompetent mouse models of anaplastic 

thyroid carcinoma have been developed to enhance the understanding of this 

insidious disease [112, 113]. Interestingly, one such orthotopic model uses the 

same cell line in which we have carried out our in vitro functional assays [112], 

namely 8505c, thus a direct comparison using this particular model would prove 

critical for confirming our findings. Future studies should look at targeting the 

TrkA, p75NTR and sortilin signaling axis using these models to fully assess any 

potential for clinical utility.   

In translational terms, recent studies in prostate [114], gastric [115], pancreatic 

[116] and basal cell [117] carcinomas have demonstrated that targeting tumour 

innervation can result in the inhibition of both tumour growth and metastasis. 

However, the major issue with repurposing neurotoxic drugs, such as botulinum 

toxin (or BOTOX), is their ability to pass through the blood brain barrier, resulting 
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in potentially devastating neurotoxicity and non-specific targeting of non-neuronal 

cells [118, 119]. Therefore, NGF, proNGF and their receptors, TrkA, p75NTR and 

sortilin, may provide alternate means for therapeutic intervention, for the purpose 

of targeting both tumour neurogenesis and cancer-related pathways promoting 

tumour growth and metastasis. At the present time, blocking antibodies 

developed against NGF (Tanezumab) [18], as well as small molecule inhibitors 

designed to disrupt TrkA and p75NTR signalling have been developed to combat 

pain [120], however, these may also be re-purposed to potentially target both 

tumour progression and cancer-related pain.  

Overall, this thesis has contributed to provide novel evidence supporting the 

importance of nerve infiltration in both breast and thyroid tumours, clarified NGF 

as a potential regulator of this manifestation in the breast, as well as highlighted 

the potential role of NGF, proNGF and their receptors, TrkA, p75NTR and sortilin, 

as therapeutic targets in breast and thyroid cancer progression. The study of 

nerve-dependence in cancer is still in its infancy and the coming years should 

see more translational investigations into this new area of cancer research.  
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A.1 Additional publications supplemental to this thesis 

Faulkner S, Dun MD, Hondermarck H, 'Proteogenomics: Emergence and promise', Cellular 
and Molecular Life Sciences, 72 953-957 (2015) 

http://dx.doi.org/10.1007/s00018-015-1837-y
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This research was originally published in Molecular & Cellular Proteomics. Dun MD, Chalkley RJ, 
Faulkner S, Keene S, Avery-Kiejda KA, Scott RJ, et al., 'Proteotranscriptomic profiling of 231-BR 
breast cancer cells: Identification of potential biomarkers and therapeutic targets for brain 
metastasis'. Mol Cell Proteomics. 2015; 14:2316-2330. © the American Society for Biochemistry 
and Molecular Biology .
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