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Abstract

Background: Diagnostic molecular testing in colorectal cancer (CRC) offers a number of
benefits including predicting prognosis, directing targeted therapies and screening for
hereditary cancer syndromes. Molecular testing however is expensive, requires specialist
facilities and staff and is time consuming, limiting its widespread availability. The Idylla

System is an automated testing platform that could overcome these issues.

Aims: To appraise the suitability of the Idylla System for use in clinical practice by

evaluating the system’s accuracy and financial impact.

Hypothesis: The Idylla System has high accuracy for detecting mutations in BRAF, KRAS
and NRAS genes in CRC resection tissue and is a cost-effective alternative to current

testing platforms.

Methods: Ethical approval was granted by Oxfordshire Research and Ethics Committee A
(reference: 04/Q1604/21). Diagnostic accuracy was determined for the Idylla System in
detecting BRAF and KRAS mutations with a comparison against conventional polymerase
chain reaction (PCR). Further validations were also performed for BRAF, KRAS and NRAS
mutation testing against NGS and IHC methods. An audit of the molecular diagnostics

workload was carried out and a cost-analysis performed.

Results: The Idylla system had a sensitivity of 100.0% (95% CI: 88.3% to 100.0%) and a
specificity of up to 100.0% (95% CI: 94.7% to 100.0%) for detecting BRAF mutations and
a sensitivity of 100.0% (95% CI: 79.6% to 100.0%) and a specificity of up to 92.9% (95%
Cl: 68.5% to 98.7%) for detecting KRAS Mutations. There was 100% concordance for
NRAS testing. A cost-analysis estimated that the Idylla System could save from around

£12,000 to anywhere up to £40,000 per year in some centres.

Conclusions: The results support the hypothesis that the Idylla System is an accurate
system for detecting relevant mutations in CRC and demonstrate the system to be cost-

effective. The Idylla system is therefore suitable for use in routine clinical practice.
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Chapter 1: Introduction

1.1 Introduction to the thesis

This thesis is focused on the diagnostic molecular pathology of bowel cancer. This is a
disease which is a significant health problem in the United Kingdom (UK) and much
improvement is still needed.® Genetic testing of cancer tissue is one way in which the
outcome for patients is hoped to improve. Mutations in three key genes, BRAF, KRAS and
NRAS play a significant role, not only in the development of bowel cancer, but also in
guiding the course of treatment for these patients. Testing for mutations in these genes has
been recommended for several years now and is therefore increasingly common in
National Health Service (NHS) laboratories.19-14 However despite guidelines, testing is still
not universal for some of these genes and this is probably due to a lack of resources and
facilities.’®> The problem could be addressed by any number of the new technologies that
are constantly being developed in the field of molecular diagnostics, but proper evaluation
of such new systems is vital if we are to provide valuable and meaningful diagnostic
information. The aim of this thesis is to investigate a new molecular diagnostics platform
which could help address the problem of under-testing in bowel cancer across the NHS.
This work will assess the accuracy of this new technology and the potential for it to

overcome many of the barriers to universal testing.

1.2 Bowel cancer

1.2.1 The epidemiology and aetiology of bowel cancer

Bowel cancer is overall the fourth most common cancer in the UK (excluding non-
melanoma skin cancer). Just over 40,000 cases are diagnosed each year, accounting for
10-15% of all new cancers. Bowel cancer mortality in the UK is around 30% and causes
almost one in 10 cancer-related deaths.® Internationally, there are 1.3 million cases per
year and these result in over 600,000 deaths.1® The incidence of bowel cancer is slightly
higher in men, but for both men and women individually it is the third most common type of
cancer. The incidence rises sharply after the age of 50 years and the mean age of

presentation is 70.°

The aetiology of bowel cancer is poorly understood but is likely to be a combination of
genetic and environmental factors.'? There is good evidence that family history is a strong
risk factor for developing bowel cancer. This familial risk is largely due to polygenic
inheritance, but a number of inherited cancer syndromes are also directly linked to
developing bowel cancer.1017.18 |jfe-style probably plays a significant role in the
development bowel cancer as well, with obesity, poor diet (high in fat and red meat, low in

fiber) and a high intake of alcohol all associated with an increased risk.1%?> Another
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important group at risk of bowel cancer are those with other pre-existing disorders of the

gut, such as inflammatory bowel disease.?®

1.2.2 Relevant anatomy, histology, and physiology of the large bowel

The gastrointestinal tract develops from the endoderm layer of the embryonic trilaminar
disc. From around week four of gestation, the disc undergoes folding during which the
endoderm forms a tube running the length of the embryo. From this tube the mouth,
pharynx, oesophagus, stomach, small and large intestine and anus form.2” The gut is
embryologically divided into the foregut (mouth to duodenum), midgut (duodenum to the
distal third of the transverse colon) and hindgut (distal transverse colon to anus). Many of
the accessory glands of the gut (the liver, pancreas etc.) develop from out pouchings of the

endoderm early in organogenesis.?82°

The bowel is a tube-like structure that comprises the mid and hindgut structures of the small
intestine (duodenum, jejunum, ileum) and large intestine (caecum and vermiform appendix,
colon, rectum and anal canal).?° The large bowel begins at the caecum, which is around
10cm in length and sits in the right iliac fossa. Here, the small bowel (ileum) empties
through the ileocecal valve into the large bowel. From the caecum the bowel extends
retroperitoneally for about 20cm superiorly as the ascending colon into the right upper
quadrant and, at the level of L2, forms the hepatic flexure. The bowel then extends across
the body, intraperitoneally, for about 45cm as the transverse colon and, at the level of T12,
forms the splenic flexure in the left upper quadrant. Next, the bowel extends
retroperitoneally and inferiorly for around 25cm as the descending colon, into the left side
of the pelvis.3? Once the bowel enters the pelvis it forms a 40cm section known as the
sigmoid colon, due the S-shape course it takes. The anatomical boundaries of the sigmoid
colon are not defined consistently however.32 At approximately the level of S3, just above
the reflection of the peritoneum, the bowel forms a straight 12cm section known as the
rectum.31.33.34 At the level of the levator ani muscle the bowel is known as the anal canal, a

portion that extends for around 12cm to the anus.31:3%

The colon is attached to the abdominal wall by a fold of fatty connective tissue, known as
the mesentery. Blood vessels, lymphatics and nerves all traverse the mesentery centrally,
to supply the wall of the bowel.2¢ The midgut portions of the large bowel receive a blood
supply from branches of the superior mesenteric artery and drain by the superior
mesenteric vein into the portal system. Hindgut structures are largely supplied by the
inferior mesenteric vessels, with the middle and lower thirds of the rectum supply from the
internal iliac vessels. The lymphatic system of the bowel is rich and drains in a course that
follows the vasculature, with lymph nodes scattered at junctional points along this course.3”
Within the bowel wall is a complex network of autonomic nerves, known as the enteric

nervous system. This system regulates bowel wall muscle tone and the secretions of the
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bowel during digestion. Although the enteric nervous system functions somewhat

autonomously, it receives spinal cord input from higher centers which influence digestion.38

The colon is a main site for the absorption of water in the body and, in doing this, functions
to form and store faecal matter.3® The luminal surface of the bowel is lined by mucosa and
this comprises a layer of simple (one cell thick) columnar epithelium sitting on a basement
membrane, overlying lamina propria (loose connective tissue) and a thin layer of smooth
muscle known as the muscularis mucosae. The epithelium is arranged in test-tube shaped
intestinal glands that increase the surface area for absorption. This is shown in Figure 1.
Scattered between epithelial cells are mucous secreting goblet cells, occasional
neuroendocrine cells which play a role in modulating the enteric nervous system and (in
the right side of the colon) Paneth cells, which may function as part of the innate immune
system.4%41 At the junction between the upper two-thirds and lower one-third of the anal
canal is the dentate or pectinate line, which marks a transition from glandular epithelium to
squamous epithelium.*2 Hilton’s white line marks the progression to keratinisation of the

squamous epithelium,*3 which is continuous with the epidermis of the anal margin skin.3544
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Figure 1. Photomicrograph of normal colorectal histology at low power. The mucosa is
seen side on showing the intestinal glands arranged vertically (blue arrow), often said to
resemble test tubes in a rack. The underlying pink fibers of the muscularis mucosae are
also seen (red arrow), along with the lighter underlying connective tissue of the submucosa
(black arrow). The deeper muscularis propria is not seen in this view. Inset: high power
view of a normal intestinal gland as seen from above (cross cut) and surrounded by lamina
propria. The epithelial cells are neatly arranged in a single layer with small regular basal
nuclei. The gland lumen in seen in the center. H&E staining scanned at x400. H&E =

haematoxlyin and eosin
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Below the mucosa is a connective tissue layer known as the submucosa that extends to
the underlying circular smooth muscle layer known as the muscularis propria.** This muscle
layer is involved in the contractile peristalsis that propels bowel contents along its route. A
second, deeper layer of longitudinal muscularis propria also exists and this is continuous
with three bands of muscle that extend along the length of the intra-abdominal surface of
the colon, known as the taenia coli.#* The contractile nature of the taenia causes shortening
of the overall length of the large bowel, causing the wall to fold in on itself and form pouched
areas known as haustra. In the distal parts of the rectum, the muscularis propria transitions
into to skeletal muscle as part of the rectal and anal sphincters.3! In various locations, along
the bowel length are aggregates of mucosal-associated lymphoid tissue (MALT) present.
MALT plays an important role in the adaptive immune system defenses in the bowel and

helps regulate the commensal population of bacteria normally present in the colon.4®

1.2.3 The classification of large bowel tumours

‘Tumour’ is a Latin word originally used to describe any swelling in the body (similarly the
term ‘oncology’ is from the Greek ‘oncosis’ meaning swelling). Over time this has evolved
and its use today usually refers to an abnormal, neoplastic (new growth) expansion of cells
forming a tissue mass. Such tumours that remain localised to the tissue of origin are
generally regarded as benign. Tumours comprising cells that develop the ability to infiltrate
and invade surrounding tissues, as well as travel to distant parts of the body, are usually
referred to as malignant. Although benign tumours can result in fatal consequences through
local compression (such as benign meningiomas of the skull compressing the brain stem),
in general it is malignant tumours that disseminate, take over the normal structure of the
body and lead to death. The word ‘cancer’ is a general term used to refer to tumours that
are malignant. When considering cancers of any site in the body, it is generally helpful to
consider these in the context of all tumour types found in that tissue.4®

Bowel cancer most commonly affects the large intestine; small bowel tumours are rare and
account for only tiny burden (<3%) of the disease.*” Therefore, the focus of this work is on
large bowel tumours, referred to in the literature as ‘colorectal’. Most colorectal tumours,
benign and malignant, arise from and distend the mucosal lining of the bowel.*8 This usually
forms a structure protruding into the luminal space, referred to as a polyp. Polyps in the
traditional description are pedunculated (connected to the bowel with a stalk) but often they
appear as a more gradually raised (sessile) area. Flat lesions are relatively uncommon but
almost any of the tumours described here could theoretically present as flat lesion.
Polypoidal lesions of the colorectum due to mucosal inflammation (inflammatory polyps,
lymphoid aggregates) are not usually regarded as tumours and thought to have no

malignant potential.
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In the UK, bowel cancers are reported following guidelines set out by the Royal College of
Pathologists (RCPath) and the NHS. These guidelines largely follow the classification of
bowel cancer given by the World Health Organization (WHO), summarised in Table 1. The
WHO classification includes benign and malignant tumours.134850 Primary epithelial
tumours of the colorectum are subdivided into non-invasive and invasive lesions. Non-
invasive epithelial lesions include ‘conventional’ adenomas, serrated (saw-toothed
appearance of the mucosa) lesions and hamartomas (non-neoplastic, benign masses of
abnormally arranged tissue). Each is further sub-classified based on the histological
architecture. Non-invasive lesions are benign and their prognosis is excellent if completed
removed. However these lesions may or may not contain dysplasia.*® Dysplasia is a form
of neoplasia and is said to be a ‘pre-malignant’ feature because there is an increased risk
of malignant progression (invasion) of the tumour. Dysplastic tumours share morphological
features with malignant tumours (atypical morphology such as a disordered proliferation of
glands and cells showing nuclear enlargement, irregularity and hyperchromasia) but lack
invasion of surrounding tissues (malignancy is by strict definition invasion through a
basement membrane).*¢ The degree of dysplasia, where present, is graded as low or
high.48
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Epithelial Tumours

Non-invasive

Adenoma (with low or high-grade dysplasia)

Tubular

Villous

Tubulovillous

Serrated lesions

Hyperplastic polyp

Sessile serrated adenoma/polyp (sessile serrated lesion)

Traditional serrated adenoma

Hamartomas

Cowden-associated polyp

Peutz-Jeghers polyp

Carcinomas (invasive)

Adenocarcinoma

Cribriform comedo-type adenocarcinoma

Medullary carcinoma

Mucinous adenocarcinoma

Micropapillary carcinoma

Serrated adenocarcinoma

Signet-ring cell carcinoma

Adenosquamous carcinoma

Spindle cell carcinoma

Squamous cell carcinoma

Undifferentiated carcinoma

Neuroendocrine neoplasms

Neuroendocrine tumour (NET): gradel/2 (carcinoid)

Neuroendocrine carcinoma (NET grade 3): large/small cell

Mixed adenoneuroendocrine carcinoma

Enterochromaffin cell, serotonin-producing NET

L cell, glucagon-like peptide-producing & other peptide-producing NETs

Mesenchymal tumours

Leiomyoma

Lipoma

Angiosarcoma

Gastrointestinal stromal tumour

Kaposi sarcoma

Leiomyosarcoma

Lymphoma

Secondary/metastasis

Table 1. The WHO histological classification of tumours of the colorectum.8
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Conventional adenomas are very common, most showing a tubular architecture that
appears to recapitulate the normal tube like structure of the bowel mucosa. Villous
adenomas form finger-like projections and are slightly less common. All conventional
adenomas have at least low-grade dysplasia by definition and have the potential to develop
high-grade dysplasia or invasive carcinoma. Serrated lesions include hyperplastic polyps
(HP), which are probably by far the most common tumour of the colorectum.*® Hyperplasia
refers to a non-neoplastic, overgrowth of normal tissue.5! The malignant potential of HPs
(and hamartomas) has been debated for some time, but in the non-syndromic setting this
is likely to be very low.#6:52.53 Sessile serrated adenomas/polyps lesions (SSL) are a less
common type of serrated lesion and these have similar appearances to HPs. In the United
States (US), SSLs are known as sessile serrated adenoma/polyps (SSA/P). Unlike
conventional adenomas, SSLs are not dysplastic by definition but may harbor foci of low or
high-grade dysplasia and as such do have malignant potential.3*4%54 The final type of
serrated lesion is the traditional serrated adenomas (TSA). TSAs are relatively uncommon
but were described before SSLs and hence were designated ‘traditional’ in recognition of
more recently described SSLs. TSAs look somewhat different in appearance to SSLs or
HPs and they are considered to have at least low-grade dysplasia by definition.3448 Polyps
with overlapping appearances of many of the various categories are also recognised.
Occasionally, small areas of early invasion (by adenocarcinoma) are seen in polyps and
these cases are termed ‘polyp cancers’.48:5556

There are several subtypes of invasive tumour (cancer) of the colorectum in the WHO
classification. The most common are those of epithelial origin (carcinomas). Carcinomas
include adenocarcinoma, squamous cell carcinoma, adenosquamous carcinoma, spindle
cell carcinoma. This study will focus on the most common (90%) subtype of carcinoma,
adenocarcinoma, and therefore from herein ‘colorectal cancer (or ‘CRC’) will be taken to
mean this subtype. Most conventional adenocarcinomas display no specific features,
however around 5% of tumours display a discrete morphological subtype. The subtypes
include mucinous (rich in mucin and mucin producing cells), signet-ring cell, medullary
(very hyperchromatic cells) and serrated (saw-tooth) carcinomas.104857.58 An example of

the typical morphology of a conventional colorectal adenocarcinoma is shown in Figure 2.
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Figure 2. Photomicrograph of colorectal adenocarcinoma histology. A. The typical low
power morphological appearances of a moderately differentiated adenocarcinoma of
the colorectum (red arrow) with background normal epithelium present either side
(black arrows). The dark pink band of muscularis propria can be seen here (running
from top right to bottom left) lying deep to the mucosa and overlying serosal blood
vessels and fat. B. A high power view of a malignant tumour nest within the
submucosa (area from square in A), showing an attempt at glandular formation (as
seen in moderately differentiated tumours), crowded and disorganised cells, nuclear
enlargement and hyperchromasia, mitoses and central/luminal necrosis. Compare
with the normal glandular structure demonstrated in the Figure 1 insert. H&E staining

scanned at x400. H&E = haematoxlyin and eosin
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Neuroendocrine tumours and non-epithelial tumours (including lymphomas and
mesenchymal tumours) are uncommon and are not considered further in this thesis.
Tumours arising in the appendix and the squamous lined portions of the anal canal and
anus are usually considered separately from colorectal tumours and will also not be
considered further in this work. Although metastasis to the colorectum is rare, extension of
local tumours (e.g. of the bladder) is relativity common — this study however focuses on
tumours arising from the colorectum and therefore secondary tumours will not be
considered further in this thesis.10:48.57

1.2.4 The pathogenesis of colorectal cancer

Cancer is a genetic disease. Knudson described cancer development as an a