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The discovery of the growth response elicited by a soluble tumoural agent revealed the
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way opened a new area of investigation.
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ABSTRACT

The precursor for nerve growth factor (proNGF) has recently been shown to be
expressed in thyroid cancer, suggesting that neurotrophins and nerves may contribute
to thyroid malignancy. Nerves and neurotrophins are emerging as important mediators
of cancer initiation and progression, and may represent new biomarkers or therapeutic

targets.

It was first hypothesized that proNGF may be a diagnostic biomarker for thyroid cancer,
either in serum or solubilised thyroid-biopsy material, in patients with benign and
malignant nodular thyroid disease. ProNGF was detected in a minority of specimens,
but there was no correlation with thyroid malignancy. However, serum proNGF

correlated with hyperthyroidism, a relationship that is supported by animal data.

It was then considered whether proNGF could have a functional role in thyroid cancer,
examining first the evidence for innervation of thyroid cancer. Nerve density in papillary
thyroid cancers was found to be twofold higher than in benign thyroid (12 nerves/cm?
[IQR 7-21] vs 6 nerves/cm? [IQR: 3-10], p=0.001). Most nerves were of the adrenergic
subtype. Nerve density in papillary thyroid cancers was positively associated with
extrathyroidal invasion (p<0.001). Nerves in the thyroid cancer microenvironment
expressed the neurotrophin receptor TrkA, as did a subset of primary thyroid cancers.
Whilst proNGF expression in thyroid cancer was again demonstrated, it was not shown
to be associated with neo-innervation (p=0.07), although this relationship warrants
further exploration in light of the near-significant result. ProNGF was shown to be
expressed in thyroid cancer nodal metastases, which correlated with expression in
paired primary tumours, although it did not correlate with markers of aggressiveness or

high risk features.

The key finding of increased nerve density in the papillary subtype of thyroid cancer
suggests that nerves may have biological relevance in thyroid cancer and invites further
study. The presence of neurotrophin receptors in thyroid cancer raises the possibility
that nerve-cancer crosstalk may be mediated by neurotrophins, however this
relationship remains incompletely understood. This work establishes that proNGF is not

a diagnostic biomarker for thyroid cancer in serum or biopsy material.

Christopher Rowe - November 2019 iv



ACKNOWLEDGEMENTS

As | reflect on the enormous privilege that it has been to study and learn, | feel a deep
sense of gratitude for this opportunity, and the burden of responsibility that comes with

great opportunity.

To my supervisors, who have become friends and colleagues through this journey —

thank you for your patient willingness to listen, to correct, and to guide.

To the organisations that have supported this research — Hunter New England Local
Health District (through its Clinical Research Fellowship program and the Health
Research and Translation Centre); the Hunter Cancer Research Alliance; Avant Mutual
Group; NSW Health Pathology Teaching and Research; the Commonwealth Government
of Australia’s Research Training Program; and the Faculty of Health at the University of

Newcastle — thank you for your investment in the next generation of clinician-scientists.

To my colleagues in the Department of Diabetes and Endocrinology, and the Thyroid
Cancer Multidisciplinary Team, both at John Hunter Hospital; and at Newcastle
Endocrinology — thank you for your welcome, for your support of this work, and your

friendship.

To my colleagues at the Cancer Neurobiology group at the University of Newcastle, and
at the Mothers and Babies Research Centre at the Hunter Medical Research Institute —
| have a deep respect for your dedication and skill. Thank you for sharing your

enthusiasm and your knowledge so willingly.

To my parents, James and Sally — you modelled inquisitive thinking, persistence, the
power of words, and the value of study; both at the family table, and in your lives —

thank you for your love and support.

To my family, Rebecca, Evelyn, Bethany and Joshua — you remind me of what is truly

important, and teach me the most valuable lessons of all — thank you.

Christopher Rowe - November 2019 v



PUBLICATIONS INCLUDED IN THESIS

Rowe CW, Boelaert K, Smith R. (2019) Thyroid cancer during pregnancy and lactation.
In: Kovacs and Deal [Ed] Maternal-fetal and neonatal endocrinology. Elsevier.

https://doi.org/10.1016/B978-0-12-814823-5.00020-9 [Published].

Rowe CW, Faulkner S, Paul JW, Tolosa JM, Gedye C, Bendinelli C, Wynne K, McGrath S,
Attia J, Smith R, Hondermarck H. (2019) The precursor for nerve growth factor
(proNGF) is not a serum or biopsy-rinse biomarker for thyroid cancer diagnosis. BMC

Endocrine Disorders. https://doi.org/10.1186/s12902-019-0457-1 [Published]

Rowe CW, Dill T, Griffin N, Jobling P, Faulkner S, King S, Smith R, Hondermarck H. (2019)
Innervation of papillary thyroid cancer and its association with extra-thyroidal

invasion. Scientific Reports https://doi.org/10.1038/s41598-020-58425-5 [Published].

Faulkner S, Jobling P, Rowe CW, Rodriguez-Oliveira S, Roselli S, Thorne R, Oldmeadow C,
Attia Jiang J, Zhang X, Walker M, Hondermarck H. (2017) Neurotrophin Receptors TrkA,
p75NTR and Sortilin are Increased and Targetable in Thyroid Cancer. American Journal

of Pathology https://doi.org/10.1016/j.ajpath.2017.09.008 [Published].

Rowe CW, Dill T, Faulkner S, Gedye C, Paul JW, Tolosa JM, Jones M, King S, Smith R,
Hondermarck H. The precursor for nerve growth factor (proNGF) in thyroid cancer
lymph node metastases: correlation with primary tumour and pathological variables.
International Journal of Molecular Sciences https://doi.org/10.3390/ijms20235924
[Published].

Rowe CW, Paul J, Gedye C, Tolosa J, Bendinelli C, McGrath S & Smith, R. (2017) Targeting
the TSH receptor in  thyroid cancer. Endocrine-Related Cancer.

https://doi.org/10.1530/ERC-17-0010 [Published].

A candidate contribution statement for each publication is included in the following

pages.

Christopher Rowe - November 2019 Vi


https://doi.org/10.1016/B978-0-12-814823-5.00020-9
https://doi.org/10.1186/s12902-019-0457-1
https://doi.org/10.1038/s41598-020-58425-5
https://doi.org/10.1016/j.ajpath.2017.09.008
https://doi.org/10.3390/ijms20235924
https://doi.org/10.1530/ERC-17-0010

By signing below | confirm that Christopher Rowe contributed to the paper/publication
entitled:

Rowe CW, Boelaert K, Smith R. Thyroid cancer during pregnancy and lactation. In:
Kovacs and Deal [Ed] Maternal-fetal and neonatal endocrinology. Elsevier 2019.
https://doi.org/10.1016/B978-0-12-814823-5.00020-9

Christopher Rowe’s contribution to this paper was:
1. Leadin conception of the manuscript and drafting of methodology
2. Leadin literature search, review and critical appraisal of the literature
3. Lead in drafting manuscript, tables and figures
4. Lead in responding to reviewers

Author Signature Date

Christopher Rowe 12/08/2019

Kristien Boelaert 13/08/2019

Roger Smith 12/08/2019
24/10/19

Faculty Assistant Dean Research Training

Christopher Rowe - November 2019 Vii


https://doi.org/10.1016/B978-0-12-814823-5.00020-9

By signing below | confirm that Christopher Rowe contributed to the paper/publication

entitled:

Rowe CW, Faulkner S, Paul JW, Tolosa JM, Gedye C, Bendinelli C, Wynne K, McGrath S,
Attia J, Smith R, Hondermarck H. The precursor for nerve growth factor (proNGF) is
not a serum or biopsy-rinse biomarker for thyroid cancer diagnosis. BMC Endocrine
Disorders (under review at time of document signing)

Christopher Rowe’s contribution to this paper was:
1. Lead in conception and experimental design

Lead in performing experiments and analysing data

2
3. Lead in drafting manuscript, tables and figures
4

Lead in responding to reviewers.

Signature

Christopher Rowe

Sam Faulkner

Jonathan Paul

Jorge Tolosa

Craig Gedye

Cino Bendinelli

Katie Wynne

Shaun McGrath

John Attia

Roger Smith

Hubert Hondermarck

Faculty Assistant Dean Research Training

Christopher Rowe - November 2019

30/08/2019

30/08/2019

30/08/2019

30/08/2019

30/08/2019

30/08/2019

30/08/2019

30/08/2019

30/08/2019

30/08/2019

30/08/2019

24/10/19

viii



By signing below | confirm that Christopher Rowe contributed to the paper/publication
entitled:

Rowe CW, Dill T, Griffin N, Jobling P, Paul J, Faulkner S, King S, Smith R, Hondermarck
H. Autonomic nerve density is increased in papillary thyroid cancers (PTC), and is
associated with extra-thyroidal extension. Scientific Reports (under review at time of
document signing).

Christopher Rowe’s contribution to this paper was:
1. Leadin conception and experimental design
2. Lead in performing experiments and analysing data
3. Lead in drafting manuscript, tables and figures
4. Lead in responding to reviewers.

Author Signature Date

Christopher Rowe 16/08/2019
Tony Dill 16/08/2019
Nathan Griffin 16/08/2019
Phil Jobling 16/08/2019
Sam Faulkner 16/08/2019
Jonathan Paul 16/08/2019
Simon King 16/08/2019
Roger Smith 16/08/2019
Hubert Hondermarck 16/08/2019

24/10/19

Faculty Assistant Dean Research Training

Christopher Rowe - November 2019 ix



By signing below | confirm that Christopher Rowe contributed to the paper/publication

entitled:

Faulkner S, Jobling P, Rowe CW, Rodriguez-Oliveira S, Roselli S, Thorne R, Oldmeadow C,
Attia Jiang J, Zhang X, Walker M, Hondermarck H. (2017) Neurotrophin Receptors TrkA,
p75NTR and Sortilin are Increased and Targetable in Thyroid Cancer. American Journal of

Pathology https://doi.org/10.1016/j.ajpath.2017.09.008

Christopher Rowe’s contribution to this paper was:

1. Contribution to review of experimental methodology and results

Contribution to interpretation of results
Contribution to writing of manuscript

G oW

Author Signature

Sam Faulkner

Phillip Jobling

Christopher Rowe

Sonia Redrigues Oliveira

Severine Roselli

Rick Thorne

Christopher Oldmeadow

John Attia

Xu-Dong Zhang

Marjorie Walker

Hubert Hondermarck

Faculty Assistant Dean Research Training

Christopher Rowe - November 2019

Lead in developing pathway for, and obtaining of, human tissue collection
Contribution to experimental work (Western blots of thyroid tissue)

2/10/18

08/02/19

31/01/19

31/01/19

15/10/19

15/10/18

2/11/18

02/10/2018

24/10119


c3247713
Stamp


SoniaM R Oliveira
08/02/19

c3247713
Stamp



By signing below | confirm that Christopher Rowe contributed to the paper/publication

entitled:

Rowe CW, Dill T, Faulkner S, Gedye C, Paul JW, Tolosa JM, Jones M, King S, Smith R,
Hondermarck H. The precursor for nerve growth factor (proNGF) is expressed in thyroid

cancer metastases. Int J Mol Sci (under review at time of document signing)

Christopher Rowe’s contribution to this paper was:
1. Leadin conception and experimental design

Lead in performing experiments and analysing data

2.
3. Lead in drafting manuscript, tables and figures
4,

Lead in responding to reviewers.

Author Signature

Christopher Rowe

Tony Dill

Sam Faulkner

Craig Gedye

Jonathan Paul

Jorge Tolosa

Mark Jones

Simon King

Roger Smith

Hubert Hondermarck

Faculty Assistant Dean Research Training

Christopher Rowe - November 2019

24/10/19

30/08/2019

30/08/2019

30/08/2019

30/08/2019

30/08/2019

30/08/2019

30/08/2019

30/08/2019

30/08/2019

30/08/2019

Xi



By signing below | confirm that Christopher Rowe contributed to the paper/publication
entitled:

Rowe CW, Paul J, Geyde C, Tolosa J, Bendinelli C, McGrath S & Smith, R. (2017)
Targeting the TSH receptor in thyroid cancer. Endocrine-Related Cancer.
https://doi.org/10.1530/ERC-17-0010

Christopher Rowe’s contribution to this paper was:

1. Lead in conception of the manuscript and drafting of methodology

2. Lead in literature search, review and critical appraisal of the literature

3. Lead in drafting manuscript, tables and figures

4. Lead in responding to reviewers
Author Signature Date
Christopher Rowe - S /‘-—] / | G]

Jonathan Paul

Craig Gedye

f//f//jf

13/09/2019

s/t

Cino Bendinelli ' S/g7 ./O(

2/9/2019

Shaun McGrath

Roger Smith

2/9/2019

24/10/19

Faculty Assistant Dean Research Training

Christopher Rowe - November 2019 Xii



NON-THESIS PUBLICATIONS COMPLETED DURING CANDIDATURE

Publications in peer-reviewed journals

Rowe CW, Murray K, Woods A, Gupta S, Smith R, Wynne K. (2016) Metastatic Thyroid
Cancer in Pregnancy: Risk and Uncertainty. Endocrinology Diabetes & Metabolism Case

Reports. https://doi.org/10.1530/EDM-16-0071

Rowe CW, Bendinelli C, McGrath S. (2016) Charting a Course through the CEAs:
Diagnosis and Management of Medullary Thyroid Cancer. Clinical Endocrinology (Oxf).

http://dx.doi.org/10.1016/j.diabres.2017.06.022

Rowe CW, Haider AS, Viswanathan D, Jones M, Attia J, Wynne K, Acharya S. (2017)
Insulin resistance correlates with maculopathy and severity of retinopathy in young
adults with Type 1 Diabetes Mellitus. Diabetes Research and Clinical Practice.

https://doi.org/10.1111/cen.13114

Rowe CW, Arthurs S, O’Neill CJ, Hawthorne J, Carroll R, Wynne K, Bendinelli C. (2018)
High-dose cholecalciferol to prevent post-thyroidectomy hypocalcaemia: a
randomized double-blind placebo-controlled trial. Clinical Endocrinology.

https://doi.org/10.1111/cen.13897

Gao F, Griffin N, Faulkner S, Rowe CW, Williams L, Roselli S, Thorne R, Ferdoushi A,
Jobling P, Walker M and Hondermarck H. (2018) The neurotrophic tyrosine kinase
receptor TrkA and its ligand NGF are increased in squamous cell carcinomas of the

lung. Scientific Reports. https://doi.org/10.1038/s41598-018-26408-2

Rowe CW, Putt E, Brentnall O, Allabyrne J, Gebuehr A, Woods A, Wynne K. (2018) An
intravenous insulin protocol designed for pregnancy reduces neonatal hypoglycaemia
following betamethasone administration in women with gestational diabetes.

Diabetic Medicine. https://doi.org/10.1111/dme.13864

Marlow A, Rowe CW, Anderson D, Wynne K, King B, Howley P, Smart C. (2019) Young
children, adolescent girls and women with type 1 diabetes are more overweight and
obese than reference populations, and this is associated with increased cardiovascular

risk factors. Diabetic Medicine. https://doi.org/10.1111/dme.14133

Christopher Rowe - November 2019 Xiii


https://doi.org/10.1530/EDM-16-0071
http://dx.doi.org/10.1016/j.diabres.2017.06.022
https://doi.org/10.1111/cen.13114
https://doi.org/10.1111/cen.13897
https://doi.org/10.1038/s41598-018-26408-2
https://doi.org/10.1111/dme.13864
https://doi.org/10.1111/dme.14133

Conference presentations - oral

Rowe CW Tolosa, JM, Faulkner S, Paul J, Gedye C, McGrath S, Smith R, Hondermarck H.
(2017) The precursor for nerve growth factor (proNGF) is detectable in the rinse of fine
needle aspiration biopsy of thyroid cancer. World Congress of Thyroid Cancer, Boston,

United States of America.

Rowe CW, Dill T, Faulkner S, Griffin N, Jobling P, King S, Gedye C, Tolosa JT, Paul J, Smith
R, Hondermarck H. (2018) Increased autonomic nerve density around papillary thyroid
cancers and cancers that metastasize. Endocrine Society of Australia Annual Scientific

Meeting, Melbourne, Australia.

Hawthorne J, Rowe CW, Arthurs S, O’Neill CJ, Carroll R, Wynne K, Bendinelli C. (2018)
High-dose pre-thyroidectomy cholecalciferol reduces post-operative hypocalcaemia
when stratified by PTH status: a randomized, placebo-controlled trial. Endocrine

Society of Australia Annual Scientific Meeting, Adelaide, Australia.

Rowe CW, Putt E, Brentnall O, Gebuehr A, Allabyrne J, Woods A, Wynne K (2018) An
intravenous insulin protocol designed for pregnancy reduces neonatal hypoglycaemia
after betamethasone administration in women with gestational diabetes. Society for

Endocrinology BES. Glasgow, United Kingdom.

Rowe CW, Dill T, Clarke M, Paul J, Gedye C, King S, Hondermarck H. (2018) A
methodology for validating automated digital whole-slide analysis of
immunohistochemical biomarkers using open source software (QuPath). Australian

Society for Medical Research Satellite Symposium. Newcastle, Australia.

Faulkner S, Rowe CW, Gao F, Griffin N, Walker M, Denham J, Jobling P, Hondermarck H.

(2018) Nerve dependence in cancer. Hunter Cancer Symposium, Newcastle, Australia.

Blefari N, Rowe CW, Carroll R, Weigner J, Bendinelli C, O’Neill CJ. (2019) Long term
quality of life outcomes in thyroid cancer survivors. Royal Australasian College of

Surgeons Annual Scientific Congress. Bangkok, Thailand.

Rowe CW (2019) A validated insulin infusion protocol to reduce neonatal
hypoglycaemia following betamethasone. Australasian Diabetes in Pregnancy Society

Annual Scientific Meeting. Sydney, Australia.

Christopher Rowe - November 2019 Xiv



Rowe CW, Boelaert K, Colley S, Ballard M, Pracey P, Giblet N, Sharma N. (2019)
Integrated thyroid nodule risk stratification using BTA U (ultrasound) and Thy
(cytology): outcomes at a large tertiary centre. Asia-Oceania-Thyroid Association

Annual Scientific Meeting, Sydney, Australia.

Christopher Rowe - November 2019 XV



Conference presentations - poster

Rowe CW, King S, Tolosa JM, Paul J, Gedye C, Smith R. (2017) Overexpression of the
Sodium-lodide Symporter in thyroid cancer co-existing with Graves’ disease.

Endocrine Society of Australia Annual Scientific Meeting, Perth, Australia.

Croker E, Tan HLE, Rowe CW. (2017) Diabetic ketoacidosis (DKA) in patients on
maintenance dialysis: case series and literature review. Australian Diabetes Society

Annual Scientific Meeting, Perth, Australia.

Croker E, Chew CYM, Weigner J, Tan HLE, Bendinelli C, McGrath S, Rowe CW. (2018) The
whole is greater than the sum of its parts: synthesised triple-assessment of thyroid
nodules optimises pre-operative risk-stratification. Endocrine Society of Australia

Annual Scientific Meeting, Adelaide, Australia.

Kuehn J, Rowe CW, Amico F, Ward A, Bendinelli C. (2018) Management of an
intrathyroidal cystic parathyroid gland with post-traumatic haemorrhagic
transformation causing acute airway compromise. Endocrine Society of Australia

Annual Scientific Meeting. Adelaide, Australia.

Rowe CW, Delbridge M, Brown K, Watkins B, Addley J, Wynne K. (2019) An insulin
infusion designed for pregnancy provides comparable glycaemic control following
betamethasone in women with gestational and pre-existing diabetes, although
hypoglycaemia is more common in pre-existing diabetes. Australasian Diabetes in

Pregnancy Society Annual Scientific Meeting. Sydney, Australia.

Rowe CW, Woods A, Wynne K. (2019) Transient extreme insulin resistance in
pregnancy following betamethasone administration managed with high-dose
intravenous insulin: case series and literature review. Australasian Diabetes in

Pregnancy Society Annual Scientific Meeting. Sydney, Australia.

Blefari ND, Rowe CW, Weigner J, Carroll R, Bendinelli C, O’Neill C. (2019) Quality Of Life
After Thyroid Surgery Is Similar In Patients With Thyroid Cancer And Benign Disease.

American Thyroid Association Annual Scientific Meeting. Chicago, United States of

America.

Christopher Rowe - November 2019 XVi



SUPERVISORS

Laureate Professor Roger Smith

Professor of Endocrinology

School of Medicine and Public Health, University of Newcastle, Australia.

Professor Hubert Hondermarck

Professor of Medical Biochemistry

School of Biomedical Sciences and Pharmacy, University of Newcastle, Australia.

Dr Jonathan Paul

Lecturer

School of Medicine and Public Health, University of Newcastle, Australia.

Conjoint Associate Professor Craig Gedye

Conjoint Associate Professor of Medical Oncology

School of Biomedical Sciences and Pharmacy, University of Newcastle, Australia.

Dr Jorge Tolosa

Research Officer

School of Medicine and Public Health, University of Newcastle, Australia.

Christopher Rowe - November 2019

XVii



CONTENTS

1 OVERVIEW ....cuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiisiiiiiiisssasasasasasasasasassssssssssssssssssssssssssssssssssssssses 1
1.1 INTRODUCTION .evttiiiiesiiiiinrittteeeessieiniretttee e e s s sesbbaste e e e s s s ssasnbreseeeeessssansbaseseeesssssannns 2
1Y S T LU0 R 2
1.3 ORGANISATION OF THESIS ...vvviiiuriiiiiiiiiiinieiiiie sttt st sba s s saae e sanee e 2

2 LITERATURE REVIEW .......uiiiiiiiiiiiiiiiiiininnnsssssnsss s s s s 4
2.1 THYROID PHYSIOLOGY AND PATHOLOGY ....eevveeureerureereesueeeseesinesseesseessseesmsesnseessnesnseesneens 5

2.1.1 Normal thyroid development and function..............ccceeeecvveeeescveeeessirieeennnn, 5
2.1.2 Diseases of the thyroid gland.................coueeevvuveeiieeeeiiiiiiveiieeeeeiesisiiveeeeseeeeninns 7
2.1.3 Thyroid cancer: clinical presentation and significance ...............cccceecvvvveennne.. 9
2.2 REVIEW: THYROID CANCER DURING PREGNANCY AND LACTATION ...eeuveenurerreernreereesineeneesnnenns 9
N N o -3 o ol TSRS IPP 9
2.3 INNERVATION OF THE THYROID ..uvviiiiiieiiiisitiie sttt sttt aa s s 23
2.3.1 INELOAUCTION ...ttt 23
2.3.2 Anatomy of thyroid iNNervation...............cceeeeeeuveeeesiuveeessciieeessiieeeessineennnns 23
2.3.3 Adrenergic (sympathetic) innervation and function .................cccceeevvvvvenne.... 24
2.3.4 Cholinergic (parasympathetic) innervation and function.................ccccccuu..... 25
2.3.5 Evidence for innervation of thyroid CanCer ...............ccouevvvvvvveeeeeeeesiiiivvennnnn, 26
2.3.6 Relevance for proposed reSeQarch ............uueeeeevvveeesciiieiesciieeesciiieeessineeennns 27
2.4 THE PRECURSOR FOR NERVE GROWTH FACTOR IN PHYSIOLOGY AND CANCER .....cveruveereennnennnees 27
2.4.1 Physiology of the precursor for nerve growth factor.............ccceccvvvevevuvnennn. 27
2.4.2 Role of the precursor for nerve growth factor in malignancy........................ 30
2.4.3 Role of the precursor for nerve growth factor in thyroid cancer ................... 32
2.4.4 Relevance for proposed reSeQArch ............ccuueeeeevveeeessiieeeesciieeessiieeesssireennnns 35
2.5 BIOMARKERS FOR DIAGNOSIS OF THYROID CANCER «..ceuveeurienureeieesireeseesnneenneesineenneesnnesnees 35
2.5.1 CliNICAI N ..........eeeeeeeeeeeeeeeee ettt 35
2.5.2 Blood-based diagnostic biomarkers.............cccvvveeeeeeeeeeeiiiieveeeeeeeesiiiiivvennnnns 37
2.5.3 Biopsy-based diagnostic DiOMArKers ..............cccueeeeecuveeessciieeesiiiiesessiineennnns 38
2.5.4 Relevance for proposed reSEAICH ..............ooevevvvveeeeeeeeeeeiiiireveeeeeeeesssiiirveerneeens 39

3 THE PRECURSOR FOR NERVE GROWTH FACTOR (PRONGF) IS NOT A SERUM OR
BIOPSY-RINSE BIOMARKER FOR THYROID CANCER DIAGNOSIS....ccccctererererrererecenrenes 40
I =1 Yo 41

Christopher Rowe - November 2019 Xviii



4 INNERVATION OF PAPILLARY THYROID CANCER AND ITS ASSOCIATION WITH EXTRA-
THYROIDAL INVASION. ...ccuuiiieiiiieiiiiiiiieiiieeiiiseinieeirsassisesssssssresssrsnssssssssssnsssnes 55

QL PREFACE .uuutietitieetei ittt ittt e e s s sttt et e s s s e et e e e e s s s b e a e e e e e e s s s snnbbb et e e e e e s s s e s baaeees 56
5 NEUROTROPHIN RECEPTORS TRKA, P75-NTR AND SORTILIN ARE INCREASED AND
TARGETABLE IN THYROID CANCER ....c..citutiiiieiiiiniiieiiiieiieeisneinensrsesssssessnsnssnes 71

L PREFACE ..ettiiiiitiieiittttt ettt ettt e e et e e e s s r e e e e e as 72
6 THE PRECURSOR FOR NERVE GROWTH FACTOR IN THYROID CANCER LYMPH NODE
METASTASES: CORRELATION WITH PRIMARY TUMOUR AND PATHOLOGICAL

VARIABLES......cc. ittt ree s e s sae s sea st raasstenessnenssstansasennssnensssnes 89
B. 1 PREFACE .eeiiiiiiiiiiiitiiie ettt ettt e e s a e e e e e s s s b b e s e e e e e s s e e a e e e e e e e as 90
7 TARGETING THE TSH RECEPTOR IN THYROID CANCER......ccccoitmuiiriniineeiinneinennnns 104
T L PREFACE ..evttiiieiiiiii ittt ettt e e et e e e s s a e e e e e s s s bbr e e e e e s e s s e nrbaae e 105
8 GENERAL DISCUSSION........cituiiiieiiiniiiieiiiiiireeiiiseinineinsassssssssrensssrsnsssssessnsnnsns 118
8.1 INTRODUCTION eeeiiuutriiiiiiriieiiiiieesiitre e e ssirt e e s iba e e s s saba e e s s eaba e e e s sbbaeesssabaseessanaeeesnes 119
8.2 THYROID AUTONOMIC DENERVATION ..ccteeitriiiinrirrtteeesessiinriereeeeessssssnnreseeessssssnnssenees 120
8.3 NERVES AS BIOMARKERS OF CANCER AGGRESSIVENESS ...ceovuvreeiiiirireiiinieesiiineeessinneessnns 122
8.4 NEUROTROPHIN RECEPTORS AS THERAPEUTIC TARGETS....oicuirrierteeeensiniirrereees e s einnneneees 123
8.5 CONCLUSION ...vtiiiiiiriiiiiiriie ittt s sir s e e s ba e e s sbb e e e s s sbas e e s sanneeesans 125
9 REFERENCES...... .ottt rseisse s rassras s rassraesssesssesssnsssnssrnssnnnes 126
10 APPENDICES......cceuuiiieeiitniiiieiiieeiiieeineeitisesisisessrsasssrssssisssssnsnsssrsnssssssssssnsssnes 134
10.1 ADDITIONAL PUBLICATIONS COMPLETED DURING CANDIDATURE .....cvtttieriiiiiiirrereeeesssnnnnns 135
10.2 PERMISSIONS TO INCLUDE PUBLISHED PAPERS IN THESIS....ccciiiurierininneeeiiinieessinneeesnnnnes 189
10.3 PERMISSIONS TO REPRODUCE FIGURES IN THESIS ...uuuvvrrtreeeriiiinrirreeeeessssninnreseeeesssssnnns 196

Christopher Rowe - November 2019 XiX



AJCC

ANOVA

ATA

ATC

AUROC

cAMP

Cl

CNS

DAB

DTC

ETE

FNA

FTC

LIST OF ABBREVIATIONS AND ACRONYMS

American Joint Cancer Committee
Analysis of Variance

American Thyroid Association
Anaplastic thyroid cancer

Area under the receiver-operating characteristic curve

Cyclic adenosine monophosphate

Confidence Interval

Central Nervous System

3,3’-Diaminobenzidine

Differentiated thyroid cancer

Extra-thyroidal extension

Fine needle aspiration biopsy

Follicular thyroid cancer

Immunoglobulin G

Immunohistochemistry

Immunoglobulin M

Medullary thyroid cancer
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mRNA Messenger Ribonucleic acid

MW Molecular weight

NGF Nerve Growth Factor

NT Neurotrophin

P75NTR  p75 Neurotrophin receptor
PBS Phosphate buffered saline
PCR Polymerase chain reaction
PGP9.5 Protein gene product 9.5
Pl Protease inhibitor

PTC Papillary Thyroid Cancer

ROC Receiver Operating Characteristic
RNA Ribonucleic acid

RTK Receptor tyrosine kinase

siRNA  Small/short interfering RNA

SORT  Sortilin

TGCA The Cancer Genome Atlas
TMA  Tissue Microarray
Trk Tropomyosin-related kinase

TSH Thyroid stimulating hormone (thyrotropin)
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