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the statistician George Box once wrote:

“ALL MODELS ARE WRONG BUT SOME ARE USEFUL".
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INTRODUCTION



Cancer is a leading cause of death in economically developed countries and its
incidence is continuously increasing mainly because of the aging and growth of the
world population alongside cancer-causing behaviors and environmental pollution.

Cancer is a multifactorial disease caused by combinations of genetic,
behavioral, and environmental factors. It is characterized by disruptive cell division, a
changes in cell morphology, and the ability of cancer cells to develop an invasive
phenotype (1).

Colorectal cancer (CRC) is a public health priority given the high incidence and

mortality associated with this disease. It is the third most common cancer in men and

Estimated New Cases Estimated Deaths
Male Female Male Female
Worldwide Lung & bronchus Breast Lung & bronchus Breast
1,095,200 1,383,500 951,000 458,400
Prostate Colon & rectum Liver Lung & bronchus
903,500 570,100 478,300 427,400
Colon & rectum Cervix Uteri Stomach Colon & rectum
663,600 529,800 464,400 288,100
Stomach Lung & bronchus Colon & rectum Cervix Uteri
640,600 513,600 320,600 275,100
Liver Stomach Esophagus Stomach
522,400 349,000 276,100 273,600
Esophagus Corpus uteri Prostate Liver
326,600 287,100 258,400 217,600
Urinary bladder Liver Leukemia Ovary
297,300 225,900 143,700 140,200
Non-Hodgkin lymphoma Ovary Pancreas Esophagus
199,600 225,500 138,100 130,700
Leukemia Thyroid Urinary bladder Pancreas
195,900 163,000 112,300 127,900
Oral Cavity Non-Hodgkin lymphoma Non-Hodgkin lymphoma Leukemia
170,900 156,300 109,500 113,800
All sites but skin All sites but skin All sites but skin Al sites but skin
6,629,100 6,038,400 4,225,700 3,345,800

Figure 1 Estimated new cancer cases and deaths worldwide for leading cancer sites. Source:
GLOBOCAN 2008 (modified from: Jemal et al. CA: a cancer journal for clinicians, 2011)



the second in women worldwide, the second most common cause of death from
cancer in Europe and the fourth worldwide with over 1.2 million new cancer cases and
608,700 deaths estimated to have occurred in 2008 (Figure 1) (2-4). Although, it is
among the most preventable cancers, it is frequently diagnosed only when symptoms
become apparent or troublesome. By that time, CRC may be in an advanced stage.

Surgery continues to be the mainstay of treatment, with the greatest influence
on survival. However, while surgery excises detectable tumor tissues, occult
metastases frequently produce disease recurrences (5). Recurrence rates range
between 10% for tumors confined to mucosa (stage I) and more than 50% for tumors
with metastases to regional lymph nodes (stage Ill) (6).

According to the model developed by Vogelstein and colleagues (Figure 2), CRC
arises through a series of genetic alterations of the gastrointestinal epithelial cells that
disrupt normal mechanisms of proliferation and self-renewal (7). Such mutations drive
the transition from healthy colonic epithelia to increasingly dysplastic adenoma and

finally to cancer.

CHROMOSOME. 5q 12p 16q 17p
ALTERATION: MUTATION OR LOSS MUTATION Loss LOSS
GENE: FAR K-RAS pcey ps3
ONA
HYPOMETHYLATION P
NORMAL | '» YPERPROLF. EARLY 'b INTERMEDIATE * LATE ~ ARC
EPITHELIOW EPITHELIM ADENOMA ADENOMA ADENOMA ™ F|-ARCHOMA VETATIASIS

Figure 2 A genetic model for colorectal tumorigenesis.
(from: Fearon E. and Vogelstein B., Cell, 1990)



Stem cells of the gastrointestinal tract may represent a natural target of tumorigenic
mutations, due to both their long life span and to their capacity for self-renewal. The

III

so-called “cancer stem cell model” proposes that, similar to normal tissues, cancers are
also hierarchically organized (8). Only rare tumor cells, endowed with self-renewal and
differentiation capacity, defined as “cancer stem cells” (CSCs), are postulated to be
capable of tumor initiation and maintenance (Figure 3). In contrast, the majority of

cells representing the tumor bulk do not possess the capacity to transplant cancers in

immunodeficient hosts.
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Figure 3 Two alternative models have been put forward to explain how tumours initiate and develop.
The stochastic model (a) proposes that tumour cells are heterogeneous, but that virtually all of them
can function as a tumour-founding cell, although this might happen only rarely. Conversely, the
hierarchical model (b) implies that only a small subpopulation of tumour stem cells can proliferate
extensively and sustain the growth and progression of a neoplastic clone. (modified from Reya T.,
Nature 2001)

Conventional cancer therapies rely on the eradication of all tumor cells, but if
the putative CSCs may be less sensitive to these therapies, then they will remain viable
after therapy. The CSC hypothesis implies that to achieve a complete and durable

remission the therapy has to eradicate the CSCs (Figure 4).



The development of novel compounds able to specifically target CSC
populations currently represents a major challenge in anti-cancer drug discovery. An
absolute prerequisite for the achievement of this goal is represented by the
establishment of reliable CSC models in vitro. Established cell lines are largely used for
screening of novel anti-cancer compounds. However, whether they do comprise CSC

populations resembling those of primary tumors, remains highly debated.

Cawcer stew cell
specific thera py Tuwor regressiow

20
S~ %000

Convenh onall
cancer ‘H«o.v«.fy Tuwov l—-elufsc

Figure 4 A new treatment strategy that specifically targets cancer stem cells, when combined with
current treatments, may lead to a more complete and durable regression of malignant cancers.
(modified from Reya T., Nature 2001)



1.1 Colorectal Cancer

1.1.1 Anatomy

The colon consists of five distinct anatomical sections. Starting from the ileum,

the final section of the small intestine, the colon, may be divided in cecum, ascending

colon, transverse colon, descending colon, and sigmoid colon (9).
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Figure 5 Structure of the colon — (Upper Left) Different segment of the colon. (Lower right) Structure
of the colon wall. (Lower Left) Structure of the crypt of Lieberkiihn. (modified from: Adams Atlas

Anatomy; Rizk and Barker, WIRE 2012)



Unlike other parts of the gastrointestinal system (Gl), the colon is not primarily
responsible for the absorption of food and nutrients. Instead, its main function is to
extract water and salt from solid waste before it arrives, through the rectum, to the
anus and is then excreted. A minor role in the absorption of specific nutrients,
including vitamins, and, more specifically, vitamin K, has also been reported (9).

Colon is organized into four histologically distinct layers. The epithelial layer is
made up of a single sheet of columnar epithelial cells, which form finger-like
invaginations into the underlying connective tissue of the lamina propria to form the
basic functional unit of the intestine, the crypt, also called gland of Lieberkuhn (Figure
5) (10). Each crypt contains around 2000 cells and approximately 14,000 crypts per
square centimeter are located in the adult human colon with a total renewal turnover
rate of five days.

This process is fuelled by adult multipotent stem cells placed at the bottom of
each crypt and engaged in a crosstalk with perycryptal myofibroblasts, closely
adherent to the basal lamina surrounding the crypt (11). During asymmetric division,
these cells undergo self-renewal and generate a population of transit-amplifying cells
that occupy the lower two thirds of the crypt. Upon migration upward from the crypt,
these cells proliferate and differentiate into one of the epithelial cell types of the
intestinal wall that constitute the top third of the crypt. The terminally differentiated
cells are continually extruded into the lumen (12).

There are three major terminally differentiated epithelial lineages in the colon:
the colonocytes, also termed absorptive enterocytes; the mucus-secreting goblet cells;
and the less abundant enteroendocrine cells (Figure 5, lower left panel). Finally,

Paneth cells, functionally similar to neutrophils, are scattered at the bottom of the

-7-



crypt only in the small intestine epithelium and do not follow the upward migratory

pathway (12).



1.1.2 Risk factors for colorectal cancer

Primary predisposition to CRC is usually genetic but other conditions and

factors that could lead to increased risk of CRC are:

Age: CRC incidence increases with age. CRC rarely affects people younger than
50. CRC in young adults is usually associated with conditions of familial
predisposition.

Familial clustering: subjects with relatives that have been affected by familial
adenomatous polyposis (FAP) or by hereditary nonpolyposis CRC (HNPCC) have
an increased risk of developing CRC.

Smoke: long-term smoking increases CRC incidence (13).

Lifestyle: Current dietary recommendations to prevent colorectal cancer
include increasing the consumption of whole grains, fruits and vegetables, and
reducing the intake of red meat(14, 15).The evidence for a preventive role of
fibers fruits and vegetables however, is poor (15). Physical activity can
moderately reduce the risk of colorectal cancer (16).

Environmental factors: People living in industrialized areas have a higher risk of
developing CRC(17).

Presence of chronic inflammatory processes of the intestine, such as Crohn's
disease and ulcerative colitis is associated with CRC development. About 1% of
patients with CRC have a history of ulcerative colitis. The risk of developing CRC
is directly related to the severity of intestinal mucosal damage and the extent
of inflammation. The risk of developing CRC in subjects with Crohn's disease is

lower than patients with ulcerative colitis (18, 19).



Polyps of the colon: Polyps are a risk factor for CRC, particularly if they are
adenomatous. Siblings and parents of patients with adenomatous colorectal
polyps have a 1.78 relative risk for developing CRC. The age at the time of polyp
diagnosis is an important prognostic factor for the risk of cancer development.
Siblings of patients with adenomatous polyps diagnosed before age 60 have a
2.59 relative risk for developing CRC. Polyp size and histology are directly
related to the risk of CRC, with villous polyps larger than 2 cm having a 50%
greater chance of containing cancer cells than smaller or nonvillous polyps (20,

21).

-10 -



1.1.3 Prognostic factors

Outcome prediction in CRC usually relies on histopathological evaluation of
tissue samples obtained during surgical removal of the primary tumor. Currently, the
most important conventional prognostic factors are histological tumor grade and
tumor stage of disease at the time of diagnosis (pTNM -UICC-, Astler-Coller, or
Dukes’s), including depth of tumor invasion, involvement of regional lymph nodes, and
metastatic spread to distant organs. Such approaches have been shown to be
prognostically valuable (22).

In addition to these classic clinicopathological parameters, molecular markers
of prognostic and predictive relevance are continuously being proposed for a wide
variety of tumors including CRC (23).

Staging reflects the extent or severity of cancerous disease based on the
extension of the tumor and its spread in the body. Establishing the stage of the disease
helps to plan treatments and to predict the likely outcome or course of the disease.

Different staging systems have been developed. The Dukes' classification,
proposed by Dr. Cuthbert E. Dukes in 1932, focuses on tissue infiltration and presence
of lymph node involvement and distant metastases (24). The original Dukes
classification of 1932 described the staging of rectal carcinoma only but is also usually
applied to carcinomas of the colon. It originally included three simple stages, A to C.

Stage D was added later. Dukes’ stages of cancer are the following:

Dukes' A: Invasion into but not through the bowel wall (90% 5-y survival)

-11 -



Dukes' B: Invasion through the bowel wall but not involving lymph nodes (70% 5-y
survival)
Dukes' C: Involvement of lymph nodes (30% 5-y survival)

Dukes' D: Widespread metastases

The TNM classification is the most widely used. The TNM staging system for all
solid tumors was devised by Pierre Denoix between 1943 and 1952, considering size
and extension of the primary tumor, lymphatic involvement, and the presence of
metastases to classify cancer progression. Degree of tissue infiltration, discriminating
between the invasion of the mucosa only, muscle layer or sierosa is accurately
analyzed.

While “T” stands for the size of the tumor and whether it has invaded nearby
tissues, “N” refers to regional lymph node invasion, and “M” to distant metastases
(following table, Figure 6, and Panel 1) (25).

The American Joint Committee on Cancer and the International Union Against
Cancer (AJCC/IUAC) has developed an additional staging system partially using TNM

scoring system to describe the extent of disease progression in cancer patients:

AJCC/IUAC stage TNM stage TNM stage criteria for colorectal cancer
Stage O Tis NO MO Tis: Tumor confined to mucosa; cancer-in-situ
Stage | T1 NO MO T1: Tumor invades submucosa
Stage II-B T2 NO MO T2: Tumor invades muscularis propria
Stage II-A T3 NO MO T3: Tumor invades subserosa or beyond (without other organs involved)
Stage II-B T4 NO MO T4: Tumor invades adjacent organs or perforates the visceral peritoneum
Stage IlI-A T1-2 N1 MO N1: Metastasis to 1 to 3 regional lymph nodes. T1 or T2.
Stage IlI-B T3-4 N1 MO N1: Metastasis to 1 to 3 regional lymph nodes. T3 or T4.
Stage IlI-C any T, N2 MO N2: Metastasis to 4 or more regional lymph nodes. Any T.
Stage IV any T, any N, M1 | M1: Distant metastases present. Any T, any N.

-12 -



Panel 1 — Colon and rectal cancer staging by AJCC

EDITION

Definitions
Celiac axis nodes
Mesenteric nodes .
Renal artery and nodes Spermatic artery and nodes Primary Tumor (T)
Inferior mesenteric artery andnedes 7y Primary tumor cannot be assessed

10" No evidence of primary tumor

Carcinoma in situ: intraepithelial
or invasion of lamina propria'

Middle sacral artery and nodes

Common iliac nodes —<g

External iliac nodes 4

Femoral nodes \
R

Obturator node °

@

Hypogastric artery and nodes Ti

Deep epigastric artery .
17 Tumor invades submucosa
12 Tumor invades muscularis propria
¥ 12 Tumor invades through the muscularis
ucosa

propria into pericolorectal tissues
T4a Tumor penetrates to the surface
, ) of the visceral peritoneum?
Lamina propria N 3 "
Muscularis mucosa T4b Tumor directly invades or is adherent
Subiniicsa to other organs or structures*

Regional Lymph Nodes (N)* ANATOMIC STAGE/PROGNOSTIC GROUPS

. [ T | MAC*
I Regional lymph nodes cannot be assessed = M) - =
10 No regional lymph node metastasis N A A
S g:?::;“a N1 Metastasis in 1-3 regional lymph nodes ! No ‘ Bt
12 Metastasis in one regional lymph node :g [ :i
H1h  Metastasis in 2-3 regional lymph nodes N | 1783
N7c Tumordeposit(s) in the subserosa, mesentery, T2 NI/N1c a
or nonperitonealized pericolic or perirectal ~ Na 1 a
tissues without regional nodal metastasis ] N1/N1c Q
112 Metastasis in 4 or more regional lymph nodes N2a .. aQ
i " N2b a
N2a  Metastasis in 4—6 regional lymph nodes i &
125 Metastasis in 7 or more regional lymph nodes ‘, a_Nob Q
a
Distant Metastasis (M) =
M0 No distant metastasis L =
. . NOTE: cTNM is the clinical classification, pTNM is the
M1 Distant metastasis pathologic classification. The y prefix is used for those
M1a Metastasis confined to one organ or site cancers that are classified after neoadjuvant pretreatment
i (for example, ypTNM). Patients who have a complete
(for example, liver, lung, ovary, pathologic response are ypTONOCMO that may be similar to
nonregional node) Stage Group Oor |. The r prefixis to be used for those cancers g
M ’ » that have recurred after a disease-free interval (ITNM). =
1b Metastases in more than one organ/site or * Dukes Bis a composite of etter (T3 NOMO) and worse -
the peritoneum (T4 NO M0) prognostic groups, as is Dukes C (any TN1 M0 and =
Any T N2 M0). MAC is the modified Astler-Coller classificati _E
g
@ . Notes E
' Tis includes cancer cells confined within the glandular basement membrane (intraepithelial) or mucosal lamina propria (intramucosal) with no extension &
through the muscularis mucosae into the submucosa.

# Direct invasion in T4 includes invasion of other organs or other segments of the colorectum as a result of direct extension through the serosa, as confirmed on
microscopic examination (for example, invasion of the sigmoid colon by a carcinoma of the cecum) or, for cancers in a retroperitoneal or subperitoneal location,
direct invasion of other organs o structures by virtue of extension beyond the muscularis propria (that is, a tumor on the posterior wall of the descending colon
invading the left kidney or lateral abdominal wall; or a mid or distal rectal cancer with invasion of prostate, seminal vesicles, cervix, or vagina).

* Tumor that is adherent to other organs or structures, grossly, is classified cT4b. However, if no tumor is present in the adhesion, microscopically, the classification

American

Copyright 2009 American Joint Committee on Cancer

y ggnr:‘iceetry A should be pT1-4a depending on the anatomical depth of wall invasion. The V and L classifications should be used to identify the presence or absence of vascular
< or lymphatic invasion, whereas the PN site-specific factor should be used for perineural invasion.
Financial support for AJCC * Asatellite peritumoral nodule in the pericolorectal adipose tissue of a primary carcinoma without histologic evidence of residual lymph node in the nodule may
7th Edition Staging Posters represent discontinuous spread, venous invasion with extravascular spread (V1/2), or a totally replaced lymph node (N1/2). Replaced nodes should be counted
provided by the American Cancer Society separately as positive nodes in the N category, whereas discontinuous spread or venous invasion should be classified and counted in the Site-Specific Factor
category Tumor Deposits (TD).
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Spread to other organs

Figure 6 Stages of Colon Cancer: Stage I. The cancer is contained only in the inner layers of the colon
wall. There is no spread to adjacent lymph nodes or other organs; Stage Il. The cancer has grown
through all the layers of the bowel wall, but not to lymph nodes or other organs; Stage lll. The cancer
has spread to adjacent lymph nodes, but not to other organs; Stage IV. The cancer has spread to other
organs such as the liver or the lungs. (modified from: National Cancer Institute)

In recent years, several studies have shed light on the importance of the tumor-
infiltrating immune cells as an essential prognostic factor for patients’ disease-free,
overall survival, and clinical response to adjuvant therapies (22, 26, 27). Importantly,
tumor cells can express tumor associated antigens and become targets for T cell-
mediated adaptive immune response (28). In particular, Galon and colleagues (22, 29)
found that the analysis of CRC immune infiltrate represented a better predictor of
patient survival than histopathological methods currently used to stage CRC.

First, they showed that a strong in situ immune reaction in the tumor
correlated with a favorable prognosis regardless of the local extent of the tumor and of

invasion of regional lymph nodes (Stage I, Il, and Ill). Second, they defined an

-14 -



“immune-score” reflecting the CD8+/CD45R0O+ T cell density in the center of the tumor
and at the invasive margin. They found that the immune-scoring was significantly
superior to the TNM staging. Indeed, patients with low immune-score had severe
prognosis, while patient with high immune-score experienced low recurrence rates
(22). Finally, they hypothesized a central role of memory T cells in the control of tumor

recurrence.

-15-



1.1.4 Therapy

Surgery is the mainstay of treatment of localized disease with the greatest
influence on survival. Over 70% of patients with stages I-lll CC can be cured by surgery
alone. On the other hand, the use of adjuvant chemotherapy at different stages of the
disease is debated.

Over 20 vyears of clinical trials have led to the acceptance of 5-
fluorouracil/leucovorin (5FU/LV) as the standard of care for patients with node-
positive CRC. A number of clinical trials were conducted in the 80s and 90s to address
the schedule-dependent mode of action of 5FU in order to increase efficacy while
reducing toxicity. At present time, adjuvant chemotherapy is recommended for stage
[ll and high-risk stage Il cancers.

All in all, in stage Il CRC, 60% to 70% of patients are cured with surgery alone,
and 15 to 20% relapse despite adjuvant chemotherapy. In stage Ill CRC, 40 to 50% of
patients are cured by surgery, while approximately 35% of patients will relapse,
despite adjuvant chemotherapy (30).

In the metastatic setting, patients are treated with standard first- and second-
line chemotherapy regimens, 5-FU/LV with oxaliplatin (FOLFOX) and 5-FU/LV with
irinotecan (FOLFIRI), eventually in combination with the anti—vascular endothelial
growth factor (anti-VEGF) monoclonal antibody bevacizumab, and/or the anti-
epidermal growth factor (anti-EGFR) antibodies, cetuximab or panitumumab.
Frequently, patients are sequentially administered all these treatments due to the
inability to predict responsiveness, except for EGFR inhibitors, which are usually

omitted in patients with tumors harboring KRAS mutations. (30).
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1.2 The Cancer Stem Cell Model

1.2.1 A paradigm shift

Most tumors appear to contain morphological and functionally heterogeneous
populations of cancer cells (31). This observation is traditionally explained by
postulating variations in tumor microenvironment and coexistence of multiple genetic
subclones created by progressive and divergent accumulation of independent somatic
mutations (32). This implies that tumor tissue grew from the expansion of
heterogeneous clonal populations and, also, that virtually all cells within the tumor
have the capacity to regenerate and propagate cancer.

Since last decade two models for the development of solid tumors have been
proposed: the “conventional” stochastic model suggests an accumulation of successive
mutations and the clonal selection of tumorigenic cells, whereas a second model can
be referred to as the hierarchical model, which postulates cancer stem cells as the
origin of cancer.

In 1997, Dick and colleagues (33), studying human acute myeloid leukemia
(AML), discovered that only a small subset of cells is capable of to transfering AML
from patients to immunodeficient mice regenerating all types of cells that characterize
AML. Stem cells are defined as cells that have the ability to perpetuate themselves
through self-renewal and to generate mature cells of a particular tissue through
differentiation (8). Because stem cells are the only long-lived cells in many tissues,
especially in renewing systems such as human gut epithelia, they persist long enough

in the tissue to undergo a prolonged sequence of successive mutation and selection
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cycles inherent with the concept of multistage carcinogenesis (32). These are the bases
of the original concept of “cancer stem cells” (CSC).

CSCs do not necessarily originate from the transformation of normal stem cells
but they may arise from a restricted number of progenitors or more differentiated
cells that have acquired self-renewing capacity. The original rigid interpretation of the
model presents malignancy as a hierarchically organized tissue with a CSC population
at the top that generates the more differentiated bulk of the tumor cells. In this model,
the differentiated tumor cells have lost their clonogenic ability and their capacity to
drive long-term progression of the malignancy (34).

CSCs were described having three common characteristics: i) they are the only
cells in the tumor endowed with tumorigenic potential when xeno-transplanted into
immunodeficient mice, ii) they are capable to recreate the full phenotypic
heterogeneity of the original tumor, and iii) they are characterized by the expression of
a distinctive surface markers profile that allows to isolate them from the non-
tumorigenic tumor cells.

Stem cell biology could provide new insights into cancer biology due to the
analogies existing between normal stem cells and tumorigenic cells. In fact, a growing
body of evidence is increasingly supporting the idea that at least some human cancers
may be considered as a stem cell disease (12).

An important reason for the widespread interest in the CSC model is that it can
comprehensibly explain essential, poorly understood clinical events, such as therapy
resistance, minimal residual disease, and tumor recurrence (34)