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Abstract

Newfoundland and Labrador has the highest rate of colorectal cancer (CRC) in
Canada, and its rate of familial CRC is among the highest worldwide. The goal of this
PhD programme was to further characterize CRC in this province, to gain a better
understanding of the heterogeneity of this disease. and to identify clinically relevant
differences in the tumours that could be exploited to personalize and improve clinical
care

of

The molecular genetic, protein ion. and
colorectal cancer were evaluated in three large projects. First. the molecular features
related to mismatch repair proficiency were assessed and correlated with family history.
In a population-based cohort of 296 patients younger than 70 years at diagnosis, 60% met
high or intermediate risk of hereditary CRC according to family history criteria. while

only 13% of the associated tumours had defects in the mismatch repair system compatible

with Lynch Syndrome. Although

d has a very high proportion of familial

colorectal cancer, Lynch Syndrome does not account for the majority of these cancers

there are likely other, novel hereditary factors contributing to the burden of dis;

e.

Next, the heterogeneity in protein expression was assessed, using tissue

and i To determine if the

'y, in two studie:

expression of selected proteins can predict patient outcome, expression scores for 12

proteins were ass using data

ed together in unsupervised hierarchical clustering analy

from 280 tumours from population-based patients along with another 111 from unselected




CRC patients diagnosed younger than age 75 years. s identified three tumour

subgroups. one of which had statistically significant reduced disease-specific survival

after adjustment for known prognostic factors (adjusted hazard ratio 1.82). The

conclusions were that expression of specific proteins studied may have prognostic utility.
and that the statistical methods used were valuable for identifying prognostically relevant
subgroups of CRC.

In the same cohort, lamin A/C protein expression in tumour nuclei was assessed
to determine whether it predicted prognosis. Stage 111 patients whose tumours expressed
lamin A/C in >25% of cells were four times more likely to die of their disease when
compared to stage 111 patients with lower levels of expression (adjusted hazard ratio
4.14).

Finally. to determine whether features of tumour histology were good predictors

of mi ite instability, xylin and eosi ined tumour sections were studied
from a population-based group of 710 incident CRCs. A number of histological features
were associated with microsatellite instability. and an algorithm (PREDICT) was
developed to predict this status using multivariate modelling. In a validation cohort of
280 population-based incident CRCs, PREDICT had a sensitivity of 96.9% and a
specificity of 76.6% for identifying microsatellite instable tumours. Microsatellite
instability can be used to assist in the identification of Lynch Syndrome, and in both the
prediction of patient outcome and response to standard adjuvant chemotherapy. This
algorithm has been adopted into clinical practice in parts of Ontario, and as part of a

Community Genetics initiative in Newfoundland and Labrador.
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Chapter 1 — Introduction and Review of Literature

1.1 _Introduction and History

Colorectal cancer (CRC) is one of the most common forms of malignancy.

representing almost 10% of all new cancer diagnoses and 8% of deaths from cancer

worldwide 1. It is third in overall incidence, after lung and breast, and second in

prevalence, after only breast 2. CRC is a heterogenous disease. with different tumours
arising from different causes, developing through different pathways of carcinogenesis.

exhibiting different pathological characteristics, and progressing with different levels of

010 10% of CRCs are heredit:

ag;

aression. While the majority of CRCs are sporad

passed from one generation to the next in a Mendelian pattern of inheritance %. The two

¢ Familial Adenomatous Polyposis (FAP) and Lynch

major forms of Mendelian CRC a

Syndrome, also known as Hereditary Non-Polyposis Colorectal Cancer (HNPCC). Both

are inherited in an autosomal dominant pattern. Lynch Syndrome is the most common
form. accounting for up to 3% of all CRC +6. Another 20% of CRC occurs in patients
with a familial risk: defined as individuals having two or more first- or second-degree
relatives with a history of colorectal cancer 3. A genetic cause is unknown for the
majority of familial clustering, which may also be due in part to shared environmental
exposures.

The first published evidence that some cancers could be hereditary came from

Aldred Scott Warthin. an American pathologist. in his seminal paper of 1913 7. Warthin




conducted the first population-based study of cancer. based on the 3600 neoplasms that
were diagnosed in the Pathology Department of the University of Michigan. where he
worked. from 1895 to 1913. He studied the available family history data collected from

all cases of

reinoma, and made many insightful conclusior

s that hold true today. His

foremost conclusion was that “a marked

ty to carcinoma exists in the case of

in family generations and family groups™ 7. He also noted that when a carcinoma

cen in multiple members of one generation of a family there was almost always

carcinoma in the preceding generation. and that the cancer burden within a fa

mily was

greater when there was a history of carcinoma in the families of both parents

compared

1o just one. W

rthin recognized that careful studies of large families were needed to

enable accurate descriptions of patterns of inheritance. Finally. he had the foresight to

make a subtle, but important distinction in the approach to the emerging concept of the

heritability of cancer. While others. such as

ac Levin, proposed the common
inheritance of a resistance to cancer that was absent in families with cancer & Warthin
proposed the opposite: that resistance to cancer was the normal state, and families

manifesting an increased frequency of cancer possessed a trait conferring the increased

susceptibility. For this work he has been termed by some as “the father of cancer

genet

sented by Warthin in his 1913 paper, one would eventually

prove key in the story of hereditary colorectal cancer. Warthin first became aware of this

camstre

family in 1895. 1 was depressed due to what she considered to be her

inevitable fate, that she would die young of cancer, as was common in her family.
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Warthin took an interest in her story and rescarched her family. which he called Family

G.

s they were of German ancestry 10, He found a predominance of cancers of the bowel

and endometrium. as well as cancers of the stomach and ovary 719, This was the first

published record of a family suffering from what is now referred to as Lynch Syndrome.
the most common cause of hereditary colorectal cancer

In the mid-1960s an internal medicine resident named Henry Lynch became
fascinated by the story of one of his patients who spoke of the overwhelming history of

colorectal and other cancers in his family 1. Lynch and colleagues carried out a thorough

review of the medical and pathology records of the family, and recognized that they were

dealing with a type of cancer syndrome that had yet to be defined in literature. The
family exhibited an autosomal dominant transmission of a trait which predisposed to early
onset carcinoma. The predominant form of cancer was of the colon. however cancers of
the endometrium and ovary were also common among the female family members. This

family became known as Family N, for Nebraska, the state in which they resided. In

1966 Lynch and colleagues published a report on Family N and another family with a

similar cancer history. Family M. from Michigan 12. This wa

the first publication
specifically describing this new cancer syndrome. By the late 1960s many researchers
were reporting families which had cancer manifestations and frequencies that were

imilar to Families G. M and N (reviewed in 13). Based on the research of these and

other families. in 1971 Lynch and his colleague Anne Krush published the first criteria
for “Cancer Family Syndrome” (CFS) 14, which eventually became known as Lynch

Syndrome.



In the late 1960s. upon hearing of their work, A. James French of the University
of Michigan offered to share with Lynch and Krush the notes of his late predecessor.

Aldred Warthin. These notes contained the pedigree. pathological and clinical

information pertaining to Warthin’s original Family G.  Lynch and Krush proceeded to

revisit the family. and updated their status in 1971 15, They and others continued to

follow this family. and in 2000, more than a century after the family was first identified.

the mutation predisposing this family to cancer was discovered in the mismatch repair

gene MSH2 1617, The MSH2 gene had been mapped in 1993 1 through the identification
of close linkage to a locus 4Mb downstream of this gene among affected individuals from

two large families with early-onset cancer. One of these families was from

Newfoundland. The mapping of this gene was the first proof of a genetic susceptibility to

colorectal cancer.

1.2 Colorectal Anatomy and Pathology

The colon and rectum make up the distal end of the human gastrointestinal tract.
The colon is approximately 1.5 m long. and the rectum is 12 to 15 cm long 1. The colon

is divided into five anatomic

segments. as illustrated in Figure 1.1, The terminal ileum,
the most distal portion of the small intestine, is connected via the ileocecal valve to the

'he ileocecal valve allows bowel

cecum, the most proximal segment of the colon.
contents to pass from the small to the large intestine. but prevents reflux back into the

small intestine. Distal to the cecum is the ascending colon. which turns at the hepatic




flexure to become the transverse colon. The transverse colon then tumns at the splenic
flexure to become the descending. and then sigmoid colon. The sigmoid colon extends
into the s-shaped rectosigmoid junction, to become the rectum. The cecum has the largest
diameter. and the colon progressively narrows distally.

The primary functions of the colon and rectum are to reabsorb water and
electrolytes from the luminal contents, and store and climinate waste. The surface

columnar cells

epithelium of the colonic mucosa is composed of two main types of cell

The most numerous are the columnar cells. which are involved in

and goblet cells.
absorption of water and salt from the luminal contents. They predominate over the goblet
cells, by a ratio of four to one throughout most of the colon. However, approaching the
rectum this ratio decreases. with both cell types present in approximately equal numbers

20, Goblet cells produce and secrete mucus. which acts as a lubricant to aid in the passage

of waste. More mucus is required as the waste becomes more solid. at the distal end of

the colon. where the numbers of goblet cells is highest. The epithelial cells are organized

into numerous straight. tubular glands (crypts of Lieberkiihn). which extend from the
smooth luminal wall of the colon to the first layer of muscle within the wall of the colon.

known as the muscularis mucosa. This is illustrated in Figure 1.2. The layers of the

colon wall are illustrated in Figure 1
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Figure 1.1. Anatomy of the colon and rectum

‘The upper image illustrates the location of the colon within the abdomen in relation to
other organs of the lower gastrointes m. The lower image illustrates the
different sections and landmarks of the large intestine. Note that while the anus is
included in the figure, it is not included in the definition of colorectal cancer
thesis. Figure from Canadian Cancer Statistics 2011 21,

this




Figure 1.2. Colonic crypts of Licberkiihn
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Figure 1.3, The layers of the wall of the colon and rectum
(from 22, reprinted with permission from Springer)

Another two types of cells, endocrine and stem cells, are located in the base of the
crypts. The endocrine cells are few in number, and they are scattered among the other
epithelial cells. They produce and secrete various hormones, which are released along the
basal or basolateral surface of the cell. but not on the apical (luminal) side 1. These
hormones modulate normal digestive functions.

The colonic stem cells can differentiate to produce any of the specialized
epithelial cells of the colon: the columnar cells. goblet cells. and endocrine cells. The
lower one third of the crypt is known as the replicative zone, and all colonic epithelial
cells arise there from stem cells. With every cycle of mitosis. a stem cell divides into two
cells. They can divide asymmetrically. resulting in: a new stem cell. which remains in the

replicative zone of the crypt. and a daughter cell which differentiates and migrates up the



crypt to the luminal surface: or they can divide symmetrically. resulting in either two

daughter cells or two stem cells 23, Cells at the surface are frequently shed due to surface

abrasion and senescence. Turnover of the columnar and goblet cells occurs every four to

ine cel [his rapid renewal of the colonic

x days. and of the endos every six weeks 20,

epithelium allows for quick repair of damage. but also leaves the colon particularly
vulnerable o replicative error and to agents that interfere with cellular replication 12

The anatomy and physiology of the colon can affect how a colorectal cancer

presents clinically. Typically. colorectal cancers are asymptomatic for a long time. but

can become symptomatic as they grow larger. Some patients experience fever. a general

feeling of being unwell, weight loss, and abdominal pain. Symptoms depend on the size

and location of the tumour. Because the colon progressively narrows distally. and
because water is absorbed from bowel contents as it moves distally. the proximal colon

al colon. Therefore,

has a larger circumference and less solid contents than the di:

cancers of the proximal colon tend to present in a more indolent manner, with les:

specific findings. including microcytic anemia, fatigue. and dark. tarry stool (known as
including a

melena). Cancers of the distal colon tend to present with more acute finding

change in bowel habits. such as passing stools with a smaller than normal caliber. They

can also present with constipation, abdominal distension, bowel obstruction, tenesmus
(the urgent and painful need to pass stool, often without being able to do so). or fresh

blood in the stool. known as hematochezia 2425



Classification of Colorectal Tumours

The World Health Organization (WHO) classifies colorectal cancers into three

main categories: (1) epithelial tumours. (2) non-epithelial tumours. and (3) secondary

tumours 25, Epithelial tumours are those derived from the cells of the epithelium. and can
be further divided into carcinomas and carcinoids. Carcinoids are well-differentiated

tumours arising from endocrine cells. Carcinomas arise in the other epithelial cells. both

columnar and goblet. and are the focus of this thesis. Adenocarcinomas originate from
the glandular cells of the colonic crypts. and are the most common subtype of carcinoma.

Some of these are mucin-producing. but the majority are not. Adenocarcinomas with

mucin composing greater than 50% of the lesion are termed mucinous adenocarcinom
Tumours with at least 50% of cells containing prominent intracytoplasmic mucin are
termed signet-ring carcinomas. Other types of colorectal carcinomas include medullary
and undifferentiated carcinomas.

Non-cpithelial tumours include lipomas, which originate in adipose cells:

leiomyomas and leiomyosarcomas. which originate in smooth muscle cells:

gastrointestinal stromal tumours. which arise in stromal cells: malignant melanomas.

which arise in melanocytes: malignant lymphomas, which can arise from a variety of

em: and others.

Iymphatic cells of the immune s
Malignant melanoma can present in the colon and rectum as either a primary
tumour or a metastasis from a distant site. Primary malignant melanoma of the large

intestine is rare, accounting for less than one percent of malignancies at this site 2627,
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Secondary tumours of the colon and rectum are tumours which arise in other sites

within the body and metastasize there. as well as local recurrenc

s of previous primary
cancers of the colon or rectum. Distant, metastatic spread to the colon and rectum can
oceur from primary lung cancer and malignant melanoma. and rare cases from breast
have been reported 2528, Cancers of the bladder. ovary. cervix. and prostate can also
spread to the colon and rectum. but typically by local extension rather than true

metastases.

1.4 Tumour Staging Methods

Staging is an important step after the diagnosis of cancer. to determine the extent

is. In 1926,

of disease for the purpose of guiding treatment and estimating patient progno:
John Percy Lockhart-Mummery published the first attempt to stage rectal cancer 22

Lockhart-Mummery was a surgeon, and his 1926 paper described the development and

of his new perincal surgical approach to rectal cancer in 200 patients. He argued that

it was an improvement over the other surgical approaches of the time. specifically the
abdomino-perineal operation that was then method of choice. He classified the patients in

hi:

tudy into three categories, depending on the extent of the primary tumour, and then

used these classifications in the analysis of outcome, for the purpose of comparing the

he three categories. in Lockhart-

effect of the surgical techniques on patient survival.

Mummery’s words. are presented in Table 1.1



Table I1. Lockhart-Mummery s
(from 2%)

s method for rectal cancer

@

A [ very favourable cases where the growth was small and had not apparently invaded
the muscular coat. and no glands were involved.

B | medium cases. where there was involvement of the muscular coat. but where the
growth was not unduly fixed and there was no extensive involvement of glands.

e}

very bad cases. where the growth was large and fixed, or where there was evidence
of éxtensive involvement of glands. These were borderline cases with bad
prognosis.

Of the 200 patients included in the study. 73 were categorized as group A. 96 as

group B.and 31 as group C. Considering only those patients for w