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4 Abstract

ABSTRACT

Tuulia Avoranta
The prognostic and predictive value of selected biomarkers in colorectal cancer

From the Department of Oncology and Department of Pathology, University of Turku
and Turku University Hospital;, University of Turku Graduate School; the National
Graduate School of Clinical Investigation

Annales Universitatis Turkuensis, Turku, Finland, 2013

Tissue-based biomarkers are studied to receive information about the pathologic
processes and cancer outcome, and to enable development of patient-tailored treatments.
The aim of this study was to investigate the potential prognostic and/or predictive value
of selected biomarkers in colorectal cancer (CRC).

Group IIA secretory phospholipase A2 (IIA PLA2) expression was assessed in 114
samples presenting different phases of human colorectal carcinogenesis. Securin, Ki-
67, CD44 variant 6 (CD44v6), aldehyde dehydrogenase 1 (ALDHI1) and B-catenin
were studied in a material including 227 rectal carcinoma patients treated with short-
course preoperative radiotherapy (RT), long-course preoperative (chemo)RT (CRT)
or surgery only. Epidermal growth factor receptor (EGFR) gene copy number (GCN),
its heterogeneity in CRC tissue, and association with response to EGFR-targeted
antibodies cetuximab and panitumumab were analyzed in a cohort of 76 metastatic
CRC.

ITA PLA2 expression was decreased in invasive carcinomas compared to adenomas,
but did not relate to patient survival. High securin expression after long-course (C)RT
and high ALDHI1 expression in node-negative rectal cancer were independent adverse
prognostic factors, ALDH1 specifically in patients treated with adjuvant chemotherapy:.
The lack of membranous CD44v6 in the rectal cancer invasive front associated with
infiltrating growth pattern and the risk of disease recurrence. Heterogeneous EGFR GCN
increase predicted benefit from EGFR-targeted antibodies, also in the chemorefractory
patient population.

In summary, high securin and ALDH]1 protein expression independently relate to
poor outcome in subgroups of rectal cancer patients, potentially because of resistance to
conventional chemotherapeutics. Heterogeneous increase in EGFR GCN was validated
to be a promising predictive factor in the treatment of metastatic CRC.

Keywords: biomarker, chemotherapy, colorectal cancer, EGFR-targeted antibody,
predictive value, prognostic factor, radiotherapy, rectal cancer
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TIIVISTELMA

Tuulia Avoranta
Valikoitujen merkkiaineiden ennusteellinen merkitys paksu- ja perisuolisyovéssi

Sydpdtautien ja patologian oppiaineet, Turun Yliopisto, syopdklinikka ja patologian
Vksikko, Turun yliopistollinen keskussairaala; Turun Yliopiston tutkijakoulu, Valtakun-
nallinen kliininen tutkijakoulu

Annales Universitatis Turkuensis, Turku, 2013

Kudoslahtoisten merkkiaineiden tutkimisella toivotaan voivan saavuttaa lisdtietoa syo-
vin biologisesta kiyttdytymisestd ja ennusteesta, sekd mahdollistavan kullekin potilaalle
optimaalisen hoidon valinnan. Véitostutkimuksen tavoitteena oli selvittdd valikoitujen
merkkiaineiden ennusteellista merkitystd paksu- ja perdsuolisyovéassa.

Tyypin II sekretorisen fosfolipaasi A2:n (IIA PLA2) ilmentymisté tutkittiin 114:ssd
syovan kehittymisen eri vaiheita edustavassa paksu- ja perdsuolikasvaimessa. Securi-
nin, Ki-67:n, CD44 variantti 6:n (CD44v6), aldehydidehydrogenaasi 1:n (ALDH1) ja
B-kateniinin ilmentymisti analysoitiin 227 perdsuolisydpéapotilaan aineistossa, jossa oli
mukana myds ennen leikkausta (kemo)sddehoidettuja potilaita. Levinnyttd paksu- tai pe-
rdsuolisyOpéd sairastavien potilaiden (n=76) leikkausnéytteistd tutkittiin epidermaalisen
kasvutekijéreseptorin (EGFR) geenikopiomédirid, sen kasvaimen siséisté vaihtelua, seké
yhteyttd EGFR-vasta-ainehoidoista saavutettavaan hyotyyn.

ITA PLA2:n ilmentyminen sydvéssd oli vdhdisempad kuin sydvén esiasteissa. Se-
curinin korkea ilmentyminen pitkdn (kemo)siddehoidon jdlkeen, sekd ALDH1:n korkea
ilmentyminen imusolmukkeisiin levidméttoméassd perdsuolisydvissd olivat itsendi-
sid huonon ennusteen tekijoitd, ALDH1 etenkin solunsalpaajilla hoidetuilla potilailla.
Heikentynyt solukalvon CD44v6-ilmentyminen oli yhteydessd syovén aggressiiviseen
kasvutapaan ja perdsuolisyovédn uusiutumisriskiin. Heterogeeninen EGFR-geenin ko-
pioméérin lisddntyminen ennusti hyvéd vastetta EGFR-vasta-ainehoidoille levinneessé
paksu- ja perdsuolisyovéssd, miké oli ndhtdvissd my0s solunsalpaajahoidoille kehitty-
neen vastustuskyvyn jélkeisissa hoitolinjoissa.

Yhteenvetona todetaan, ettid korkea securinin ja ALDHI1:n ilmentyminen perdsuo-
lisyOvidssa ovat itsendisid huonon ennusteen merkkeja tietyissi alaryhmissd. Tadma voi
heijastaa securin- ja ALDH1-positiivisten syopdsolujen vastustuskykyé yleisesti kayte-
tyille solunsalpaajille. Heterogeeninen EGFR-geenikopiomairin lisddntyminen on lu-
paava tekijd ennustamaan EGFR-vasta-ainehoidoista saavutettavaa kliinistid hyotya.

Avainsanat: EGFR-vasta-ainehoito, ennusteellinen merkkiaine, paksusuolisyopé,
perasuolisydpi, solunsalpaajahoito, sddehoito
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1. INTRODUCTION

Colorectal cancer (CRC) is one of the most common malignancies worldwide (Ferlay
et al. 2010). Although the present-day surgical and oncologic treatments, including
the preoperative (chemo)radiotherapy (CRT) of locally advanced rectal cancer, have
improved patient survival, the predictability of disease progression is still challenging.
This may be partly explained by a significant inter- and intratumoral heterogeneity.
Accordingly, some of the high risk patients in a need of more aggressive treatment
approaches may be escaped, while others are distressed with too heavy therapies. In
the era of personalized medicine, tissue-based biomarkers have been studied to better
predict treatment response and disease outcome, as well as to minimize harmful side-
effects and economical burden caused by treatments.

Tumor cells utilize several methods to enlarge bulk tumor mass and to invade during
disease progression, such as immunological mechanisms, accelerated cell proliferation,
and altered adhesion to surrounding environment. Secretory phospholipase A2 group
ITA (IIA PLA2) is an important inflammatory mediator, and has been related to
adenoma-carcinoma sequence of CRC. However, the data on its expression in CRC is
not unanimous (Edhemovic et al. 2001; Wendum et al. 2003; Buhmeida et al. 2009),
rendering it an interesting target to study. The traditional proliferation marker Ki-67 has
been studied in abundance to assess the association of proliferation with CRC outcome,
but similarly to I[IA PLA2, with inconclusive results (Brown and Gatter, 2002). Securin
is another proliferation-associated marker that, unlike Ki-67, is involved in various other
mechanisms relating to tumor progression as well (Pei and Melmed, 1997; Yu et al.
2000; Malik and Kakar, 2006). The data concerning its association with rectal cancer
response to radiotherapy (RT) and outcome is incomplete. In addition to immunological
mechanisms and cell proliferation, cancer cells differ from normal cells in their capability
to adhere to extracellular matrix (ECM) and other cells. CD44 variant 6 (CD44v6) is an
adhesion molecule related to CRC progression with highly conflicting prognostic value
(Mulder et al. 1994; Morrin and Delaney, 2002; Zlobec et al. 2009).

According to cancer stem cell (CSC) hypothesis, only a small fraction of cancer
cells are able to initiate and sustain malignant growth (Reya et al. 2001). The presence
of these cells may jeopardize the antitumoral activity of oncologic treatments because
of their intrinsic chemo- and radioresistance (Rich 2007; Dylla et al. 2008). Aldehyde
dehydrogenase 1 (ALDH]1) is one of the putative CSC markers and has been documented
to increase during CRC progression (Huang et al. 2009), but there are few data on its
actual prognostic and predictive value in rectal cancer.

Tumor heterogeneity complicates individualized treatment of cancer because of
considerable variation in mutation and gene expression profile within a single tumor
(Gerlinger et al. 2012). Cetuximab and panitumumab are monoclonal antibodies utilized
in the treatment of metastatic CRC. They target epidermal growth factor receptor (EGFR)
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that contributes to several tumor-promoting mechanisms. Mutations in Kirsten ras
(KRAS) and other downstream molecules of EGFR signaling are important mechanisms
of resistance to these therapeutic agents, but additional predictive factors are urgently
needed to distinguish between responsive and nonresponsive patients. (Bardelli and
Siena, 2010). The analysis of EGFR gene copy number (GCN) has been suggested to
meet this request (Algars et al. 2011), but the results need to be further validated.



Review of the Literature 15

2. REVIEW OF THE LITERATURE

2.1. Epidemiology of colorectal cancer

2.1.1. Incidence and mortality

With an incidence of 1.23 million new cases per year, CRC is the third most commonly
diagnosed cancer worldwide. Among men, it is the third, and among women the
second most common cancer type (Ferlay et al. 2010). The median age at diagnosis
is 69 years (Howlader et al. 2012). Men are at substantially higher risk of developing
CRC as compared to women (overall sex ratio of the age-standardized ratios is 1.4:1).
There is wide variation in incidence according to geographical position, the highest
rates being estimated in Australia, New Zealand and Western Europe, and the lowest
in Africa and South-Central Asia. (Ferlay et al. 2010.) The incidence rates have
been falling or stabilizing in many countries where rates were previously high. In
contrast, increasing rates are seen in economically transitioning countries along with
westernalization. (Hamilton et a/. 2010.) Estimated death rate of 608 000 (8% of all
cancer deaths) renders CRC the fourth most common cause of death from cancer
(Ferlay et al. 2010).

In Finland, the incidence of CRC was approximately 1400 among men and 1300
among women in 2010, rendering it the third and second most commonly diagnosed
cancer in sexes, respectively. With over 1100 deaths per year, CRC is the second most
common cause of death from cancer in Finland. (Finnish Cancer Registry.)

2.1.2. Tumor sites

Colon and rectal cancer are usually combined in cancer statistics although they are
suggested to be distinct clinicopathologic entities (Li and Lai, 2009; Greystoke and
Mullamitha, 2012), as depicted in Table 1. The location of CRC cases has been
shown to be approximately as follows: 40% of cases in the proximal colon (cecum,
ascending and transverse colon), 30% in the distal colon (descending and sigmoid
colon), and 30% in the rectum (Ward et al. 2007). A shift from distal to proximal
tumors over the decades has been observed in some studies (Li and Lai, 2009). In
Finland, rectal cancer cases constituted 36% of new CRC cases in 2010 (Finnish
Cancer Registry).
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Table 1. Differences between proximal colon, distal colon, rectum, and carcinomas arising
from them.
Feature Proximal colon Distal colon Rectum
(prox. to splenic (distal to splenic
flexure) flexure)

Physiology
*Embryological origin Midgut Hindgut Hindgut
*Location Peritoneal cavity Peritoneal cavity Mostly outside the

*Arterial supply Superior mesenteric

*Major physical Water and salt
function absorption
Carcinogenesis

*Molecular MSI common
mechanism

*Hereditary disease Lynch syndrome
prominence

*Aneuploidy Common
*KRAS mutation Very common
*BRAF mutation Common
Clinicopathologic features

*Age predominance Older patients
*Sex predominance Females
*Mucinous histology Common
*Appearance Exophytic
Risks and protection

*Overweight Increased risk

*Physical activity Protective effect

Inferior mesenteric
Water and salt
absorption

CIN predominates
FAP

Very common
Common
Rare

No predominance
Males
Less common
Endophytic/annular

Increased risk
Protective effect

peritoneal cavity
Inferior mesenteric
Fecal storage

CIN predominates
FAP

Very common
Common
Rare

Younger patients
Males
Rare
Endophytic/annular

No association
No association

Modified based on Kouri, 1993; Li and Lai 2009; Hamilton et al. 2010; and Greystoke and
Mullamitha, 2012. Abbreviations: CIN, chromosomal instability; FAP, familial adenomatous
polyposis; MSI, microsatellite instability

2.2. Etiology of colorectal cancer

Approximately 75% of CRC cases are sporadic in nature, indicating that there is no
inherited mutation predisposing to CRC or a familial history of CRC. Familial clustering
of CRC is seen in approximately 25% of CRC cases. In 4/5 of these cases patient has
an affected first degree relative, but the criteria for hereditary CRC are not fulfilled
(termed as familial CRC in future). Hereditary CRC accounts for approximately 5%
of all CRC cases, and includes the familial adenomatous polyposis (FAP) and Lynch
syndromes (LS) with autosomal dominant inheritance of high-penetrance mutations. (de
la Chapelle, 2004.)

CRC is a heterogeneous disease with at least three possible molecular pathways
leading to its onset. The major chromosomal instability (CIN) pathway accounts for
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most of the sporadic and familial cases, as well as for the CRC resulting from FAP
syndrome. The 5’-CG-3’ (cytosine and guanine dinucleotides, CpG) island methylator
phenotype (CIMP) pathway accounts for significantly less of the sporadic and familial
cases than the CIN pathway. The pure microsatellite instability (MSI) pathway results
from a germline mutation in a deoxyribonucleic acid (DNA) mismatch repair (MMR)
machinery, and is responsible for the LS. Regardless of the underlying pathway, several
and sequential genetic alterations occur before a clinical presentation of CRC. (Haydon
and Jass, 2002; Markowitz and Bertagnolli, 2009.) It has been suggested that a small
population of stem cells could be the target of these alterations, leading to cellular
transformation and subsequent tumorigenesis (Reya et al. 2001).

Normal Hyperprolif. Inactivation of tumor-
epithelium ? epithelium suppressor gene
APC l @ Activation of oncogene
Early
DNA —*  adenoma
hypomethylation
l <«— KRAS, BRAF
Intermed.
adenoma

DCC, SMAD?2,
SMAD4 > TP53 Other alterations

Late l Invasive l Metastatic

adenoma ‘ carcinoma q carcinoma

Figure 1. Colorectal carcinogenesis in CIN pathway. Modified from Fearon and Vogelstein,
1990; and Markowitz and Bertagnolli, 2009.

2.2.1. Chromosomal instability (CIN) pathway

Usually it takes 10-20 years for a normal colorectal epithelium to undergo molecular
changes and develop into carcinoma (Tanaka, 2009). Several sequential inactivations of
tumor suppressor genes and activating mutations of oncogenes take place, resulting in an
altered structure of normal colorectal epithelium (Fearon and Vogelstein, 1990). Normal
colorectal epithelium consists of cells that are arranged in straight tubular glands, crypts.
Aberrant crypt foci are characterized by altered luminal openings, thickened epithelia
and being larger than the adjacent normal crypts (Bird et al. 1987). They are postulated
to be the earliest identifiable precursos of CRC (Bird et al. 1987), and are followed by
the formation of premalignant adenomas (Fearon and Vogelstein, 1990) that are defined
by the presence of dysplastic epithelium (Hamilton et al. 2010).
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The cascade of colorectal carcinogenesis is presented in Figure 1. However, only a
minority of CRCs characterized by CIN present with all the described mutations, and the
accumulation of mutations is probably more important than their actual order (Fearon
and Vogelstein, 1990). The earliest molecular alteration in colorectal carcinogenesis is
the inactivating mutation of the adenomatous polyposis coli (4PC) tumor-suppressor
gene and/or loss of chromosome 5q including this gene (Fearon and Vogelstein, 1990;
Miyoshi et al. 1992). This leads to accumulation of B-catenin, and activation of Wnt-
signaling pathway that regulates among others growth, apoptosis, and maintenance of
stem cell compartments (Korinek et al. 1997; Reya et al. 2001). Somatic mutations of
the APC gene occur in 60-80% of the adenomas and sporadic CRC cases (Miyoshi et
al. 1992). Other important impairments of tumor-suppressor genes include those of
DCC, SMAD2, SMAD4 and TP53 resulting from the allelic losses of chromosome 18q
and 17p, or decreased expression of their gene products, respectively. As in the case of
APC, losses of chromosomes 17p and 18q are rather frequent events, but take place later
during the cascade. A mutation or loss of heterozygosity of the 7P53 gene is considered
as the most important point determining the conversion of an adenoma into a carcinoma.
(Fearon and Vogelstein, 1990.)

Of the several oncogenes that play key roles in colorectal carcinogenesis, oncogenic
mutations of RAS (mainly KRAS), BRAF and PTEN are the best characterized (Fearon
and Vogelstein, 1990; Markowitz and Bertagnolli, 2009). They are present in about 40%,
10% and 10-15% of CRCs, respectively (Lievre et al. 2006; Markowitz and Bertagnolli,
2009; Bardelli and Siena, 2010). As a result of their mutation, the mitogen-activated
protein kinase (MAPK) and/or phosphatidylinositol 3-kinase (PI3K) signaling pathways
may become constantly active, leading to an increased transcription of genes affecting
growth, proliferation, and suppression of apoptosis. (Markowitz and Bertagnolli, 2009.)
The mutations in RAS, BRAF and PTEN are considered as to account for the conversion
of a small adenoma into a larger and more dysplastic one (Fearon and Vogelstein, 1990).

2.2.1.1. Familial adenomatous polyposis (FAP)

FAP, accounting for less than 1% of all CRC cases, is an autosomal dominant inherited
disorder with a germline mutation in the APC gene. Other syndromes of the same disease
spectrum include Gardner syndrome, attenuated adenomatous polyposis coli, and MYH-
associated polyposis (de la Chapelle, 2004; Lynch et al. 2008). Colorectal carcinogenesis
in FAP patients follows the principles of the CIN pathway described above (Fearon and
Vogelstein, 1990). However, FAP patients are born with one mutated copy of the APC
gene, and somatic inactivation of the other copy leads to adenoma initiation at relatively
early age (Ichii et al. 1992). Hundreds to thousands adenomas may be detected from
FAP patients usually since late childhood or adolescence, and if not adequately treated,
most of the affected individuals will develop CRC by the age of 40 (de la Chapelle
2004; Lynch et al. 2008). FAP patients often have benign and malignant extracolonic
manifestations, such as upper gastrointestinal polyps and thyroid cancer (Anaya et al.
2008). Genetic testing for FAP is offered at childhood when the specific 4PC mutation
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has been identified in the family, and ascertained individuals require regular endoscopic
surveillance from the age of 12-14. Prophylactic colectomy or proctocolectomy is
considered as the standard treatment for FAP patients. (Balmaia et al. 2010.)

2.2.2. Microsatellite instability (MSI) pathway

MSI pathway is another important type of genetic instability in CRC. Microsatellites
are short sequences of DNA repeated in tandem, and are found throughout the genome.
They are prone to replication errors, and a defect of MMR proteins in correcting these
errors leads to MSI. The MMR system is composed of at least eight proteins; MLH1,
MLH3, MSH2, MSH3, MSH6, PMS1, PMS2 and Exol. (Al-Sohaily et al. 2012.) There
are several genes, such as transforming growth factor § (TGF-) type Il receptor, that are
prone to mutations under MSI and, accordingly, are expressed inadequately (Alhopuro et
al. 2012). Microsatellite status is divided into three groups by testing five microsatellites:
microsatellite stable (MSS) if no instability is detected, low-level instability (MSI-L) if
only one locus shows instability, and high-level instability (MSI-H) if two or more of the
five loci show instability (Hamilton ez al. 2010).

Approximately 10-15% of sporadic CRCs are MSI-H. In these cases, MSI is usually
caused by epigenetic MLH1 promoter methylation, leading to loss of MLH1 expression.
(Mékinen, 2007.) Sporadic MSI-H CRCs differ from MSS and MSI-L CRC with respect
to their mutational profile and clinicopathologic performances. They frequently harbor
BRAF mutations, but rarely KRAS mutations (Hamilton et al. 2010). They are more
likely to affect women, to arise in the proximal colon, to have an associated lymphocytic
infiltrate, to produce excess mucin, and to be poorly differentiated (Jernvall et al. 1999;
Maikinen, 2007; Al-Sohaily ef al. 2012). A substantial survival advantage in MSI-H CRC
has been demonstrated (Sargent et al. 2010). The precursor lesion for sporadic MSI-H
CRC is likely to be a sessile serrated adenoma (SSA) instead of conventional polypoid
adenoma (Hawkins and Ward, 2001), accounting for up to 17.5% of proximal CRCs
(Mékinen, 2007). This view is supported by the resemblance of SSAs with MSI-H sporadic
CRC. SSAs often present with deficient or absent function of MLH1 protein, frequently
harbor BRAF mutations, and have predilection for the proximal colon. (Mékinen,
2007.) SSAs belong to a group of serrated polyps together with hyperplastic polyps
and traditional serrated adenomas. They are characterized by abnormal proliferation and
distorted crypts, with closer resemblance to hyperplastic polyps than traditional serrated
adenomas. (Snover et al. 2010).

2.2.2.1. Lynch syndrome

Lynch syndrome, also known as hereditary nonpolyposis colorectal cancer, accounts for
2-4% of the total CRC cases. As FAP, it is inherited in an autosomal dominant manner,
but the germline mutation responsible for increased risk of CRC is in one of the MMR
genes, most commonly in MLHI or MSH?2. (Kinzler and Vogelstein, 1996.) Only one
somatic inactivation of the wild-type (WT) parental allele is thus needed to silence the
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gene function leading to MSI, accelerated adenoma-carcinoma sequence, and a lifetime
risk of CRC of about 80% (de la Chapelle, 2004). BRAF mutation is hardly ever seen
in LS-associated cancers (Hamilton ef al. 2010). The average age of CRC onset in LS
patients is 45-60 years. Otherwise, the tumors of LS patients show special pathologic
features similar to sporadic MSI-H CRC. (Lynch et al. 2008.) Patients also are at
increased risk for other malignancies, among others gynecologic, urothelial, gastric,
small bowel and brain tumors (Anaya et al. 2008). Both the Amsterdam II criteria (Vasen
et al. 1999) and the revised Bethesda guidelines (Umar et al. 2004) presented in Table
2 are utilized to identify individuals with suspicion of LS or candidates for molecular
screening. Endoscopic surveillance is recommended for patients from the age of 20-
25 years, and endometrial and ovarian cancer screening from the age of 30-35 years
(Balmaiia et al. 2010). Surveillance cannot compensate for the increased risk of CRC,
but decreases the cancer-specific mortality of mutation carriers (Jarvinen et al. 2009).
The precursor lesion in LS is usually an adenoma, and removal of adenomas decreases
the risk of CRC in LS patients (Kinzler and Vogelstein, 1996; Mecklin et al. 2007).
Prophylactic colectomy is considered in selected cases (Lynch et al. 2008).

Table 2. Guidelines for identifying Lynch syndrome.

Amsterdam II criteria (Vasen et al. 1999). Each of the criteria should be fulfilled.
1. At least three relatives with LS-associated cancer (CRC, cancer of the endometrium,
small bowel, ureter, or renal pelvis)
One should be a first-degree relative of the first two
At least two successive generations are affected
At least one should be diagnosed before age 50
FAP has been excluded
Tumors should be verified by pathological examination
Rev1sed Bethesda guidelines (Umar et al. 2004). At least one criterion should be fulfilled.
1. CRC diagnosed in a patient who is younger than 50 years of age
2. Presence of synchronous, metachronous colorectal, or other LS-associated tumors,
regardless of age
3. Colorectal cancer with MSI-H histology diagnosed in a patient who is younger than 60
years of age
4. CRC diagnosed in at least one first degree relatives with a LS-associated tumor, with one
of the cancers being diagnosed under age of 50 years
5. CRC diagnosed in at least two first or second degree relatives with LS-associated tumor,
regardless of age
Adopted from Vasen et al. 1999; and Umar et al. 2004. Abbreviations: CRC, colorectal cancer;
FAP, familial adenomatous polyposis; LS, Lynch syndrome; MSI-H, high-level microsatellite
instability

v AW

2.2.3. CpG island methylator (CIMP) pathway

Epigenetic alterations refer to changes in gene expression or function caused by other
than changes in the underlying DNA sequences. DNA methylation, commonly at the



Review of the Literature 21

CpG-nucleotides, is the most usual epigenetic change in human, and may result in
inactivation of genes such as APC, MLH1, and several others. CIMP-high CRC accounts
for 15-20% of sporadic CRC, and is the mechanism underlying most of the sporadic
CRC cases with MSI. (Al-Sohaily et al. 2012.) On the other hand, over 50% of CIMP
carcinomas are MSS. Mutations in BRAF, KRAS, and TP53 are frequent in tumors that
have arisen along CIMP pathway (Weisenberger et al. 2006; Hamilton et al. 2010.) It has
been proposed that in MSI-H CIMP carcinomas, the precursor lesion is SSA (Mékinen,
2007) in contrast to adenomatous polyps in CIN and pure MSI pathways (Al-Sohaily
et al. 2012). Instead, the precursor lesion in MSI-L/MSS CIMP carcinoma might be a
traditional serrated adenoma (Makinen, 2007).

2.2.4. Other predisposing conditions and risk factors

The risk of CRC increases along with age. The risk is higher in males compared to females,
and in African-American population compared to people of other races. (Howlader et al.
2012.) The individuals with a history of previous adenoma or CRC, and those with RT in
the pelvic area are at increased risk of CRC (Baxter et al. 2005; Mysliwiec et al. 2006),
as are the patients with colitis ulcerosa or Crohn’s disease (Eaden et al. 2001).

2.2.4.1. Hamartomatous polyposis syndromes

Peutz-Jeghers syndrome, Juvenile polyposis syndrome, and Cowden syndrome
represent a group of rare inherited disorders with relatively benign appearing polyps of
the gastrointestinal tract. The affected individuals are at increased risk of CRC, as well
as of other gastrointestinal and extra-gastrointestinal malignancies. (Lynch et al. 2008.)

2.2.4.2. Microbial and viral pathogens

In contrast to some other cancer types, no direct causal link has been confirmed between
microbial infection and CRC. However, several pathogens such as Streptococcus Bovis,
Helicobacter Pylori, Escherichia Coli and human papillomavirus have been related to
colorectal carcinogenesis. The mechanisms for oncogenic potential have been suggested
to include inactivation of tumor-suppressor genes, induction of inflammation, and
production of mutagenic toxins, thus contributing to pro-carcinogenic environment.
(Collins et al. 2011.)

2.2.4.3. Nutrition and environment

Overall, up to 55% of CRC burden is estimated to link with environmental factors (Parkin
et al. 2011). The risk has constantly been related to western-type of diet (Aune et al.
2011; Parkin et al. 2011), although wide heterogeneity exists between studies concerning
risk factors. High consumption of red and processed meat is rather convincingly related
to increased risk of both colon and rectal cancer (Chan et al. 2011). Smoking exposure
increases the risk of adenomatous and serrated polyps (Ji et al. 2006), and relates to
increased risk of rectal cancer especially (Liang et al. 2009). Alcohol intake is associated
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with increased risk of both cancer types (Fedirko et al. 2011). Overweight is associated
with increased risk of colon cancer among men, while the association is weaker among
women and in rectal cancer (Renehan et al. 2008).

2.2.5. Prevention

The use of non-steroidal anti-inflammatory drugs (NSAIDs), mainly aspirin, has been
shown to decrease the risk of colorectal adenomas and carcinomas both in hereditary
and sporadic setting (Giardiello et al. 1993; Cole et al. 2009; Rothwell et al. 2012).
The development of distant metastases and the mortality due to CRC have also been
reported to reduce in aspirin users versus non-users (Rothwell ez al. 2012a; Rothwell et
al. 2012b), although the optimal treatment dose and duration are not fully established
(Garcia-Albeniz et al. 2011). Not all studies, however, have demonstrated such an effect
(Cook et al. 2005), and the known adverse effects of aspirin and other NSAIDs have
limited their widespread use in chemoprevention. The benefits of aspirin use are most
likely to overcome the risks in individuals at high risk for CRC, such as those with
inherited syndromes or a history of previous CRC (Garcia-Albeniz et al. 2011).

The protective role of oral estrogen against CRC is incongruent (Bosetti et al. 2009;
Long et al. 2010). With regard to nutritional and lifestyle factors, high-fiber diet (Aune
et al. 2011) and the intake of calcium, milk and garlic may reduce the risk of CRC
(World Cancer Research Fund, 2011). The evidence suggesting the protective effect of
foods containing folate, selenium and vitamin D, as well as diet rich in fish, fruits and
vegetables, is less convincing (Huxley et al. 2009; World Cancer Research Fund, 2011).
High level of physical activity may reduce the risk of colon cancer, but not that of rectal
cancer (Wolin et al. 2009).

2.3. Diagnosis and staging of colorectal cancer

2.3.1. Screening

The goal of screening for CRC is to reduce mortality from CRC by identification and
removal of premalignant adenomas and/or early-stage carcinomas. Screening programmes
base on detection of blood from stools (FOB, fecal occult blood), or visual inspection of
the colon and rectum with endoscopy (Sigurdsson et al. 2012). In the screened population,
a reduction in CRC mortality (Sigurdsson et al. 2012), and incidence in some studies
(Atkin et al. 2010), has been reported, but not without concerns about specificity and
sensitivity of the screening tests. In the Europe, immunochemical FOB test is currently
recommended as the test of choice for population screening (Halloran et al. 2010). It is
more sensitive than the conventional guaic-based tests but, simultaneously, less specific
at the population level (Malila 2012, personal communication). In case of a positive
test result, individuals should be referred for full colonoscopy (Halloran et al. 2010).
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In 2004, Finland started a population-based screening programme for individuals aged
60-69 years, using a biannual guaic-based FOB test. The programme has been gradually
expanding, and covered approximately 40% of the target population by the end of 2008.
Attendance rates have been reasonably high (close to 70%), and screening has been
shown to increase the detection of early CRC cases. (Paimela et al. 2010; Malila et al.
2011.)

2.3.2. Signs and symptoms

A change in bowel habits is a common symptom in CRC patients. It is more common
in tumors of the distal colon than in those of the proximal colon, and includes diarrhea,
constipation, change in the consistency of the stools and/or a feeling of incomplete
emptying of the bowel. Unexplained weight loss and abdominal discomfort or pain,
which is severe in the case of total bowel obstruction, may also be early symptoms.
Tumor hemorrhage may result in rectal bleeding, blood in stools and iron deficiency with
subsequent anemia, fatigue and weakness. (Hamilton and Sharp, 2004.) In the case of
rectal cancer, a palpable mass may be detected in digital rectal examination in over 50%
of the cases (Lepisto et al. 2009).

2.3.3. Diagnostic procedures and clinical staging

CRC diagnosis is based on endoscopic examination of the bowel with sigmoidoscopy
or colonoscopy, and histological confirmation of the malignant tumor. Further staging
is mandatory to specify disease prognosis, and to choose a suitable treatment strategy
for a patient. (Schmoll et al. 2012). Staging is described according to TNM (tumor,
node, metastases), Dukes or Astler-Coller systems. The assessment of the extent of CRC
is presented in Figure 2, and the staging according to TNM?7 in Tables 3a and 3b.
The previous version of the TNM staging system is depicted on page 54. The stage
distribution at the time of diagnosis is as follows: 39% for localized stage I-1I disease,
36% for regional stage 111 disease, 20% for distant stage IV disease, and 5% for unstaged
disease, respectively (Howlader et al. 2012). Clinical staging, denoted as cTNM, is based
on the information obtained before the surgical treatment of the tumor and includes
(Schmoll et al. 2012):

. Physical examination including digital rectal examination and the assessment of
performance status,

o Total colonoscopy (if not done) to find possible synchronous lesions,
. Carcinoembryonic antigen (CEA) determination,

. Computed tomography (CT) scans of the chest, abdomen and pelvis to find
possible metastases,
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. Endorectal ultrasound or pelvic magnetic resonance imaging (MRI) of the rectum
in rectal cancer staging, and

. Positron emission tomography (PET) together with CT (PET-CT) may sometimes
be essential to define metastatic spread
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2.3.3.1. Imaging modalities in rectal cancer staging

Endorectal ultrasound performs well in differentiating superficial (T1 and T2) rectal
tumors from those with deeper ingrowth into the rectal wall (T3 and T4), but is not as
accurate as MRIinstaging T3 and T4 tumors. MR, in turn, is less accurate in differentiating
T1 tumors from T2 tumors because of its inability to visualize submucosal and mucosal
layers separately. (Valentini et al. 2008; Siegel et al. 2011.) The advantages of MRI
include its accuracy in depicting the extramural depth of tumor invasion (MERCURY
Study Group, 2007), and assessing the involvement of circumferential resection margin
(CRM) between the edge of the tumor and the rectal fascia (Lahaye et al. 2005). It can
also give information about the presence of extramural venous invasion (Brown et al.
2003a), and is not as operator-dependent as ultrasound (Valentini ez al. 2008). MRI has
become the predominant diagnostic imaging tool in rectal cancer staging (Schmoll ef al.
2012).

The assessment of nodal status is extremely important in rectal cancer staging. So
far, none of the imaging modalities has been proved superior to another with this respect
(Lahaye et al. 2005). It is well established that also small lymph nodes may harbor a
metastasis, and that the information about signal intensity together with lymph node
border contour are more accurate in nodal staging (Brown et al, 2003b). Recently,
MRI with lymph node-specific nanoparticle contrast mediums has been reported to be
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promising in distinguishing between node-negative (NO) and node-positive (N1 and N2)
patients (Lahaye et al. 2008). Lahaye with his colleagues presented that analyzing the
percentage of the area with increased signal intensity after contrast agent administration
has good specificity and sensitivity in dinstinguishing malignant lymph nodes from
benign ones (Lahaye et al. 2008).

Fluorodeoxygluocose-PET/CT and diffuse-weighted MRI are imaging modalities
that enable observation of the functional and molecular processes of the tumor. They
have been of interest when developing methods for early prediction and assessment of
radiotherapy (RT) response in rectal cancer. Recently, when combined at different time
points, these imaging tools were shown to be promising in the response predicition and
assessment (Lambrecht et al. 2010).

2.3.3.2. The role of pathology in diagnosis

In the diagnostic phase, the role of pathology is to classify the lesions sampled during
endoscopy. Regarding non-cancerous lesions, the size, histological type (tubular,
villous, tubulo-villous adenoma; serrated lesions; other polyps), grade of dysplasia
(low-grade, high-grade), and the absence of submucosal invasion should be stated
(Hamilton et al. 2010; Quirke et al. 2011). Adenomas are characterized by enlarged,
hyperchromatic nuclei, varying degrees of nuclear spindling and stratification, and
loss of polarity, but without invasion through the muscularis mucosae (Hamilton et al.
2010). When submucosal invasion is detected, the lesion is by definition malignant,
and additional surgery is needed if unfavourable histopathologic features are present
(Quirke et al. 2011). These features include deep submucosal invasion, positive
resection margin, poor differentiation grade, lymphovascular invasion, and tumor
budding (Cooper, 2007).

In the case of carcinoma, tumor histological type and differentiation grade should
be stated (Quirke et al. 2011). More than 90% of CRCs are adenocarcinomas (Hamilton
et al. 2010). Conventional, i.e. not otherwise specified, adenocarcinoma is the most
common histological type, followed by mucinous carcinoma, some less common types
of adenocarcinoma (signet-ring cell, medullary, serrated, and papillary), and non-
adenocarcinoma (Howlader ef al. 2012). Mucinous carcinomas by definition have more
than 50% of extracellular mucin (Hamilton et al. 2010). Compared to non-mucinous
carcinomas, they are more often situated in the proximal colon, are more common in
females, and present with more advanced disease stage. MSI, CIMP-phenotype, and
BRAF mutations are more common in mucinous than in conventional adenocarcinoma.
(Verhulst et al. 2012.)
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Table 3a. TNM classification of colon and rectum carcinoma, 7% edition.

T — Primary Tumor

N — Regional Lymph Nodes

TX Primary tumor cannot be assessed
TO No evidence of primary tumor
Tis! Carcinoma in situ: intraepithelial or
invasion of lamina propria
T1 Tumor invades submucosa
T2 Tumor invades muscularis propria
T3 Tumor invades subserosa or into non-
peritonealized pericolic or perirectal tissues
T4 Tumor directly invades other organs or
structures and/or perforates visceral perito-
neum
T4a Tumor perforates visceral
peritoneum
T4b Tumor directly invades other
organs or structures 3

Notes:

1. Tis includes cancer cells confined within
the glandular basement membrane (intraepi-
thelial) or mucosal lamina propria (intramuco-
sal) with no extension through the muscularis
mucosae into the submucosa.

2. Direct invasion in T4b includes invasion of
other organs or segments of the colorectum by
way of the serosa, as confirmed on microscop-
ic examination, or for tumors in a retroperito-
neal or subperitoneal location, direct invasion
of other organs or structures by virtue of ex-
tension beyond the muscularis propria.

3. Tumor that is adherent to other organs or
structures, macroscopically, is classified as
cT4b. However, if no tumor is present in the
adhesion, microscopically, the classification
should be pT1-3, depending on the anatomical
depth of invasion.

NX Regional lymph nodes cannot be assessed
NO No regional lymph node metastasis
N1 Metastasis in 1-3 regional lymph nodes
Nla Metastasis in 1 regional lymph node
N1b Metastasis in 2-3 regional lymph
nodes
N1c Tumor deposit(s), i.e. satellites*, in
the subserosa, or in the non-
peritonealized pericolic or perirectal
soft tissue without regional lymph
node metastasis
N2 Metastasis in 4 or more regional lymph
nodes
N2a Metastasis in 4-6 regional lymph
nodes
N2b Metastasis in 7 or more regional
lymph nodes
Notes:
* Tumor deposits (satellites), i.e., macroscopic
or microscopic nests or nodules, in the peri-
colorectal adipose tissue’s lymph drainage
area of a primary carcinoma without histologi-
cal evidence of residual lymph node in the
nodule, may represent discontinuous spread,
venous invasion with extravascular spread
(V1/2) or a totally replaced lymph node
(N1/2). If such deposits are observed with le-
sions that would otherwise be classified as T'1
or T2, then the T classification is not changed,
but the nodule(s) is recorded as N1c. If a nod-
ule is considered by the pathologist to be a
totally replaced lymph node (generally having
a smooth contour), it should be recorded as a
positive lymph node and not as a satellite, and
each nodule should be counted separately as a
lymph node in the final pN determination.

M — Distant Metastasis

MO No distant metastasis

M1 Distant metastasis
M1a Metastasis confined to one organ
(liver,lung, ovary, non-regional lymph
node(s))
M1b Metastasis in more than one organ or
the peritoneum

International Union Against Cancer, TNM classification of Malignant Tumors, 7" edition, 2010,
Wiley-Blackwell, Singapore. Copyright (2013) with permission from Wiley & Sons, Ltd.
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Table 3b. Stage grouping of colon and rectum carcinoma.

Stage 0 Tis NO MO
Stage I T1, T2 NO MO
Stage 11 T3, T4 NO MO
Stage I1A T3 NO MO
Stage IIB T4a NO MO
Stage I1C T4b NO MO
Stage I11 Any T NI, N2 MO
Stage I11A T1, T2 N1 MO
T1 N2a MO
Stage I1IB T3, T4a N1 MO
T2, T3 N2a MO
T1, T2 N2b MO
Stage I11C T4a N2a MO
T3, T4a N2b MO
T4b NI, N2 MO
Stage IVA Any T Any N Mla
Stage IVB Any T Any N M1b

International Union Against Cancer, TNM classification of Malignant Tumors, 7 edition, 2010,
Wiley-Blackwell, Singapore. Copyright (2013) with permission from Wiley & Sons, Ltd.

The determination of differentiation grade is shown in Table 4. It is of major

importance in superficial tumors, as T1 tumors showing good or moderate differentiation
may be considered eligible for local excision (Quirke et al. 2011).

Table 4. Criteria for histological grading of colorectal adenocarcinomas.

Criterion Differentiation Numerical Descriptive
category grade® grade
>95% with gland formation Well-differentiated 1 Low
50-95% with gland formation Moderately differentiated 2 Low
0-49% with gland formation Poorly differentiated 3 High
High level of MSI® Variable Variable Low
* The category “undifferentiated carcinoma” (grade 4) is reserved for carcinomas with no gland
formation, mucin production, or neuroendocrine, squamous, or sarcomatoid differentiation;
® Microsatellite instability.

According to WHO Classification of Tumours of the Digestive System, 4% edition, 2010,
International Agency for Research on Cancer, Lyon, p 138.
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2.4. Treatment of colorectal cancer

Approximately 75-80% of CRC cases present as stage I-III at the time of diagnosis
(Howlader et al. 2012). Surgery is the only curative treatment, but even after initial
RO-resection, a significant proportion of patients will develop disease recurrence. RO-
resection indicates that no residual tumor is left behind, while in R1- and R2-resections
(chapter 2.5.7) microscopic or macroscopic residual tumor is detected, respectively
(Hamilton et al. 2010). The treatment of local colon and rectal cancer are described
separately due to specific features of rectal cancer treatment.

2.4.1. Treatment of local (stage I-III) colon cancer

2.4.1.1. Colon cancer surgery

The main surgical procedure in colon cancer is hemicolectomy with en-bloc removal
of the arterial arcade containing the regional lymph nodes, and margins of at least 5 cm
on either side of the tumor. Subsequent anastomosis of the remaining colon sections
is performed. In expert hands, laparoscopy-assisted resection is an accepted treatment
option for colon cancer that does not invade surrounding structures. (Schmoll et al. 2012.)
It has shown to be comparable with open surgery in terms of oncologic outcome (COST
Study Group, 2004; Jayne ef al. 2010), and superior in terms of intraoperative blood loss,
postoperative bowel function, and duration of hospital stay (Lacy et al. 2002).

2.4.1.2. Adjuvant chemotherapy in colon cancer

The aim of postoperative adjuvant chemotherapy is to eradicate possible micrometastases
and to decrease the risk of recurrence (Schmoll ef al. 2012). The cornerstone of adjuvant
treatment for stage III colon cancer are 5-fluorouracil (5-FU) (Moertel et al. 1990) or
its oral prodrug capecitabine (Twelves et al. 2005) together with oxaliplatin (André et
al. 2004). After resection of the primary tumor, this combination reduces the risk of
death by 20% as compared to 5-FU alone (André et al. 2009). In stage II disease, the
efficacy of adjuvant chemotherapy is less evident, but eligible patients with a tumor
presenting high-risk features are usually offered 5-FU or capecitabine, reducing the risk
of death by absolute 3-5% (Gray et al. 2007). High-risk features include pathologic
(p) T4 tumor, less than 12 examined lymph nodes, poor differentiation grade, vascular,
lymphatic or perineural invasion, and clinical presentation with intestinal occlusion or
perforation (Schmoll et al. 2012). The most common adverse effects of chemotherapy
regimens are neutropenia, stomatitis, and diarrhea for 5-FU, hand-foot syndrome for
capecitabine, and neuropathy for oxaliplatin (Meyerhardt and Mayer, 2005). Patients
with increasing age and comorbidites are less often treated with adjuvant chemotherapy,
although thay have been demonstrated to benefit from the treatment (Wildes et al. 2010).
Regimens including irinotecan (Saltz et al. 2007), bevacizumab (Allegra et al. 2011) and
cetuximab (Alberts et al. 2012) have been studied but are not recommended in adjuvant
setting because of increased toxicity and/or lack of significant clinical benefit.
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2.4.2. Treatment of local (stage I-III) rectal cancer

Determination of the treatment approach is especially challenging in the case of rectal
cancer. Multidisciplinary team work is invaluable when the goal is to achieve optimal
disease control with minimal impairment of quality of life. In the Hospital District of
Southwest Finland, rectal cancer surgery has been centralized to one hospital since
2004, and postoperative treatment of the patients is discussed in a multidisciplinary team
consisting of a surgeon, medical and radiation oncologist, radiologist, pathologist, and a
representative of nursing personnel.

2.4.2.1. Preoperative (chemo)radiotherapy for rectal cancer

Local recurrence after initially curative resection is more common in rectal than in
colon cancer (Galandiuk et al. 1992). It is difficult to cure and present with extremely
troublesome symptoms to a patient. Aims of preoperative (chemo)radiotherapy are
to decrease the risk of local recurrence, to improve RO-resection rates, and to enable
operation with anal sphincter -saving procedures whenever possible (Schmoll et al.
2012). RT with (Gastrointestinal Study Group, 1985; Chari et al. 1995) or without (Fisher
et al. 1988; Swedish Rectal Cancer Trial, 1997) concomitant chemotherapy decreases
the risk of local recurrence in stage II and III rectal cancer as compared to surgery alone.
Either pre- or postoperative strategies have been utilized, but preoperative one is favored
because of its beneficial efficacy and toxicity profiles (Sauer et al. 2004; Sauer et al.
2012). In high rectal cancer (over 10 cm from the anal verge), preoperative treatment
is not routinely recommended (Schmoll ef al. 2012). The evolution of RT strategies is
shown in Table 5.

RT is administered using three portal or four portal-box techniques to the area
comprising the primary tumor with its adjacent lymph nodes, thus extending from the
superior border of L5/S1 vertebrae to the inferior border of obturator foramen (Swedish
Rectal Cancer Trial, 1997; Sauer et al. 2004). Improvements in radiation techniques
together with smaller irradiated volumes have reduced the risk of adverse effects, but
they still are of major concern in treatment of rectal cancer. Problems with wound
healing, gastrointestinal, genitourinary, and neurological functions are common acute
adverse effects of irradiation. The most common late adverse effects, occuring over six
months after the start of irradiation include bowel obstruction, bowel dysfunction and
sexual dysfunction. An increased risk of secondary cancers has also been reported in
irradiated patients. (Birgisson et al. 2007.)

2.4.2.1.1. Short-course preoperative radiotherapy

Short-course RT is recommended for stage II and III tumors that do not present with
a threat of CRM involvement in MRI (Schmoll et al. 2012). It consists of five 5-gray
(Gy) fractions delivered during one week, and surgery on the following week (Swedish
Rectal Cancer Trial, 1997). No tumor downstaging has been demonstrated following this
conventional “immediate surgery” -strategy (Marijnen et al. 2001), whereas “delayed
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surgery” (4-8 weeks after RT) -strategy may lead to downstaging (Pettersson et al.
2010). Short-course RT improves local disease control (Swedish Rectal Cancer Trial
1997) even in combination with total mesorectal excision (TME) surgery (Kapiteijn et
al. 2001), with 2- and 6-year local recurrence rates of as low as 2% and 6%, respectively
(Kapiteijn et al. 2001; van Gijn et al. 2011). After a median follow-up of 10 years, the
local recurrence rate was 5% in irradiated patients and 11% in the surgery-only group
(van Gijn et al. 2011). The benefit from RT seems to be higher for stage I1I than for stage
II disease (van Gijn ef al. 2011). The effect of short-course RT on overall survival (OS)
remains inconclusive (Folkesson et al. 2005; van Gijn et al. 2011).

2.4.2.1.2. Long-course preoperative chemoradiotherapy (CRT)

Long-course preoperative chemoradiotherapy (CRT) is recommended for patients with
tumors directly infiltrating to other organs (T4), or with a threat of CRM involvement in
MRI. The aim is tumor downstaging to allow RO-resection, and accordingly, to decrease
the risk of local recurrence. RT is given in 25-28 fractions, five days per week, to a total
dose of 50.4 Gy, over a period of approximately five weeks. Operation is performed
4-8 weeks later. Concomitantly with RT, capecitabine or 5-FU is administrated as a
radiosensitizer. (Schmoll ez al. 2012.) Oral capecitabine has been demonstrated to be an
effective and well tolerated alternative to intravenous 5-FU, and is widely preferred due
to its convenient route of administration (Hotheinz et al. 2012).

Table 5. Evolution of radiotherapy strategies in treatment of rectal cancer.

Year

1990 Postoperative CRT was recommended for patients with > T3 or node-positive tumors
(NIH consensus statement, 1990)

1997 Short-course 5x5 Gy preoperative RT plus surgery improved local control and OS
compared to surgery alone (Swedish Rectal Cancer Trial, 1997)

2001 Short-course preoperative RT improved local control even when combined to TME
surgery (Kapiteijn et al. 2001)

2004 Preoperative long-course CRT compared to RT alone: more toxic, higher rate of pCR,
superior local control, no OS benefit (Bosset et al. 2005)

2004 Preoperative CRT compared to postoperative CRT: superior local control, less toxicity,
no OS benefit (Sauer ef al. 2004)

2006 Preoperative short-course RT compared to preoperative CRT: no differences in local
control, survival, or toxicity (Bujko et al. 2006)

2009 Short-course RT is superior to selective postoperative CRT in terms of local control
(Sebag-Montefiore et al. 2009)

2010 Lenghtening the interval between short-course RT and surgery may allow tumor
donwnstaging (Pettersson et al. 2010)

2011  After 10-year follow-up, preoperative short-course RT reduced local recurrence by
more than 50% relative to surgery alone, and improved 10-year survival in TNM stage
1T disease with negative CRM (van Gijn et al. 2011)

Abbreviations: CRM, circumferential resection margin; CRT, chemoradiotherapy; Gy, gray; OS,
overall survival; pCR, pathologic complete response; RT, radiotherapy; TME, total mesorectal excision
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Tumor downstaging is seen in approximately 60% (Garcia-Aguilar et al. 2003) and
pathologic complete response (pCR) in 0-27% of patients after CRT (Dworak et al.
1997; Janjan et al. 1999). The definite effect of preoperative CRT on the number of
sphincter-saving procedures remains indecisive, partly because the surgical techniques
have improved at the same time with preoperative treatment modalities (Valentini et
al. 2008). Five-year local recurrence rates have been shown to be as low as 6% after
CRT and surgery (Sauer et al. 2004), but OS has not improved compared to RT alone
(Fiorica et al. 2010). Preoperative CRT is favored over postoperative treatment because
of improved local control, reduced toxicity, and better compliance (Sauer et al. 2004).

Recently, the efficacy of CRT has been further attempted to improve by the concept
of induction chemotherapy, by addition of biologic agents or other chemotherapeutic
drugs to conventional 5-FU based regimen (Engels et al. 2012), and by exposing tumor
tissue to a high-dose CRT of 60 Gy (Vestermark ef al. 2008). However, these regimens
are not recommended in preoperative setting outside clinical trials (Engels et al. 2012).

2.4.2.2. Rectal cancer surgery

The rectum is anatomically divided in low, mid and high rectum according to its distance
from the anal verge. The challenges of rectal cancer surgery stem from the pelvic
anatomy; rectum is situated deep in the pelvis, close to the mesorectal fascia and nerves
supplying genitourinary functions (Heald and Ryall, 1986; Siegel et al. 2011). In expert
hands and selected cases, laparoscopy-assisted surgery may be a feasible alternative
for open surgery (Jayne et al. 2010; Siegel et al. 2011), but it is not recommended
as a standard modality (Schmoll et al. 2012). Early stage (cT1-2, NO) rectal cancer
may be operated without preceding RT. For cT1 tumor without any high risk features,
a local transanal excision may be considered. In stage II-III rectal cancer, treatment
with (chemo)RT is recommended prior to surgery. (Schmoll et al. 2012.) For tumors
showing pCR after preoperative CRT, non-operative treatment approaches have been
evaluated (Habr-Gama et al. 2004), but because of poor correlation between clinical
and pathologic complete response (Nyasavajjala et al. 2010) non-operative treatment
approaches are not recommended at the moment (Schmoll et al. 2012).

For mid and low rectal cancer not eligible for local excision, transabdominal resection
with TME is performed. For high rectal cancer, partial mesorectal excision is considered
as adequate. (Schmoll ef al. 2012.) In TME, rectum and mesorectum are resected within
an intact mesorectal fascia, thus removing tumor together with its lymphatic and venous
drainage, leaving pelvic autonomic nerves intact (Heald and Ryall, 1986). The introduction
of TME (Heald and Ryall, 1986) resulted in a decrease of local recurrence rates from up
to 40% to under 10% (Lange et al. 2009). Sphincter preservation procedures are preferred
whenever possible. Low anterior resection (LAR) with TME and a subsequent anastomosis
may usually be performed if a distal margin of4 to 5 cm can be achieved. In low rectal cancer
(under five cm from the anal verge), distal margin of 1 to 2 cm is considered acceptable,
but the risk of anastomotic leakage is increased, in which case a transient colostomy may
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be constructed. If creation of an anastomosis is not possible, permanent colostomy is
required. In low-lying rectal tumors where adequate distal margins and acceptable anal
function cannot be secured with LAR, adominoperineal resection (APR) with creation of a
colostomy is performed. NCCN Guidelines®.)

APR is a large operation with en-bloc removal of the rectosigmoid, the rectum, the
anus, the mesorectum, and perianal soft tissue. Postoperative wound infections are
more common following APR than LAR. Compared to LAR, APR is related to higher
incidence of local recurrence and higher mortality as a result of higher incidence of
intraoperative tumor perforation and CRM involvement (Marr et al. 2005.) Accordingly,
alternative techniques with extended tissue removal are now performed in some centers
(Holm et al. 2007).

2.4.2.3. Adjuvant chemotherapy in rectal cancer

The adjuvant treatment of rectal cancer follows the principles of colon cancer (Schmoll et
al. 2012), although the data on its efficacy is less established (Dahl ez al. 2009). Treatment
should be started as early as possible, starting from the fourth week up to a maximum
of 8-12 weeks after surgery. The length of adjuvant treatment is 5.5-6 months, or 4-4.5
months in the cases where preoperative CRT has been administered. (Schmoll et al. 2012).
Recently, a meta-analysis including solely rectal cancer patients was conducted to study
the efficacy of adjuvant chemotherapy after potentially curative surgery. A significant
reduction in the risk of disease recurrence (25%) and death (17%) was seen in patients
undergoing adjuvant therapy after surgery compared to those undergoing observation
only. The data were not powerful enough to define the effect of chemotherapy in specific
disease stages. (Petersen ef al. 2012.) According to some studies (Collette et al. 2007), only
patients with tumor downstaging after preoperative CRT could benefit from postoperative
adjuvant treatment but this view remains to be concluded.

2.4.3. Surveillance

The aim of the postoperative surveillance is to recognize disease recurrence, premalignant
conditions, and adverse effects of the treatments as early as possible (Osterlund et
al. 2012). Wide variation exists in the length and intensity of surveillance programs,
although intensive follow-up scheme has been shown to be beneficial in terms of disease
outcome (Renehan et al. 2002). In addition to anamnesis, routine physical examination,
and colonoscopy, CEA is an essential factor in surveillance. Its blood levels increase in
60-80% of patients with recurrent CRC, and increase may be detected before clinical
symptoms. CT- and/or PET-imaging are required especially when disease recurrence

* Referenced with permission from The NCCN Clinical Practice Guidelines in Oncology (NCCN
Guidelines®) for Rectal Cancer V.2.2013. © National Comprehensive Cancer Network, Inc 2012.
All rights reserved. Accessed [October 1%, 2012]. To view the most recent and complete version of
the guideline, go online to www.ncen.org. NATIONAL COMPREHENSIVE CANCER NETWORK®,
NCCN®, NCCN GUIDELINES®, and all other NCCN Content are trademarks owned by the National
Comprehensive Cancer Network, Inc.
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is suspected. (Osterlund et al. 2012.) In the Hospital District of Southwest Finland,
radically operated patients are monitored after oncologic treatments at the department
of surgery until five years after operation. Thereafter, monitoring may be accomplished
in the healthcare center. Colonoscopy is performed at two years after operation, and
thereafter every five to ten years.

2.4.4. Treatment of metastatic (stage I'V) colorectal cancer

Approximately 20% of CRC patients have synchronous metastases at the time of diagnosis
(Howlader et al. 2012). In addition, at least another one third with initially curative
surgery will develop local and/or distant disease recurrence (Bernstein ef al. 2012). The
most common metastatic sites are liver, lungs, other colonic segments and peritoneum
(AJCC Cancer Staging Handbook, 2010). Liver metastases occur in approximately 30%
of CRC patients, and account for at least two thirds of deaths from CRC (Kopetz et al.
2009). Introduction of oxaliplatin (de Gramont et al. 2000), irinotecan (Saltz et al. 2000),
and biological agents (Hurwitz et al. 2004; Cunningham et al. 2004; Douillard ef al.
2010) has enabled increased number of cases to become amenable to hepatic resection,
and five-year survival rates of up to 50% have been reported when a complete resection
of liver metastases is achieved (Kopetz et al. 2009). Chemotherapy and biologic agents
also have improved the median OS of patients with unresectable disease from 12 months
to 24 months (Glimelius and Cavalli-Bjorkman, 2012).

Bevacizumab is a monoclonal antiangiogenic antibody that improves response rate
(RR), progression-free survival (PFS) time and OS of metastatic CRC as compared to
chemotherapy alone (Hurwitz et al. 2004). Depending on the type of chemotherapy and line
of treatment, PFS is lengthened by approximately two to four months when bevacizumab
is combined to chemotherapy (Hurwitz et al. 2004; Glimelius and Cavalli-Bjorkman,
2012). Cetuximab and panitumumab are monoclonal antibodies inhibiting EGFR, and are
indicated for the treatment of patients with KRAS wild-type (WT) metastatic CRC. Among
these patients, treatment with cetuximab or panitumumab improves RR, PFS, and OS
when administered together with chemotherapy, or as a monotherapy in chemorefractory
disease (Douillard et al. 2010; Van Cutsem et al. 2011; Glimelius and Cavalli-Bjorkman,
2012). PFS has been demonstrated to improve by approximately one to two months
when compared to chemotherapy or best supportive care alone (Cunningham et al. 2004;
Douillard et al. 2010, Glimelius and Cavalli-Bjorkman, 2012).

The first-line treatment strategy in metastatic CRC is selected by the basis of disease
resectability and aggressiveness, as well as of the symptoms and performance status of
a patient (Schmoll ez al. 2012).

. If the aim is to kill subclinical cancer foci in resectable disease as early and
efficiently as possible, neoadjuvant FOLFOX (5-FU, leucovorin and oxaliplatin)
combination is often delivered three months before surgery, and the rest of the
cycles are given after resection.
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. If the aim is to convert a primarily unresectable disease to operable, the most
effective treatment is required to allow tumor regression and to kill subclinical
disease. Doublet chemotherapeutics with one of the biologic agents are preferred.
The biologic agent of choice is cetuximab or panitumumab in KRAS WT patients,
and bevacizumab in KRAS-mutant patients.

. If the aim is purely palliative, treatment should not be too toxic. If rapid tumor
regression is demanded because of aggressive disease and severe symptoms, a
chemodoublet with or without one of the biologic agents is often a reasonable choice
inthe first line. If there are no signs of tumor-related symptoms and rapidly progressive
disease, an initial single 5-FU-based regimen with or without bevacizumab is a valid
option. Watchful waiting may be considered in this group of patients.

Selection of the treatment in second- and subsequent lines is dependent on the
choice of the first-line treatment (Schmoll ez al. 2012). Several issues in the palliative
treatment of metastatic CRC remain indecisive, among which are when to start treatment
in patients without tumor-related symptoms, and when to stop treatment in the case of
a response (Glimelius and Cavalli-Bjoérkman, 2012). The benefit of resecting primary
tumor in asymptomatice disease with unresectable metastases also remains an area of
continuous discussion (Cirocchi et al. 2012). In patients with a symptomatic pelvic
mass, palliative RT may be delivered if still possible after previous RT (Schmoll et al.
2012). Improved control of liver metastases may be achieved with selective internal
radiation therapy (SIRT) in patients following failure on first- and second line treatments
with chemotherapy (Cosimelli ez al. 2012).

2.5. Prognostic factors in colorectal cancer

Prognostic factor is defined as a situation, condition, or a characteristic that can be
used to estimate the chance of recovery from a disease or the probability of the disease
recurring (NSI Dictionary of Cancer Terms). Prognostic factors are especially important
in directing postoperative treatment decision in stage Il CRC. Several biomarkers relating
to important cellular functions have been evaluated to improve CRC predictability, but
none of them is in routine clinical use.

2.5.1. Radicality of resection

Radical resection is a requisite for a permanent cure from CRC. Pathologists play a central
role in the assessment of surgical resection specimens. The form used in pathological
assessment of CRC specimen at the Department of Pathology, Turku University Hospital,
is shown in Table 6.

CRM, depicted in Figure 3, is the smallest distance between the tumor front and the
surgically dissected non-peritonealized surface of a specimen. Thus, it is considered as a
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surrogate of quality of surgery especially in rectal cancer, where CRM <1mm is a powerful
predictor of local recurrence, development of distant metastases, and adverse survival. (Quirke
et al. 1986; Nagtegaal and Quirke, 2008.) CRM is more often involved after surgery for
low rectal cancer compared to that for other locations, originating to challenging anatomical
location and higher rate of APR in low-lying tumors (Nagtegaal and Quirke, 2008).

Table 6. The form of pathology report used at Turku University Hospital.

Tumor diameter (mm)

* Distance from visceral peritoneum (mm)

® Lateral/circumferential margin (mm)

Proximal margin (cm)

Distal margin (cm)

Differentiation grade (I, 11, III)

Depth of tumor penetration (pathologic T1, T2, T3, T4a-b)
Vascular/lymphatic invasion (yes/no)

Number of metastatic/examined lymph nodes (metastatic/examined)
¢ Tumor regression grade (<25%, 25-50%, >50%, 100%)

¢For colon and high rectal carcinoma. ® For mid and low rectal carcinoma, and colon carcinoma
directly infiltrating other peritoneal structures or mesenterial resection margin. ¢ For rectal cancer
treated with preoperative CRT according to Rddel ef al. 2005

2.5.2. Pathologic stage

The prognosis of CRC is highly determined by the disease stage that is reported by a
pathologist after operation. Pathologic stage is indicated with a prefix “p” (pTNM), or
with “yp” (ypTNM) if preoperative CRT has been administered. Invasion through the
bowel wall (T3-4) and number of involved lymph nodes (N1-2) are independent high-
risk factors for both recurrence and survival (Gunderson et al. 2010a; Gunderson et al.
2010b). The five-year disease-specific survival rates are rather similar for colon and
rectal cancer as shown in Table 7. Good quality of pathology is a determining factor for
correct staging, as the prognosis of CRC is dependent on the number of examined lymph
nodes (Swanson et al. 2003). Up to 9% of T1 tumors may present with lymph node
metastases (Kobayashi et al. 2010), and at least 12 lymph nodes should be identified
to accurately rule out nodal metastases (TNM Classification of malignant tumors, 7%
edition). The number of identified nodes is often smaller after preoperative RT for rectal
cancer than it is in the cases with no treatments prior to surgery (Baxter et al. 2005).

2.5.3. Rectal cancer response to preoperative treatment

Tumorregression grade (TRG)isassessed after long-course CRT. Itis based on microscopical
assessment of the hematoxylin-eosin stained samples to evaluate the amount of residual
tumor cells and RT-induced fibrosis (Dworak et al. 1997). There are many algoritms which
can be used for the evaluation of TRG (Bibeau et al. 2011). The most common scales base
on five-point Dworak (Dworak et al. 1997) or Rodel (Rodel et al. 2005) scales, or their
three to four point simplified versions (Korkeila ez al. 2009). TRG ranges from no signs of
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regression to pathologic complete response. pCR is seen in 0-27% of cases (Dworak et al.
1997; Janjan et al. 1999), and associates with improved DFS (Rodel et al. 2005).
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Figure 3. Schematic representation of the circumferential resection margin (CRM). The
margin is marked with black ink. (A) Negative CRM. (B) Locally advanced tumor
growth, directly into the CRM. (C) Small tumor growing into the CRM as a result of
incomplete removal of the surrounding mesorectum. The plane of resection is onto
the muscularis propria. Adapted from Nagtegaal ID and Quirke P: J Clin Oncol vol.
10, 2008: p 304. Reprinted with permission. ©(2013) American Society of Clinical
Oncoloy. All rights reserved.

2.5.4. Histological type and differentiation

Mucinous tumor histological type has been associated with poor prognosis in some, but
not all, studies. The prognosis of mucinous tumors has been suggested to depend on the
MSI status of a tumor (Verhulst ef al. 2012). Signet-ring cell carcinoma and serrated
adenocarcinoma are prognostically unfavorable, whereas medullary carcinoma is
prognostically favorable as compared to conventional adenocarcinoma (Compton, 2002;
Maikinen, 2007; Garcia-Solano et al. 2010). Despite there is some lack of standardization
concerning tumor grading system, poor differentiation grade is known to be an adverse
prognostic factor (Compton, 2002).

Table 7. Relative 5-year survival of colon and rectal cancer according to TNM stage.

Colon cancer 5-year relative Rectal cancer 5-year relative
survival (%) survival (%)

TNM stage, 7" edition TNM stage, 7" edition

I 97.1 I 93.6

IIA 87.5 IIA 78.7

1B 79.6 11B 69.2

IIC 58.4 IIC 53.6

1A 68.5-90.7 1A 82.7-88.4

111B 53.4-81.7 111B 46.2-67.7

1ic 15.7-40.9 1ic 14.1-53.1

v 11.7 v 12.7

Modified based on Gunderson et al. 2010a and b; Howlader et al. 2012
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2.5.5. Invasion parameters

The invasion of tumor cells into lymph or blood vessels is crucial for metastatic process.
It is seen in approximately 33% and 23% of non-metastatic CRC cases, and associates
with early disease progression and adverse survival especially in the cases where tumor
deposits are detected in the veins beyond the muscularis propria (Betge et al. 2011).
Perineural invasion, characterized as tumor invasion of nervous structures and spread
along nerve sheets, is often underreported, although an important adverse prognosticator
(Liebig et al. 2009).

Tumor border configuration has been shown to have prognostic significance in CRC.
Infiltrating growth pattern, with glands invading in a diffuse manner, is associated with
poor outcome as compared to tumors with pushing or reasonably well circumscribed
border (Jass et al. 1987). Similarly, tumor budding, defined as microscopic clusters of
undifferentiated cancer cells ahead of the invasive tumor front, indicates poor outcome
in CRC (Horkko et al. 2006). Furthermore, peritumoral deposits of cancer cells away
from the invasive tumor front (N1c) have been shown to have prognostic value (AJCC
Cancer Staging Handbook, 2010).

2.5.6. Molecular features and serum markers

Strong evidence exists of the prognostic value of MSI status. Patients with MSI-H tumors
have higher survival rates than those with MSS tumors (Sargent et al. 2010). Peritumoral
lymphocytic response and tumor-infiltrating lymphocytes are often present in MSI-H
tumors, and associate with favorable prognosis (Hamilton et al. 2010).

Many molecular features of a tumor, such as KRAS, BRAF, and PI3KCA mutations,
loss of chromosome 18 heterozygosity, and increased expression of thymidylate
synthase (TS) and hypoxia-related markers have been suggested as adverse prognostic
indicators in CRC (Hamilton et al. 2010; Schmoll et al. 2012; Korkeila et al. 2012).
They are not, however, in clinical use. The lack of utility has been proposed to reflect the
complexity of CRC (Hamilton et al. 2010), and on the other hand, the close adherence
of biomarkers with one of the three molecular phenotypes (CIN, MSI, CIMP) showing
differing prognoses (Walther et al. 2009). Gene expression analyses, such as ColoPrint®,
with multiple genes have been shown to be of prognostic value in some studies (Salazar
et al. 2011), but to date, are not in routine clinical use.

CEA is a serum glycoprotein that is normally produced during embryogenesis. It is
often overexpressed in CRC, especially in advanced disease stages. CEA is measured at
the time of diagnosis, and its initially high serum concentration associates with adverse
prognosis. After radical surgery, serum levels return to normal in four to six weeks. CEA
is useful in surveillance, as its serum levels tend to rise during disease progression. (Eche
et al. 2001.) Carbohydrate antigen 19-9 (CA 19-9) is another serum antigen that has been
related to poor prognosis in CRC (Kouri et al. 1992), but in contrast to CEA, is not in
routine clinical use. Other biochemical factors, such as high alkaline phosphatase, high
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lactate dehydrogenase, and high platelet count are poor prognostic factors in metastatic
CRC (Schmoll et al. 2012).

2.5.7. Other factors

Multidisciplinary teamwork (Palmer et a/. 2011) and expertise of a practitioner (Hodgson
et al. 2001) provide benefit in terms of improved tumor control. Tumor obstruction and/
or perforation are poor prognostic factors (Schmoll et al. 2012). Of the patient-related
factors, increasing age, black race, and low socioeconomic status have been associated
with worse CRC survival (Howlader et al. 2012; Schmoll et al. 2012).

2.6. Predictive factors in colorectal cancer

Predictive factor is defined as a condition or finding that can be used to predict whether
a cancer will respond to a specific treatment (NSI Dictionary of Cancer Terms). In ideal
case, such a factor could help to understand the mechanisms underlying resistance to RT,
chemotherapy, and biologic agents, and lead to altered or intensified therapy approaches
in non-responding patients. It should be noted that predictive biomarkers may also have
prognostic value, and vice versa (Jensen et al. 2012). Of the several studied biomarkers,
KRAS mutation testing is the only one that is routinely utilized in the treatment of
colorectal cancer patients.

2.6.1. Predictive markers for response to chemoradiotherapy in rectal cancer

Several radiobiological mechanisms are important for the sensitivity of rectal cancer
to preoperative treatment. These mechanisms include the extent of tumor hypoxia, the
number of cancer stem cells, the intrinsic radiosensitivity of a tumor, and repopulation
capacity of cancer cells during and after RT (Huerta et al. 2009; Koukourakis et al.
2012). Expression of several tissue-based biomarkers and gene profiles have been
studied to better understand the biological factors determining response to CRT.
Usually, expression in pre-treatment biopsies is compared to TRG or the rate of pCR,
but also alterations in protein levels between pre- and post-irradiation samples have
been of interest. Most widely studied genes/biomarkers in this respect are tumor-
suppressor genes 7P53 and p27, apoptosis-related proteins bel-2 and bax, proliferation
marker Ki-67, receptor tyrosine kinase EGFR, and enzyme TS. Even though some
of these markers seem to be promising, none of them has currently enough impact
to be used in clinical routine. (Kuremsky et al. 2009). Of the serum markers, low
pre-treatment concentration of CEA has been associated with good CRT response
(Moureau-Zabatto ef al. 2011).
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Lenghtening the interval between CRT and surgery to > 8 weeks has been demonstrated
to associate with higher tumor response and improved local control, possibly as a result
of cell death continuing over the time after treatment (Kalady et al. 2009).

2.6.2. Predictive factors for response to chemotherapeutic agents

To date, no single biomarker is in routine clinical use to predict response to chemotherapeutic
agents, although several potential factors have been under extensive studies.

For fluoropyrimidines (5-FU, capecitabine), low expression levels of the enzymes
involved in their metabolism, as well as low expression level of TS, which is the target of
one of their active metabolites, have been suggested to be predictive of favorable treatment
response (Jensen et al. 2012). Patients with MSI-H tumors are indicated to receive no
benefit from FU-based adjuvant therapy as compared to patients with MSS tumors. The
underlying mechanisms might include the high lymphocytic infiltrate characterizing
MSI-H tumors together with the deficiency to repair DNA replication errors. (Sargent
et al. 2012). However, the predictive value of MSI status remains inconclusive, as
some other studies indicate reduced risk of recurrence with chemotherapy treatment
irrespective of the MSI status (Hutchins ez al. 2011). Yet others suggest that the negative
predictive value of MSI-H status is restricted to those tumors where MSI originates from
epigenetic defect, contrary to those with MSI resulting from a germline defect (Sinicrope
etal. 2011).

As for oxaliplatin, low expression of the protein product of the excision repair cross-
complementing gene 1 (FERCCI) has been related to a greater benefit of oxaliplatin in
some, but not all studies. ERCC1 is involved in the repair of DNA lesions caused by
platinum-based chemotherapy agents. (Jensen et al. 2012.)

Irinotecan causes breaks in DNA and prevents DNA strand religation leading to
subsequent cell death. These effects are executed via inhibition of topoisomerase
I. Moderate to high expression of topoisomerase I has been correlated to benefit
from irinotecan, but the relation is not widely recognized. In addition, UDP-
glucuronosyltransferases involved in irinotecan metabolism have gained interest when
searching predictive biomarkers for irinotecan. (Jensen et al. 2012.)

2.6.3. Predictive factors for response to biological agents

Bevacizumab is a monoclonal antibody against vascular endothelial growth factor
(VEGF), an important regulator of angiogenesis. The plasma or tissue levels of VEGF are
not predictive of benefit from bevacizumab, although single nucleotide polymorphism
in the VEGF system has shown some predictive value (Hansen et al. 2012). In contrast
to earlier beliefs, there is now some evidence that KRAS mutation could relate to
inferior benefit from bevacizumab similarly to situation with EGFR-targeted antibodies
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(Stintzing et al. 2012). During treatment, bevacizumab-induced hypertension has been
associated with improved treatment benefit from this antibody (Osterlund et al. 2011).

Cetuximab and panitumumab are EGFR-targeted monoclonal antibodies with
implications in tumor proliferation, apoptosis, angiogenesis and invasion. EGFR is
overexpressed in up to 82% of CRCs (Spano and Vignot, 2007), but the expression
levels of EGFR protein do not seem to correlate with clinical benefit (Chung et al.
2005). Instead, EGFR gene copy number (GCN) has been correlated with benefit from
EGFR-targeted treatment (Moroni et al. 2005; Scartozzi et al. 2009; Algars et al. 2011).
Increased activity of other growth factor receptors, namely c-MET, insulin-like growth
factor receptor (IGF1R) and human epidermal growth factor receptor 2 (HER-2), have
been related to EGFR-targeted treatment response, possibly as a result of bypassing
the EGFR signaling pathway (Bardelli and Siena, 2010; Inno et al. 2011). Mutation
in KRAS, a downstream signaling molecule of EGFR, is indicative of lack of benefit
from EGFR-targeted therapy (Liévre ef al. 2006), and serves as the only predictive
marker in clinical use for the treatment of CRC. A small subgroup of patients with
KRAS mutation in codon 13 has been suggested to be an exception and benefit from
EGFR-targeted therapy (De Roock et al. 2010b). To date, however, these patients are
treated similarly to other patients with KRAS- mutated tumors due to lack of firm
evidence. In addition to KRAS, aberrations in other EGFR downstream effectors such
as BRAF, PI3KCA, and PTEN have been associated with resistance to EGFR-targeted
antibodies, and increased expression levels of the EGFR ligands amphiregulin and
epiregulin are suggested to indicate benefit from treatment (De Roock ef al. 2010a;
Bardelli and Siena, 2010).

2.7. Biomarkers studied in this thesis

Hanahan and Weinberg suggested that the complexity of cancer may be reduced to ten
underlying principles, appointed as the hallmarks of cancer (Hanahan and Weinberg,
2011). Seven biomarkers contributing to these principles were under special focus in this
thesis. They are introduced with the respective hallmark in Figure 4, and are described
in more detail below.

2.7.1. Group IIA secretory phospholipase A2 (IIA PLA2)

Inflammatory component is present in virtually all neoplastic lesions, and associates
both with anti- and pro-tumoral actions. Inflammation is evident already at the earliest
stages of neoplastic progression, and may contribute to several hallmark capabilities,
such as sustaining proliferative signaling, resisting cell death, and promoting invasion
and metastasis (Hanahan and Weinberg, 2011).
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Figure 4. Hallmarks of cancer and the biomarkers studied in this thesis. Adopted and
modified from Hanahan D and Weinberg RA: Hallmarks of cancer: the next generation.
Cell 2011; 144: p. 668. Molecules mentioned are those discussed in the present thesis.

Phospholipase A2 (PLA2) is a family of proteins that are able to degrade phospholipids
from the cell membrane. If arachidonic acid is released from the membrane, it is
subsequently converted to eicosanoids and prostaglandins in cyclooxygenase-dependent
reactions. Thus, PLA2s play an important role in inflammatory processes. Moreover,
cyclooxygenase-2 is overexpressed in colorectal adenomas and carcinomas, and its
derivatives are able to signal via the important tumorigenic PI3K- and MAPK-pathways.
(Greenhough et al. 2009.) The cytosolic isoforms of PLA2s are mainly responsible for
arachidonic acid metabolism. Secretory phospholipases A2 (sPLA2) are the largest
branch of mammalian PLA2-family, and are often found extracellularly where they are
secreted by platelets, inflammatory cells, gastric cells, Paneth cells of the small intestine,
and goblet cells of the large intestine. (Fijneman and Cormier, 2008). Their expression
is induced by pro-inflammatory cytokines as shown in Figure 5, and they have diverse
roles in metabolism and innate immunity.

Group I1A secretory PLA2 (IIA PLA2) is a calcium-dependent enzyme of 14 kilodaltons
(kDa) encoded by a gene located on human chromosome 1p35 (Riggins et al. 1995). 1A
PLA2 was originally purified from human synovial fluid (Kramer et a/. 1989), and is
known to be expressed in several human tissues (Nevalainen and Haapanen, 1993). The
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secretion of IIA PLA?2 is induced by several pro-inflammatory cytokines (Fijneman and
Cormier, 2008), and dramatically increased serum and tissue concentrations are seen in
acute and chronic inflammatory disorders (Rintala et al. 1993; Haapamaiki et al. 1997).
Due to cationic nature of ITA PLA2 protein, it is much more efficient in hydrolyzing fatty
acids from perturbed, and thus negatively charged, lipid membranes than from healthy
cell membranes (Leidy et al. 2006). In addition to its direct effects on cell membranes, I[TA
PLA2 may signal through a cell-surface receptor, inducing activation of pro-inflammatory
and pro-tumoral downstream signaling pathways such as MAPK (Fijneman and Cormier,
2008). IIA PLA?2 also has bactericidal activity towards gram-positive bacteria (Weinrauch
etal. 1996; Laine et al. 1999), and it is capable of indirectly activate peroxisome proliferator
-activated receptors (Fijneman and Cormier, 2008).
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ITA PLA2 has various links to human malignancies such as colorectal, pancreatic and
gastric cancer, but it remains controversial whether the role of [IA PLA?2 in carcinogenesis
actually is pro- or anti-tumoral (Fijneman and Cormier, 2008). On one hand, pro-
tumoral effect would be presumed based on its ability to produce arachidonic acid for
eicosanoid and prostaglandin synthesis, and on its potential in inducing activation of
EGFR-signaling pathways (Hernandez et al. 2010). Furthermore, IIA PLA2 has been
appointed as a transcriptional target of Wnt/B-catenin signaling that is usually mutated
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in CRC (Ganesan et al. 2008). On the other hand, arachidonic acid is known to induce
apoptosis (Cao et al. 2000), affording a potential tumor-suppressive role for PLA2s.
The presence of IIA PLA2 has also been suggested to protect intestinal epithelium from
carcinogenic effects of dietary fatty acids and bacterial products (MacPhee ef al. 1995).
Most importantly, //4 PLA2 gene corresponds the modifier of Minl (Mom1) locus in
mice, which confers resistance to intestinal tumorigenesis in 4PC-mutated Min-mice
(MacPhee et al. 1995). Although it is unlike that //4 PLA2 functions as such a major
modifying gene in human FAP-counterparts (Nimmrich et al. 1997), dysregulation of
ITA PLA2 has been suggested to be a relatively early event in colorectal carcinogenesis
(Kennedy et al. 1998). Taken together, the association of IIA PLA2 expression and
dysregulation with development of CRC remains far from explicit, as both pro- or anti-
tumorigenic roles for ITA PLA2 have been suggested in many studies (MacPhee et al.
1995; Nimmrich et al. 1997; Belinsky et al. 2007), and both upregulation (Buhmeida
et al. 2009) and downregulation (Edhemovic et al. 2001) of IIA PLA2 are reported in
CRC.

2.7.2. Ki-67 and securin

Persistent cell proliferation is essential for tumor growth. Cancer cells are characterized
by unlimited replicative potential due to their lower requirement for growth signals,
insensitivity to antigrowth signals, and their ability to escape senescence and subsequent
cell death. (Hanahan and Weinberg, 2011). This feature is exploited in treatment
modalities, because chemotherapeutics (Jensen ef al. 2012) and radiotherapy (Pawlik et
al. 2004; Debucquoy et al. 2009) most effectively attack rapidly dividing cells. Irradiation
results in either cell-cycle arrest and subsequent DNA repair, or in programmed cell
death if the damaged DNA cannot be repaired (Huerta et al. 2009). The phases of the cell
cycle are shown in Figure 6.

2.7.2.1. Ki-67

Ki-67 is a nuclear antigen of 395 kDa encoded by a gene located on chromosome 10925
(Gerdes et al. 1984; Fonatsch et al. 1991; Brown and Gatter, 2002). It is a proliferation
marker, the expression and localization of which varies throughout the cell cycle phases
within the nucleus; levels are low in G1 and S phases, and peak in mitosis. Traditionally,
resting phase G, cells were deemed as to be devoid of Ki-67 expression, and Ki-67 was
known to have no other functional roles than cell proliferation (Gerdes et al. 1984; Brown
and Gatter, 2002.) Recently, using advanced techniques, some fractions of protein have
been detected also in G cells, and Ki-67 has been related in ribosomal DNA transcription
or early ribosomal RNA processing events (Bullwinkel et al. 2006). Ki-67 expression
may be determined from paraffin-embedded tissue specimens using antibodies directed
against the protein. In addition to affording additional value for instance in the diagnosis
of neuroendocrine tumors (Janson et al. 2010), high labeling index of Ki-67 has been
shown to have prognostic value in several human malignancies, among others in breast
cancer and mesenchymal tumors (Brown and Gatter, 2002).
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In CRC, the prognostic significance of Ki-67, and thus proliferation rate, remain
controversial (Allegra et al. 2003; Hilska et al. 2005; Bertolini et al. 2007) although a
continuous increase in proliferative activity is seen along adenoma-carcinoma sequence
(Risio et al. 1988). Similarly, the predictive value of Ki-67 is confounding in CRC.
High pre-irradiation Ki-67 expression has been reported to associate both with beneficial
(Willett et al. 1995), and adverse (Jakob et al. 2008) CRT response, or to be of no
significance (Terzi et al. 2008).

2.7.2.2. Pituitary tumor transforming factor 1 (PTTG1) and securin

Human pituitary tumor transforming gene 1 (PT7TGI) is an oncogene located on
chromosome 5q33 (Zhang et al. 1999). Originally, PTTG was isolated from a rat
pituitary tumor, and was shown to induce cell transformation in vitro and tumorigenesis
in vivo (Pei and Melmed, 1997). It has both physiological and tumorigenic actions,
as it contributes to organ development, cellular proliferation, apoptosis and DNA
damage response along with its ability to interact with growth factors. PTTGI can
also transactivate other genes, thus affecting the amount of several proteins with a
potential importance in carcinogenesis (Vlotides et a/. 2007). Human securin is a 22
kDa protein product PT7TGI (Dominguez et al. 1998) and is involved in the sister
chromatid separation at the metaphase-anaphase interface of mitosis (Zou et al. 1999;
Jallepalli et al. 2001). Securin localizes both to cytoplasm and nucleus, and its nuclear
translocation is facilitated by a PTTG-binding factor. The role of cytoplasmic protein
remains unresolved, while the nuclear one accounts for the biological activity of
securin. (Vlotides et al. 2007.) Securin expression is cell cycle-dependent with its
amount beginning to accumulate at the S-phase and peaking at G,- and M-phases
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(Zou et al. 1999). During mitosis, securin is rapidly degraded at the end of metaphase
by an anaphase-promoting complex. Accordingly separin, an important regulator of
chromosome segragation, is released from its tonic inhibition and sister chromatids
may equally distribute to diploid daughter cells (Jallepalli e al. 2001.) Recently,
securin was indicated to have a role also in the regulation of G,/S-phase transition
based on its interaction with the transcription factor Sp1 (Tong et al. 2007). Although
considered as a critical component in cell cycle regulation, the actual contribution of
securin to cell proliferation remains rather inconclusive. Some have reported securin
overexpression to cause increased proliferation, while some others reported inhibition
of proliferation (Vlotides et al. 2007.) Similarly to proliferation, the exact influence
of securin on apoptosis remains controversial. Securin is able to interact with p53,
an important regulator of cellular apoptosis (Yu et al. 2000; Bernal et al. 2002),
but overexpression of securin has been related both to induced (Yu ef al. 2000) and
decreased rate of apoptosis (Bernal ef al. 2002). Discrepancies may base on distinct
phosphorylation status and subcellular location of securin between the examined cell
types and species (Vlotides et al. 2007).

In normal human tissues, high levels of PTTGI messenger RNA are seen in placenta,
adult testis, thymus, and fetal liver, while lower levels are seen in small intestine,
colon, brain, placenta, pancreas and lung. Instead, high expression is seen in many
carcinoma cell lines and tissues, including CRC (Dominguez et al. 1998; Zhang et al.
1999.) Several mechanisms are proposed to interconnect PT7G1 and its protein product
securin with cancer development. First, PTTG/ is able bind to several gene promoters
and to upregulate the expression of basic fibroblast growth factor (Zhang et al. 1999),
vascular endothelial growth factor (McCabe et al. 2002), and matrix metalloproteinase
2 (Malik and Kakar, 2006), all of which contribute to increased tumor angiogenesis and
invasive potential. Second, dysregulation of securin expression and subsequent defects
in chromatid separation contribute to genetic instability, and generation of malignant
tumors (Zou et al. 1999; Jallepalli et al. 2001). Third, securin is involved in DNA damage
and repair control by virtue of its ability to interact with and inhibit DNA repair proteins
such as p53 and Ku70 (Bernal et al. 2002; Kim et al. 2007).

As in numerous malignancies, securin is overexpressed also in CRC and it has been
correlated with advanced disease stage and adverse prognostic factors (Heaney et al.
2000; Wu et al. 2008). However, no study has reported its expression to associate with
CRC survival (Heaney et al. 2000; Talvinen et al. 2006; Wu et al. 2008) in contrast to
many other malignancies (Vlotides ez al. 2007). As to predictive value, securin expression
has been suggested to have an important role in determination of the fate of CRC cells
after introduction of DNA-damaging agents (Chen ef al. 2010), and its expression levels
are shown to alter after exposure to chemotherapeutics (Chiu et al. 2006) and irradiation
(Chen et al. 2010). However, there are no previous studies on the predictive value of
securin expression on RT response in human rectal cancer.
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2.7.3. CD44 variant 6 (CD44v6)

Metastases are the cause of 90% of human cancer deaths. Cancer cells must proceed
through a multistep process of local invasion, intravasation to blood and lymphatic
vessels, and ultimately, extravasation in order to colonize other organs. Alterations in
shape, attachment to other cells and to extracellular matrix (ECM) are seen in cancer
cells as early signs of invasive potential. (Hanahan and Weinberg, 2011.) Abnormalities
in cellular adhesion in the tumor invasive front, i.e. interface between tumor and
surrounding non-tumor tissue, are considered especially important because balance
between pro- and anti-tumoral factors in this compartment may be decisive for tumor
progression (Suzuki et al. 2008).

CD44 is a family of immunologically related cell surface proteoglycans and
glycoproteins encoded by a gene located on chromosome 11 (Dalchau er al. 1980;
Ponta et al. 1998). There is significant structural heterogeneity between the CD44
proteins resulting from alternative splicing of ten variant exons, as well as from post-
translational modification. The smallest transcript CD44 standard lacks any of the
variant exons. It is expressed in most of the tissues of the adult organism, particularly
on cells of the hematopoietic system. The larger CD44 variant transcripts present with
extracellular domains of variable length due to transcription of selected sequences from
variant exons v1-10. In contrast to CD44 standard isoform, the expression of CD44
variants is highly restricted in normal tissues. (Gorham et al. 1996; Ponta et al. 1998.)
CD44 proteins are involved in various physiological and pathophysiological processes
including embryogenesis, hematopoiesis, lymphocyte homing, inflammation, and tumor
progression (Misra et al. 2011). They participate in cell-cell and cell-matrix interactions
because their extracellular domain is able to bind among others hyaluronate, collagen
and fibronectin (Lesley et al. 1993). Some of the CD44 isoforms promote growth factor
receptor -mediated signaling by virtue of their ability to bind growth factors, thus
affecting cellular proliferation, apoptosis and invasiveness (Bennett et al. 1995; Misra
et al. 2011). The intracellular domain of CD44 is capable of linking cell membrane
to cytoskeleton by interacting with actin-binding proteins, thus contributing to cell
migration (Tsukita et al. 1994). CD44 has also been identified as a potential cancer
stem cell (CSC) marker (Dalerba et al. 2007), and as such, an important component
of chemo- and radiotherapy response (de Jong et al. 2010; Croker and Allan, 2012).
Through these numerous biological properties, CD44 proteins are considered to possess
both growth- and invasiveness promoting functions and tumor-suppressing functions
during carcinogenesis (Herrlich et al. 2000).

In healthy colon and rectum, CD44 standard may be detected in the lower crypt
epithelium, stromal fibroblasts and lymphocytes, whereas expression of CD44 variants is
generally absent. In contrast, broad overexpression of CD44 proteins is seen in colorectal
adenomas and carcinomas. (Gorham et al. 1996.) Pathological conditions promote
alternative splicing of CD44 gene, producing variants with enhanced hyaluronate-binding
and tumorigenic potential (Sleeman et al. 1995; Misra et al. 2011). One of these variants
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is variant 6 (CD44v6), a membranous and cytoplasmic CD44 protein. The functional
role of cytoplasmic protein is rather unknown, but it might contribute to cellular
dedifferentiation (Faleiro-Rodrigues and Lopes, 2004). The membranous extracellular
domain is responsible for binding of hyaluronate and growth factors, and subsequent
activation of intracellular signaling pathways (Misra et al. 2011). Overexpression of
CD44v6 has been related to increased invasive and metastatic potential (Glinthert et al.
1991; Wielenga et al. 1993; Bendardaf ef al. 2005), as well as to poor disease outcome
(Ropponen et al. 1998) in CRC. On the other hand, others have reported favorable
outcome (Zlobec et al. 2009) and response to chemotherapy (Bendardaf et al. 2004) in
patients with CD44v6 expressing tumors. Apparently, expression does not remain stable
along CRC progression, as it has been shown to both increase (Wielenga et al. 1993) and
to decrease (Bendardaf et al. 2006) during metastatic process.

2.7.4. B-catenin and aldehyde dehydrogenase 1 (ALDH1)

Stem cells are scarce in normal colorectal mucosa. They are characterized by their ability
to regulate the balance between self-renewal and cellular differentiation. Cancer stem
cells (CSC) are suggested to evolve from and share similarities to normal stem cells
(Reya et al. 2001), but they also are capable of initiating and sustaining malignant growth
(Reya et al. 2001) that are considered as hallmarks of cancer (Hanahan and Weinberg,
2011). CSCs self-renew and differentiate in an aberrant, unregulated manner, resulting
in stem cell overpopulation and a bulk tumor population (Reya ef al. 2001; Huang et al.
2009) as shown in Figure 7. Therapeutic approaches that are unable to eradicate CSCs
may be unsuccessful, because even a small subset of CSCs is suggested to allow tumor
regrowth (Reya et al. 2001). Several cell surface markers have been proposed as CRC
stem cell markers due to their aberrant expression in CRC.

2.7.4.1. B-catenin

Activation of the Wnt/pB-catenin signaling pathway is considered crucial for the
maintenance of both normal and cancer stem cells in the gut epithelium (Reya et al.
2001). B-catenin is a protein encoded by a gene located on chromosome 3p21 and is found
in the cell membrane, cytoplasm and nucleus (Kraus et al. 1994). In the membrane, it
binds among others E-cadherin, thus contributing to the formation of adherens junctions
that are essential for cellular adhesion. The role of cytoplasmic and nuclear B-catenin is
the transduction of the Wnt-signals from the cell surface to the nucleus. In the absence of
Wnt-signaling, cytoplasmic -catenin is rapidly degraded by a multiprotein destruction
complex including APC protein. In the presence of Wnt-signaling, accumulation of
cytoplasmic B-catenin leads to its nuclear translocation, and binding to transcription
factors modulating a broad range of Wnt-target genes. These genes contribute to
several physiological and pathophysiological processes including development, CSC
signaling, cell proliferation and differentiation, apoptosis, angiogenesis and epithelial-
mesenchymal transition (EMT). (Le et al. 2008; Yao et al. 2011.)
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In a normal colonic epithelium, strong nuclear B-catenin staining is detected only
at the basal positions of the crypts, decreasing towards the more differentiated cells in
the surface epithelium. Instead, cells harboring mutations in APC or -catenin become
independent of the physiological signals controlling Wnt-signaling activity, and continue
to proliferate and express Wnt-target genes also upper in the surface epithelium. (van de
Wetering et al. 2002.) This constitutive activation of Wnt-signaling is commonly seen in
CRC, where APC gene is often mutated in early phases of carcinogenesis as previously
described (chapter 2.2.7). Several biologic inhibitors and small-molecule compounds
have thus been studied in order to inhibit Wnt/B-catenin signaling, but their clinical use
has so far been hindered by their adverse effects on normal stem cells and tissues (Yao
etal 2011).

In CRC, B-catenin has not been proved to be a good indicator of CSCs or disease
outcome. Instead, the assessment of intratumoral distribution of nuclear B-catenin
may significantly improve the prognostic value of this protein (Horst et al. 2009) as
B-catenin is not uniformly distributed within a tumor. Cells in the central tumor parts
tend to retain their membranous B-catenin expression, whereas nuclear expression is
predominant in cells localized at the invasive front, probably reflecting the importance
of the surrounding stroma in regulating the Wnt-signaling. (Brabletz et al. 1998; Le
et al. 2008.)

2.7.4.2. Aldehyde dehydrogenase 1 (ALDH1)

Aldehyde dehydrogenase 1 (ALDHI1) is a protein encoded by a gene located on
chromosome 9921 (Hsu et al. 1989), and it belongs to a group of ALDH-enzymes
catalyzing the oxidation of aldehydes to carboxylic acids (Marchitti et al. 2008). By
virtue of its detoxifying function, ALDHI plays a key role in the cellular defense
against oxidative stress, as well as in resistance to DNA-damaging agents (Marchitti
et al. 2008; Dylla et al. 2008; Chen et al. 2009). The main ALDH]1 isoenzyme,
ALDHI1AL, is a cytoplasmic enzyme found in many healthy human tissues including
testis, brain, eye lens, liver, kidney, lung and retina (Marchitti ef al. 2008), where it is
able to modulate neurotransmission, cell proliferation, differentiation, and apoptosis
by forming retinoic acid (Yoshida et al. 1992; Marchitti ef al. 2008). ALDH1 has been
suggested to mark both normal and cancer stem cells in various tissues, including
large intestine (Cheung et al. 2007; Ginestier et al. 2007; Huang et al. 2009).
Increased ALDHI1 expression is seen in several human malignancies (Deng et al.
2010), where it has been associated with increased invasive and metastatic potential
(Wang et al. 2012; Wakamatsu et al. 2012), and poor clinical outcome (Ginestier et
al. 2007; Jiang et al. 2009; Wang et al. 2012). As for gastrointestinal malignancies,
increased expression of ALDHI protein is seen in esophageal (Wang et al. 2012),
gastric (Wakamatsu et al. 2012), colorectal (Hessman et al. 2012), and pancreatic
cancer (Kahlert et al. 2011).
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Figure 7. The potential roles of cancer stem cells (CSCs) in the development of cancer.
CSCs may arise from normal stem cells through transformation. They have the ability
to differentiate and self-renew, enabling tumor formation. CSCs are considered to
be more resistant to cancer therapeutics, and they may be overpresented in recurrent
disease. Based on Reya et al. 2001; and Seufferlein ef al. 2009.

Progressive colonic stem cell overpopulation during tumorigenesis has been
suggested to drive CRC development. Indeed, ALDHI1 expression increases during
colorectal carcinogenesis from normal epithelium to adenoma and carcinoma (Huang et
al. 2009). On the other hand, expression has been shown to be decreased in metastatic
CRC compared to primary CRC (Hessman et a/. 2012). The prognostic value of ALDH1
in CRC is rather confusing; while others have shown CRC outcome to be independent
of ALDH1 expression (Lugli et al. 2010; Hessman et al. 2012), others have reported that
two prognostically diverging groups may be defined based on their ALDHI1 expression
pattern (Vogler et al. 2012). Moreover, it has recently been suggested that instead of
cytoplasmic ALDH1AT1, mitochrondrial ALDH1B1 might be the predominant ALDH]1
isoform in CRC (Chen et al. 2011), and that ALDH1A1 could in rare cases be detected
also in the nucleus, potentially relating to poor clinical outcome (Kahlert ez al. 2012).

Similarly to other malignancies, chemotherapy resistant colon cancer cells are
considered to be enriched for CSCs (Dylla et al. 2008; Oh et al. 2011). FOLFOX is
a standard chemotherapy regimen utilized in the treatment of CRC, and FOLFOX-
resistant colon cancer cells were found to have markedly higher ALDHI activity than
their corresponding parental cells (Oh ef al. 2011). With regard to RT, ALDHI1 expression
has been associated with radioresistance in some malignancies (Chen ef al. 2009; Croker
and Allan, 2012), but its expression has not been studied in relation to CRT response in
human rectal cancer.
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2.7.5. Epidermal growth factor receptor (EGFR)

Growth factors and their receptors contribute to several hallmarks of cancer via their
downstream signaling pathways (Hanahan and Weinberg, 2011). EGFR is a 170 kDa
cell-surface receptor tyrosine kinase (Carpenter ef al. 1978) encoded by a gene localized
to chromosome 7p12-13 (Davies et al. 1980). It serves as a receptor for the members of
epidermal growth factor-family of extracellular ligands, and is closely related to other
members of the ErbB receptor-family, namely HER2, Her 3 and Her 4. Upon binding its
ligand, dynamic conformational changes occur in both extra- and intracellular domains of
the EGFR receptor, resulting in the phosphorylation of tyrosine residues in the carboxyl-
terminal regulatory domain, and subsequent binding of downstream molecules. The
main downstream signaling pathways regulated by EGFR are the PI3K-pathway, Ras-
MAPK-pathway, Janus kinase (JAK)-Signal transducer and activator of transcription
(STAT)-pathway, and phospholipase c-y pathway. (Cohen et al. 2003.) Regulated EGFR-
signaling is implicated in the maintenance of cell proliferation, differentiation, and other
normal cellular processes. Instead, unregulated and aberrant activation contributes to
tumor development and progression subsequent to increased cell proliferation, invasion
and angiogenesis, as well as to evasion of apoptosis (Spano and Vignot, 2007.)

Activation of the EGFR signaling pathway is considered as relatively early event
in colorectal carcinogenesis. Although overexpression of EGFR has been related to
advanced disease stage (Karameris et al. 1993) and metastatic potential (Radinsky et
al. 1995), the prognostic value of EGFR overexpression remains inconclusive in CRC
(Spano and Vignot, 2007). Neither is it valuable in predicting RT response of rectal cancer
due to controversial data (Giralt et al. 2005; Zlobec et al. 2008). Activating mutations in
the EGFR gene are rare in CRC (Metzger et al. 2011), and alterations in KRAS and other
downstream signaling molecules together with crosstalk among different growth factor
receptors are considered to be more important factors for unregulated EGFR signaling
(Lievre et al. 2006; Bardelli and Siena, 2010; De Roock et al. 2010a).

EGFR-targeted monoclonal antibodies cetuximab and panitumumab are utilized in
the treatment of metastatic CRC. Although several molecules have been proposed as
predictive factors for response to these therapies (chapter 2.6.3), KRAS mutation analysis
is the only one in clinical use (Liévre et al. 2006). However, 30% of the non-responsive
population do not present with any of the proposed mutations (KRAS, BRAF, PI3KCA,
loss of PTEN) and consequently, additional predictive factors are required (Bardelli and
Siena, 2010). EGFR IHC has been disappointing with this respect. EGFR expression
rates are highly variable in the literature (Spano and Vignot, 2007), and also EGFR-
negative tumors have shown to benefit from treatment (Chung et al. 2005). Consequently,
other techniques such as chromogenic (CISH), fluorescence (FISH) and silver-enhanced
in situ hybridization (SISH) have been introduced to improve the predictability of
response to EGFR-targeted agents. Indeed, increased EGFR GCN has been associated
with improved treatment response in several studies, but with diverse cut-off values and
techniques (Moroni et al. 2005; Scartozzi et al. 2009; Algars et al. 2011). SISH is a fully
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automated chromogenic assay using metallic silver to detect single and amplified gene
and chromosome copies (Dietel et al. 2007). It is in routine clinical use for determining
HER? status in breast and gastric cancer, and was recently reported to be valuable in
determining EGFR GCN and its association with EGFR-targeted therapy response in
metastatic CRC (Algars et al. 2011).

Intratumor heterogeneity in EGFR gene expression has been shown among others in
colorectal cancer (Yang et al. 2012) and glioblastoma (Snuderl et al. 2011). It is defined
as the coexistence of cancer cell clones with distinct genetic or gene expression profiles
and distinct biologic properties within a same tumor (Marusyk et al. 2012). Some of
the difficulties encountered in validating predictive biomarkers for targeted therapies
have been related to this heterogeneity, because underestimation of the tumor mutational
burden may occur when the analyses base solely on single tumor-biopsy specimens and
scoring of the dominant phenotype (Snuderl ef al. 2011; Gerlinger ef al. 2012; Misale et
al. 2012).
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3. AIMS OF THE STUDY

Treatment of CRC is challenging for a patient and physician because of troublesome
symptoms, lack of prognostic (chapter 2.5) and predictive (chapter 2.6) biomarkers,
and disease heterogeneity. A substantial need for prognostic and predictive biomarkers
exists in order to distinguish patients with different outcomes and responses to oncologic
treatments. To date, no tissue-based prognostic or predictive molecular markers exist in
clinical use for stage I-I1I disease, and KRAS mutation test is the only one for metastasized
disease.

Malignant cells exploit several mechanisms appointed as hallmarks of cancer
(Hanahan and Weinberg, 2011) to enlarge tumor mass and to acquire metastatic potential.
The aim of this study was to offer novel information about the prognostic and predictive
value of selected biomarkers contributing to these hallmarks, using lesions presenting
different phases of colorectal carcinogenesis.

The specific aims of this study were:

1)  To study the localization of inflammatory mediator IIA PLA2 expression at
messenger ribonucleid acid (mRNA) and protein level in colorectal tumors,
and to detect whether the expression shows different pattern between benign,
premalignant and malignant colorectal lesions.

2)  To investigate securin protein expression and its relation to proliferation marker
Ki-67 in rectal cancer, to detect the potential impact of (C)RT on securin and
Ki-67 expression, and to examine the prognostic and predictive value of the two
proteins.

3) To study the expression of CD44v6 at protein level, to evaluate potential
differences in its intratumoral expression pattern, and to analyze the prognostic
value of CD44v6 in rectal cancer.

4)  To study the expression of cancer stem cell marker ALDHI and its relation to
B-catenin in rectal cancer, to analyze the influence of preoperative (C)RT on
ALDHI1 expression, and to examine the prognostic and predictive value of
ALDHI.

5)  To validate the predictive value of EGFR GCN on EGFR-targeted treatment
response in metastatic CRC and CRC cell lines, and to study whether intratumoral
heterogeneity significantly affects the results of GCN analyses.
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4. PATIENTS AND METHODS

4.1. Patients, tumors and cell lines

The studies were retrospective in nature. The number of biopsy and operative samples in
each study is shown in Figure 8. A more detail description of the patients and tumors are
presented in original publications I-V. The use of archival tissue material was approved
by the National Supervisory Authority for Welfare and Health (permissions # Dnro
1709/32/300/02, May 13™ 2002, and # Dnro 4423/32/300/02, October 15" 2002).

Study I (114 PLA2)

* First set:
- colorectal hyperplastic polyps (n=7)

Study 11 (Securin and Ki-67)

« rectal carcinoma biopsies before
radiotherapy (n=65)

- colorectal adenomas (n=14)
- colorectal carcinomas (n=11)
* Second set:
- rectal carcinoma operative samples (n=72)
- rectal adenomas (n=10)

« rectal carcinoma operative
samples (n=211)

Study 111 (CD44v6)

« rectal carcinoma operative
samples (n=214)
Study V (EGFR)
.. Study IV (ALDH1 and f-catenin)
¢ Original cohort:
- colorectal carcinomas (1n=45)
« Validation cohort:
- colorectal carcinomas (n=31)

« rectal carcinoma biopsies before
radiotherapy (n=64)

« rectal carcinoma operative
samples (n=213)

Figure 8. The number of tumors in the studies I-V.

4.1.1. Hyperplastic polyps, adenomas, and carcinomas (I)

As shown in Figure 8, the material comprised two distinct sets of tumors. The 72 rectal
carcinomas in the second set presented the surgery-only group of studies II-IV. In ten
cases, an adenoma was found in the same sample with a carcinoma.

4.1.2. Rectal carcinomas (II-1V)

The material consisted of 227 stage I-1II rectal carcinomas situated in middle or lower
third of the rectum. Patients were treated at Turku University Hospital between 2000 and
2009. For the studies II and IV, 65 and 64 biopsy-surgical sample pairs were available,
respectively. The biopsies included those from preoperatively irradiated patients
(short- or long-course). To ensure biologically and therapeutically homogenous study
population, following cases were excluded: high rectal carcinomas, superficial tumors
treated with local excision, and carcinomas with synchronous metastases.
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Table 8a. TNM classification of colon and rectum carcinoma, 6™ edition.

T — Primary Tumor N — Regional Lymph Nodes

TX Primary tumor cannot be assessed NX Regional lymph nodes cannot be assessed
TO No evidence of primary tumor NO No regional lymph node metastasis

Tis! Carcinoma in situ: intraepithelial or N1 Metastasis in 1-3 regional lymph nodes
invasion of lamina propria N2 Metastasis in 4 or more regional lymph

T1 Tumor invades submucosa nodes

T2 Tumor invades muscularis propria

T3 Tumor invades subserosa or into non-
peritonealized pericolic or perirectal tissues
T4 Tumor directly invades other organs or struc-
tures>* and/or perforates visceral peritoneum

Notes: Note:

1. Tis includes cancer cells confined within A tumor nodule in the pericolic/perirectal

the glandular basement membrane (intraepi- | adipose tissue without histological evidence
thelial) or mucosal lamina propria (intramuco- | of residual lymph node in the nodule is clas-
sal) with no extension through the muscularis |sified in the pN category as a regional lymph
mucosae into the submucosa. node metastasis if the nodule has the form and
2. Direct invasion in T4 includes invasion of |smooth contour of a lymph node. If the nodule
other segments of the colorectum by way of | has an irregular contour, it should be classi-
the serosa, e.g. invasion of sigmoid colon by |fied in the T category and also coded as V1
carcinoma of the caecum. (microscopic venous invasion) or V2, if it was
3. Tumor that is adherent to other organs or grossly evident, because there is a strong like-
structures, macroscopically, is classified T4. |lihood that it represents venous invasion.
However, if no tumor is present in the adhe-
sion, microscopically, the classification should | M — Distant Metastasis

be pT3. MX Distant metastasis cannot be assessed
MO No distant metastasis

M1 Distant metastasis

International Union Against Cancer (UICC). Sobin L, Wittekind C (eds). Colon and Rectum
in TNM classification of malignant tumours, 6 edition, 2002, Wiley-Liss, New York, NY

Table 8b. Stage grouping of colon and rectum carcinoma.

Stage 0 Tis NO MO
Stage I T1, T2 NO MO
Stage ITA T3 NO MO
Stage IIB T4 NO MO
Stage I11A T1, T2 N1 MO
Stage I1IB T3, T4 N1 MO
Stage IIIC Any T N2 MO
Stage IV Any T Any N M1

International Union Against Cancer (UICC). Sobin L, Wittekind C (eds). Colon and Rectum
in TNM classification of malignant tumours, 6 edition, 2002, Wiley-Liss, New York, NY

Sixth edition of TNM classification of malignant tumors (TNM Classification of
Malignant Tumors, 6™ edition, Table 8a and 8b) was utilized for pre- and postoperative
tumor staging, as it was the contemporary edition at the time of diagnosis. Preoperative
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staging included digital rectal examination, CT or MRI of the rectum (solely MRI since
2006), CT of the abdomen, and X-ray or CT of the chest. Patients were studied as three
groups according to their preoperative treatment, which followed the clinical guidelines
of rectal cancer treatment (chapter 2.4.2.1). The total number of patients in each group
was as follows: 96 in the short-course RT group, 55 in the long-course (C)RT group,
and 76 in the surgery-only group, respectively. Altogether 46 patients (84%) in the long-
course (C)RT group received concomitant chemotherapy (5-FU or capecitabine) with
radiotherapy. The number of patients in the studies, as well as distribution of disease
stages and outcomes, are summarized in Table 9. The reasons for missing cases were:
unavailability of a sample, pCR after preoperative CRT, and finished/insufficient amount
of cancerous tissue in a sample.

The type of surgery among the 227 patients was as follows: LAR for 127 (56%),
APR for 96 (42%), and some other technique for four (2%) patients. Surgery was
macroscopically radical in 98% of the cases. Pathologic features of the resected
specimens (all 227 cases) are presented in Table 10. Median number of examined lymph
nodes was 12. In 55% of cases, at least 12 lymph nodes were harvested by a pathologist.

Postoperative adjuvant chemotherapy was administered following mainly the common
clinical guidelines for stage Il and high-risk stage Il patients (Schmoll et al. 2012).
Altogether 111 (49%) patients received postoperative treatment with following regimens:
5-FU in 11 (10%), capecitabine in 66 (60%), combination therapy with oxaliplatin in 21
(19%), and postoperative RT with 5-FU or capecitabine in 13 (11%) cases.

Table 9. The number and characteristics of the patients and tumors in the studies II-IV*.

Variable Securin, n (IT) CD44v6, n (I11) ALDH1, n (IV)
Number of patients 211 214 213
= short-course RT group 87 90 89
= long-course (C)RT group 54 53 50
= surgery-only group 70 71 74
Sex
* male 119 123 119
= female 92 91 94
Mean age 68.1 68.1 68.3
Postoperative stage
= stage | 56 56 56
= stage I 68 71 71
= stage III 84 84 83
* no tumor left 3 3 3
Disease-specific outcome
= alive, no recurrence 137 128 113
= alive with recurrence 17 18 14
= died of disease 36 41 53
= died of other causes 21 27 33

*more detail descriptions are found in the original publications.
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Table 10. Pathologic features of the 227 rectal carcinomas.

Variable n (%) Variable n (%)
 Extent of tumor Circumferential margin
(y)pTO 4(2) 0 mm 19 (8)
(y)pT1 12 (5) 0<crm<1 14 (6)
(y)pT2 71 (31) 1-2 mm 10 (4)
(y)pT3 121(53) >2mm 128 (57)
(y)pT4 19 (9) Not reported 56 (25)
*Regional lymph node metast. ® Differentiation grade
(y)pNO 137 (60)  Well differentiated 34 (15)
(y)pN1 58 (26) Moderately differentiated 144 (63)
(y)pN2 29 (13) Poorly differentiated 40 (18)
Not reported 3(1) Not reported 9(4)
Vascular invasion Histology
Present 48 (21) Adenocarcinoma 214 (94)
Not present 119 (52)  Mucinous adenocarcinoma 9(4)
Not reported 60 (27) Not reported 4(2)

*T and N according to TNM classification of malignant tumours, 6™ edition.

® Differentiation grade according to WHO Classification of Tumors of the Digestive System, 4™
edition. Abbreviations: the prefix “p” indicates pathologic, i.e. determination of T and N by a
pathologist from the operative sample. The prefix “yp” indicates pathologic determination when
preoperative multimodality treatment has been administered.

4.1.3. Metastatic colorectal carcinomas (V)

The material consisted of two individual sets of colorectal carcinomas from patients
treated for metastatic disease at Turku and at Helsinki University Hospitals. The first
set (“original cohort”) included 45 patients of a previous study by our group (Algars
et al. 2011). The second set with 31 patients was used as a validation material for that
study (“validation cohort”). Initially, most of the tumors presented with metastasis to
regional lymph nodes (stage III, 28%) or to distant sites (stage IV, 55%) at the time of
CRC diagnosis. Primary tumor was situated in the colon in 54 cases (71%), and in the
rectum in 22 (29%) cases. All tumors were KRAS WT. Patients were treated with EGFR-
targeted monoclonal antibody (cetuximab or panitumumab) for their metastatic disease.
Altogether 54 patients (71%) received EGFR-targeted therapy in third or subsequent
lines, enabling examination of EGFR GCN in a chemorefractory group of patients.
Treatment regimens and lines for the validation and chemorefractory patient cohorts are
presented in more detail in the respective manuscript V.

4.1.4. Colorectal cancer cell lines (V)

A search of the Sanger Center cancer cell line database (http://www.sanger.ac.uk/cgi-
bin/genetics/CGP/cghviewer /CghHome.cgi) was performed to detect the incidence
of EGFR GCN increase in CRC cell lines. Four human CRC cells lines with different
EGFR GCN were purchased for the study V purpose, and are presented in Table 11


http://www.sanger.ac.uk/cgi-bin/genetics/CGP/cghviewer%20/CghHome.cgi
http://www.sanger.ac.uk/cgi-bin/genetics/CGP/cghviewer%20/CghHome.cgi
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together with the growth media used. All growth media were supplemented with 10%
Fetal Bovine Serum (FBS), 2nM glutamine and 1% penicillin/streptomycin.

Table 11. Cell lines used in the study V.

Cell line Provider KRAS EGFR Growth media used
GCN
C2BBel ATCC, WT 4 DMEM
NCI-H747 Manassas, mutated >4 RPMI-1640
SK-CO1 CA, USA mutated >4 EMEM
CW-2 RIKEN Bioresource WT 2 RPMI
Center, Tsukuba, Japan

Abbreviations: DMEM, Dulbecco’s Modified Eagle’s Medium; EMEM, Eagle’s Minimal
Essential; RPMI, Roswell Park Memorial Institute; WT, wild type.

4.2. Immunohistochemical stainings (I-V)

4.2.1. Antibodies and procedures

For study I-1V purposes, formalin-fixed paraffin-embedded blocks were cut into 5 pm
sections, and for study V purpose to 3 pm sections. Antigen retrieval was performed by
heating in microwave oven in 10 mmol/L sodium citrate, pH6, two times for 7 minutes.
For study IV, pH9 was used. Endogenous peroxidase activity was blocked with incubating
the slides in 0.3% hydrogen peroxide in Tris-buffered saline (TBS). Thereafter, sections
were subjected to IHC staining with antibodies that are described in more detail in Table
12. The staining procedures are presented in the respective publications.

4.2.2. Evaluation of immunostainings

Evaluation of immunostaining for each antibody is summarized in Table 13, and more
detail descriptions are provided in the original publications. For IIA PLA2, CD44v6,
ALDHI1 and B-catenin, the intratumoral localization of positive immunostaining was
also assessed. For IIA PLA2, the number of cases with immunopositive cancer cells
in the tumor invasive front was reported. For B-catenin, the intratumoral distribution
of positive nuclear staining was analyzed as described in the respective publication
(IV). For CD44v6 and ALDHI, the localization was considered as follows: positive
immunostaining present

. equally in the invasive front and central tumor parts,
. mainly in the tumor invasive front, or

. mainly in the central tumor parts.
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Moreover, tumor growth pattern was analyzed using Pan-cytokeratin staining in study III.
Using Jass’ classification (Jass et al. 1986), tumor was appointed as “expanding” when
the invasive border was pushing or reasonably well circumscribed, and “infiltrating”
when the tumor invaded in a diffuse manner with wide penetration into adjacent tissues.

4.3. In situ (ISH) and silver-enhanced in situ hybridization (SISH) (I, V)

To analyze the location of IIA PLA2 protein synthesis at mRNA level in colorectal
tumors, in situ hybridization (ISH) was performed in formalin-fixed, paraffin-embedded
tissue samples of four hyperplastic polyps, 12 adenomas, and nine carcinomas. Human
group II PLA2 anti-sense (test) and sense (control) single-stranded RNA riboprobes
were used as described in the publication (I). Similarly to IIA PLA2 IHC, cases with
over one percent of positive IIA PLA2 ISH were considered as positive.

Table 12. Antibodies used in the studies.

Study Antibody Dilution Provider Cat #
I Polyclonal rabbit anti-human a b
ITA PLA2 IgG
Mouse monoclonal anti-human 1:3000 Cayman Chemicals, Ann Arbor, 160500
ITA PLA2 USA
II Mouse monoclonal anti-human  1:100 Abcam, Cambridge, ab3305
securin UK
Mouse monoclonal anti-human  1:100 Dako, Glostrup, M7240
Ki-67 Denmark
11T Mouse monoclonal anti-human 1:1000  Bender MedSystems, Vienna, BMS 125
CD44var (v6) Austria
Mouse monoclonal anti-human  1:50 Invitrogen Corporation, 18-0132
cytokeratin (Pan) Camarillo, USA
v Mouse monoclonal anti-human 1:1000  BD Transdusction Laborato- 61195
ALDHI1 ries, San Jose, USA
Mouse monoclonal anti-human  1:3000 Invitrogen Corporation, Ca- 13-8400
[B-catenin marillo, USA
A% Rabbit monoclonal anti-human Ready- Ventana Medical Systems/ ~ 790-4347
EGFR (5B7) to-use Roche Diagnostics, Tucson,
USA

*1gG fraction (1.04 pg/ml) of polyclonal rabbit anti-human group I PLA2 antiserum was used in a
dilution of 1:3000; * Inhouse antibody by Nevalainen et al. 1993. Cat # indicates catalog number.

For EGFR GCN analysis, silver-enhanced in situ hybridization (SISH) was performed
in 5-um sections with EGFR DNA probe (Ventana/Roche). SISH was performed with
the BenchMark XT using ultraVIEW SISH Detection Kit (Ventana/Roche). EGFR GCN
was evaluated using two approaches. First, with a guidance of the areas showing the
highest IHC reactivity, 40 tumor cells with the highest GCN were selected in every slide
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(n=76). Mean GCN was thereafter counted from these 40 cells. Second, to evaluate
EGFR GCN heterogeneity in CRC, five areas from the slides of the validation set (n=31)
were arbitrarily chosen by two observers independently of EGFR IHC. EGFR GCN
from 20 tumor cells was thereafter counted in each of these five areas, and their mean
value was compared to the results obtained from the first analysis. Based on a previous
study of our group (Algars et al. 2011), GCN four was utilized as a cut-off value to
distinguish patients with increased (>4) EGFR GCN.

Table 13. Evaluation of immunostaining in the studies.

Study Cut-off for Analyzed Grading of K-value
positive/ staining staining inten- between
high staining sity observers
I (ITA PLA2) 1%? mainly from 0 (negative) N/A
cytoplasmic to 3 (strong) °
II (securin) nuclear from 1 (weak) to
3 (strong)
short-course RT 30%
long-course (C)RT 22%
surgery only 34% 0.83-0.91
II (Ki-67) nuclear N/A
short-course RT 51%
long-course (C)RT 58%
surgery only 70%
I1I (CD44v6) 20% cytoplasmic,  from 0 (negative) 0.70-90
membranous to 3 (strong)
IV (ALDH1) 3% cytoplasmic  from 0 (negative)
to 3 (strong) 0.90
IV (B-catenin) N/A nuclear N/A
V (EGFR) 10% cytoplasmic,  from 0 (negative) N/A
membranous to 3 (strong)

* For cancer cells; ® for peritumoral mucosa; N/A, not analyzed

4.4. KRAS mutation analysis (V)

The most common KRAS point mutations within codons 12 and 13 were analyzed from
formalin-fixed, paraffin-embedded tissue material including at least 30% of CRC cells.
Testing was performed using the DxS K-RAS mutation kit (DxS Ltd, Manchester, UK).

4.5. Evaluation of tumor response to (chemo)radiotherapy (II-IV)

Three-point modification of Dworak (Dworak et al. 1997) and Rédel (Rodel et al. 2005)
scales was used to analyze tumor response to long-course preoperative (C)RT. Tumor



60 Patients and Methods

regression grade (TRG) was analyzed in hematoxylin- and eosin-stained sections by a
pathologist (JS), and was designated as poor, moderate, or excellent. In the two latter cases,
altogether two to eight slides were evaluated to exclude too optimistic determination of
the response. In poorly responding tumors, a minimal or no regression was seen after
(C)RT. Instead, a considerable tumor mass was seen at the time of operation. Moderate
response was defined as a few tumor cell groups or glands present in the primary tumor
after preoperative treatment. In the case of excellent response, very few or no tumor cells
were left after preoperative (C)RT.

4.6. Evaluation of response to EGFR-targeted therapy (V)

The response to cetuximab and panitumumab was evaluated with CT or MRI following
the Response Evaluation Criteria in Solid Tumors (Eisenhauer ef al. 2009). Patients
with complete response, partial response, or stable disease were considered as having
received clinical benefit from EGFR-targeted treatment. The study was conducted in
accordance with the Declaration of Helsinki.

4.7. Western blotting and cytotoxicity assays (V)

Among the cell lines, EGFR GCN was confirmed with SISH, whereas the amount of
protein was analyzed with Western blotting, as described in more detail in the manuscript
V. Briefly, the cells were seeded on 6-well plates and harvested after 24 hours into cold
Radioimmune Precipitation Assay (RIPA) buffer. Lysates were incubated at 4°C with
rotation for an hour, with subsequent clearance of insoluble material by centrifugation.
Protein samples (20 pug) were electrophorezed through 7% polyacrylamide gels and
transferred to a nitrocellulose membrane, which was blocked with 5% Bovine Serum
Albumin (BSA). After washing, membranes were incubated for one hour with horseradish
peroxidase (HRP)-conjugated secondary antibody (Dako, Glostrup, Denmark), and the
signals were detected with SuperSignal West Pico chemiluminescent substrate. The
primary antibodies were anti-EGFR monoclonal antibody (D38B1, Cell Signaling
Technology, Danvers, MA, USA) and anti-o-tubulin monoclonal antibody (B-1-5-1-2,
Sigma).

To study the cytotoxic effects of EGFR-targeted antibodies on CRC cells, cell
viability assays were performed. The cells were exposed to 0-200 pg/ml cetuximab
or panitumumab for 72 hours, each treatment being performed in triplicate and the
experiment being repeated four times. CellTiter 96® AQueous One Solution Cell
Proliferation assay was used for cell viability assessment, and the colorimetric reactions
were read using a Victor2 1420 multilabel counter.
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4.8. Statistical analyses

Statistical analyses were run using PASW Statistics® 18.0.1 (SPSS Inc., Chicago, IL) and
IBM® SPSS® 19.0.1 (IBM Corporation, Somers, NY) software packages for Windows.
For study V, SAS 9.2 and Enterprise Guide 4.2 programs (SAS Institute Inc, Cary, NC)
were used for clinical data, and Microsoft Excel 2011 and StatPlus:mac LE (version
2009, AnalystSoft Inc.) for cell viability assays.

Frequency tables were analyzed with the ¥? test, with the likelihood ratio (LR) or
Fisher’s exact test for categorical variables; 2x2 tables were used to calculate odds
ratio (OR), and 95% confidence interval (95% CI) was defined using the exact method.
Fisher’s exact test, Spearman’s correlation, and LR were used to assess correlation in
univariate analysis. In a comparison of mean values of normally distributed variables
between the treatment groups, analysis of variance (ANOVA) was utilized, whereas non-
parametric tests (Mann-Whitney, Kruskal-Wallis) were used for other variables. The
difference in EGFR GCN values obtained by different evaluation methods (normally
distributed variables) were performed with the Student’s t-test. The significance
between the differences in the responses of the cell lines was analyzed using two-way
ANOVA followed by multiple t-tests. Wilcoxon signed-ranks test was used for pairwise
comparison of biomarker expression within a sample (study I) or between biopsy and
operative sample (studies II, IV). Inter-observer reproducibility of the assessments was
evaluated with weighted kappa, calculated with the intra-class correlation coefficient
(ICC) test, in parallel mode with a two-way random model, using consistency assumption
and the average-measures option to interpret the ICC (95% CI).

Univariate survival analyses for disease-free survival time (DFS; the time from
diagnosis until disease recurrence or latest follow-up) and disease-specific survival
time (DSS; the time from diagnosis until death from CRC or latest follow-up) based
on Kaplan-Meier method, where stratum-specific outcomes were compared using log-
rank statistics. In the study V, progression-free survival (PFS) was calculated from the
onset of EGFR-targeted treatment until disease progression, and overall survival (OS)
from the onset of EGFR-targeted therapy until death. To adjust for the covariates, a
Cox proportional hazards regression model was used. Covariates that were significant
in the univariate analyses were entered in a stepwise backwards manner, and are listed
in the publications. CRM and vascular invasion were not included in the model due to
incomplete data. All statistical tests were two-sided and declared significant at a P-value
of <0.05.
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Results

5. RESULTS

Disease-free survival and disease-specific survival of the rectal cancer cohort (II-1V)
according to disease stage at the time of operation are presented in Figure 9. Disease
recurrence was seen in 70 patients (31%). In 18 (26%) of these cases, only local recurrence
was seen, while in 52 (74%) cases, metastases to other sites or organs were found with or
without local recurrence. Median time to recurrence was 16.1 months. Median follow-up
time of the patients in October 2012 was 53.1 months (1.6-143.7). At the time of latest
follow-up (October 2012), disease outcome was as follows: 124 (55%) patients alive
without recurrence, nine (4%) patients alive with recurrence, 60 (26%) patients died of
rectal cancer, and 34 (15%) patients died of other causes.
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Figure 9. Disease-free survival (A) and disease-specific survival (B) according to disease
stage in October, 2012.

The number of harvested lymph nodes was not dependent on the type of preoperative
treatment (P=0.1), whereas fewer nodes were examined after APR compared to AR
(P=0.007). Among the long-course (C)RT group, TRG after RT was poor in 27 cases
(49%), moderate in 15 cases (27%) and excellent in 13 (24%) tumors. These three groups
presented with divergent disease outcome, as presented in the publication II. Among the
13 cases with excellent response, four were TO in pathologic examination, but in one of
these cases metastasizing to regional lymph nodes was detected. Thus, the rate of pCR
in our material was 5%. No one of the three patients with pCR had died of rectal cancer
until October, 2012. Histological examples of TRG are presented in Figure 10.

5.1. IIA PLA2 expression alters during adenoma-carcinoma sequence (I)

As presented in Figure 11, significant differences were seen between hyperplastic polyps,
adenomas, and carcinomas in terms of the number of IIA PLA2-positive cases, as well as
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Figure 10. Examples of tumor regression
grade after preoperative (chemo)radio-
therapy for rectal cancer. Hematoxylin-eosin
staining showing poor (upper left), moderate
(upper right), and excellent (lower left) re-
sponse to radiotherapy.

the mean percentage of positive immunostaining and mRNA expression. The results were
similar in the cases where adenoma and carcinoma were present within the same sample.
Among these ten cases, adenomas showed IIA PLA2-immunopositive cells in each
sample as compared to carcinomas that showed positivity in only one third of the cases,
and with significantly (P<0.001) less percentage of positive cells compared to adenomas.
Colonic and rectal tumors showed no differences in their IIA PLA2 expression patterns.

ISH affirmed that IIA PLA2 mRNA was synthesized in the same epithelial cells
showing ITA PLA2 protein in IHC. Protein and mRNA expression of IIA PLA2
correlated closely (R=0.93, P<0.001) with each other. When present, IIA PLA2 protein
(IHC) was usually localized in the apical cytoplasm of the tumor epithelial cells. In 44%
of carcinomas, IIA PLA2-immunopositive cells were seen in the invasive tumor front.
In addition, IIA PLA2 protein was found in apoptotic and necrotic cells, and in normal
colorectal epithelium adjacent to carcinoma. Normal colorectal mucosa in immediate
proximity to carcinoma was IIA PLA2-immunopositive in most of the cases (96%),
and compared to normal mucosa situated further from carcinoma, it was presented with
stronger staining intensity (P=0.012).

Among the 72 rectal carcinomas of the second set, the amount of IIA PLA2
expression tended to increase along with tumor differentiation grade, but the difference
was not statistically significant (P=0.09). A higher number of immunopositive cells was
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seen in tumors with an excessive mucinous component as compared to conventional
adenocarcinomas (P=0.025). IIA PLA2 immunopositivity was inversely correlated with
the percentage of Ki-67 expression that was analyzed in the study II (R=-0.25; P=0.03).
No other correlations were seen between IIA PLA2 protein and clinicopathologic
features. DFS and DSS of the patients did not differ according to IIA PLA2 expression
(positive vs negative; invasive front positive vs negative; unpublished data).

Hyperplastic @

THC+ 0/7 19/24 (79%) 26/83 (31%)
: "ISH+ 0/4 8/12 (67%) 3/9 (33%)
! "Mean IHC% 0 14.8 0.8

! "Mean ISH% 0 5.0 1.3

: ¢ P-value 0.001 (vs adenoma)  <0.001 (vs carcinoma)

*THC+ and ISH+ indicate the number of cases with over 1% of positive tumor cells.

® Mean ICH% and ISH% indicate the mean percentage of IIA PLA2-positive epithelial
cells in IHC and ISH. ISH was performed in four hyperplastic polyps, 12 adenomas, and
nine carcinomas.

¢ Mann-Whitney U test for differences between the mean percentage of ITA PLA2-
positive cells in IHC.

Figure 11. ITA PLA2-positive hyperplastic polyps, adenomas, and carcinomas.

5.2. Securin protein expression is decreased after radiotherapy and may
indicate poor outcome in a subset of patients (II)

Almost every biopsy (98% for securin; 100% for Ki-67) and operative (98% for securin;
99% for Ki-67) sample showed positive immunostaining for securin and Ki-67. The
protein expression of securin and Ki-67 correlated closely (R=0.38, P=0.004 for biopsies;
R=0.47, P<0.001 for operative samples). Compared to securin, the mean percentage of
Ki-67 expression was higher both in biopsy (47% vs 83%) and operative (31% vs 56%)
samples (P<0.001 for both comparisons).

A detailed description of securin and Ki-67 protein expression as related to
clinicopathologic variables is presented in the respective publication. When analyzing
the whole study population, patients over 70 years of age had higher expression of
both markers than patients under 70 years of age (P=0.004 for securin; P=0.02 for Ki-
67). Regarding securin, protein expression was higher in superficial (T1-2) tumors and
decreased along with depth of invasion (P=0.01).

Securin and Ki-67 protein expression in relation to preoperative treatment are
depicted in Figure 12. Neither biomarker, as analyzed from pre-irradiation biopsy
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samples, was predictive for TRG. The percentage of Ki-67 expression in post-irradiation
operative samples inversely correlated with TRG (P=0.02). The same tendency of
securin expression did not reach statistical significance in three-point analysis of TRG
(P=0.21) but approximated significance when moderate and excellent response were
studied together against poor response (£=0.05).

SECURIN KI-67
OPERATIVE SAMPLE VRS. BIOPSY* OPERATIVE SAMPLE VRS. BIOPSY"
e  Short-course RT group: e Short-course RT group:
decrease in 78% of the cases }P<0.001 decrease in 100% of the cases }P<0.001
e Long-course (C)RT group: e Long-course (C)RT group:
decrease in 79% of the cases }P<0.001 decrease in 89% of the cases } P<0.001
MEAN PROTEIN EXPRESSION IN THE MEAN PROTEIN EXPRESSION IN THE
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Figure 12. Securin and Ki-67 related to preoperative treatment. Statistical analyses performed
using * Wilcoxon signed-ranks test; PANOVA; © Kruskal-Wallis test.

Securin and Ki-67 were not related to disease outcome when analyzing the whole
study population, or when examining patients in the short-course RT and surgery-only
groups. Instead, high securin protein expression (over median value defined for each
treatment group) in operative sample was a prognosticator for adverse DSS in the
long-course (C)RT group (P=0.019). After adjustment to sex, age, postoperative T and
N, disease recurrence and TRG, high securin expression remained as an independent
adverse prognostic factor (HR=5.3; 95%CI 1.1-25.0; P=0.036) for DSS together with
disease recurrence (HR=24.3; 95%CI 2.2-269.8; P=0.009) and patient age (HR=1.1;
95%CI 1.0-1.2; P=0.043). When disease recurrence was withdrawn from the model,
the independent adverse prognostic factors for DSS were lymph-node positive disease
(for N2 vs NO, HR=7.27; 95%CI 1.08-48.96; P=0.041) and high securin expression
(HR=9.96; 95%CI 1.73-57.17; P=0.010).

5.3. Intratumoral location of CD44v6 protein contributes to invasive
potential (IIT)

The results of membranous and cytoplasmic CD44v6 stainings are shown in Table 14. Of
the 210 samples, 84% were positive for membranous and 8 1% were positive for cytoplasmic



66 Results

immunostaining. Membranous and cytoplasmic CD44v6 staining correlated both in terms
of percentage (R=0.4; P<0.001) and intensity (R=0.31; P<0.001) of expression. Patients
in the long-course (C)RT group showed less cytoplasmic CD44v6 protein expression in
their tumors as compared to patients in the surgery-only group (P=0.002). Generally, the
percentage or intensity of CD44v6 expression did not correlate with clinicopathologic
variables or disease outcome. Using pan-cytokeratin staining and Jass’ classification (Jass
et al. 1986), 48% of tumors showed expanding and 52% infiltrating growth pattern.

Thelocation of CD44v6 protein expression inthe 177 tumors with positive membranous
immunostaining was as follows: mainly in the central tumor parts in 72 cases; mainly
in the invasive tumor front in ten cases; and equally in central parts and invasive front
in 95 cases. Accordingly, 72 cases were appointed as having “front-negative” and 105
cases as having “front-positive” staining pattern of membranous CD44v6. Compared
to front-positive tumors, front-negative pattern associated with smaller CRM (P=0.01),
infiltrating tumor growth pattern (P<0.001) and increased risk of recurrence (P=0.01).

In univariate survival analysis, patients with front-negative tumors presented with
significantly shorter DFS (P=0.022), and the same tendency was preserved in subgroup
analysis of the short-course RT (P=0.058) and surgery-only (P=0.024) treatment groups,
but not in the long-course (C)RT group. DSS was not significantly different between patients
with front-positive and -negative tumors, but the statistical association was nevertheless
stronger with the updated follow-up data (October, 2012; P=0.15) than with data in the
original publication (P=0.68). In univariate analysis, infiltrating growth pattern tended
to relate to shorter DFS (P=0.015) and DSS (P=0.14) as compared to expanding type.
As presented in the publication, none of the variables (location of membranous CD44v6
staining, tumor growth pattern) was found to be an independent prognostic factor for rectal
cancer outcome when adjusted to other clinicopathologic characteristics.

Table 14. CD44v6 expression in rectal cancer.

Percentage of membranous Percentage of cytoplasmic
immunostaining * n=210 immunostaining * n=210
<5% 79 <5% 67
5-20% 72 5-20% 63
21-50% 34 21-50% 59
>50% 25 >50% 21
Intensity of membranous Intensity of cytoplasmic
immunostaining ® n=210 immunostaining ° n=210
Negative 33 Negative 40
Weak 85 Weak 114
Moderate 71 Moderate 50
Strong 21 Strong 6

For statistical purpose, * Tumors with immunopositivity <20% were studied as one group and
those with immunopositivity >20% as another group; ® negative and weak staining intensities
were studied as one group and moderate and strong as another group.
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5.4. ALDHI1 is an adverse prognosticator in node-negative rectal cancer
av)

ALDHI1 immunopositivity above cut-off value (3%) was seen in 55% of the biopsy
samples and 71% of the operative samples. Among immunopositive biopsies, staining
intensity was weak in 69% of the cases, and moderate or strong in 31% of the cases. In
operative samples, the respective percentages were 42% and 58%. ALDHI1 expression
did not relate to the common clinicopathologic variables, including TRG. The association
of ALDHI1 protein expression with nuclear 3-catenin expression pattern is presented in
Table 15. In addition, ALDH1 expression in biopsy specimens inversely correlated with
Ki-67 expression in biopsies (R=-0.3; P=0.03).

The pairwise comparisons of ALDH1 immunostaining between pre-irradiation
biopsy samples and post-irradiation operative samples are presented in the respective
publication. Briefly, the comparison was performed using two methods: 1) positive/
negative ALDH1 immunostaining and 2) staining intensity of ALDHI1. With both
approaches, protein expression was remained stable or upregulated in most of the cases
in response to RT, while downregulated in few cases only (P=0.02 for positive/negative
category; P<0.001 for staining intensity category). Similarly, in a comparison of the three
treatment groups, ALDH]1 expression was more often positive in the two RT-groups as
compared to the surgery-only group (P=0.04).

Table 15. The relation of ALDH1 immunostaining with nuclear B-catenin expression
pattern in 197 cases.

Conserved regulation of Deficient regulation of pPa
nuclear nuclear
p-catenin (n=116) B-catenin (7=81)

ALDH1
Negative (n=54) 39 (34%) 15 (19%) 0.018
Positive (n=143) 77 (66%) 66 (81%)
ALDHI1 intensity
Negative/weak (n=115) 77 (66%) 38 (47%) 0.006
Moderate/strong (n=82) 39 (34%) 43 (53%)

a Statistical significance with likelihood ratio.

As presented in Figure 13, high ALDHI expression in biopsy samples tended to
predict shorter DFS (P=0.09) and DSS (P=0.08) as compared to ALDHI-negative
biopsies (univariate analysis). A similar tendency for DSS was seen concerning ALDH1-
positivity in operative samples (P=0.17). Among node-negative patients, positive
ALDHI1 expression in operative samples indicated shorter DFS (P=0.038) and DSS
(P=0.049). Node-negative patients treated with postoperative chemotherapy treatment
were further examined as an entity. As presented in Figure 14, ALDHI1-positivity in
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operative samples associated with shorter DFS (P=0.078) and DSS (P=0.031) in this
group of patients. After adjustment to patient age (continuous variable), sex, preoperative
treatment (with or without RT) and postoperative stage (stage I or II), positive ALDH1
expression remained as an independent adverse prognosticator for DFS (P=0.044) and
DSS (P=0.049). Other independent prognostic factors are enumerated in the respective
publication.
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Figure 13. Disease-free (A) and disease-specific (B) survival time according to ALDH1
expression in pre-irradiation biopsy samples.

P [R——— Y ALDH1-negative (n=10) 1.04 p .
B H Lo.— ALDH1-negative (n=9)
i i
0.8 . 0.8 i
. -
g T 2 N
£ 05 —— ey £ 06 =
@ ] N
4 ; 4 1
£ | ALDH1-positive (n=30) £ .
2 04 r— e e—e 2 04 |
3 3 T e
o o ALDH1-positive (n=28)
0.2 0.2
0.0 Kaplan-Meier, log rank test: p=0.078 0.0 Kaplan-Meier, log rank test: p=0.031
T T T T T T T T T T T T
0 25 50 75 100 125 0 25 50 75 100 125
A Disease-free survival (months) B Di pecific survival

Figure 14. Disease-free (A) and disease-specific (B) survival time according to ALDH1
expression in node-negative rectal cancer patients treated with postoperative
chemotherapy.

5.5. Heterogeneous EGFR gene copy number increase predicts response
to anti-EGFR treatment in metastatic colorectal cancer (V)

Altogether 29 tumors in the original cohort (64%) and 18 tumors in the validation cohort
(58%) showed increased EGFR GCN (GCN>4). No statistically significant difference
was seen in EGFR GCN between colonic and rectal tumors (P=0.14). As presented in
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Table 16, increased GCN related to improved rate of clinical benefit from cetuximab
and panitumumab, and superior PFS and OS both in the validation cohort and in the
combined analysis of the original and validation cohorts. Similar results were achieved
in the analysis of the chemorefractory group. The survival curves are presented in the
respective manuscript.

The benefit from EGFR-targeted treatment according to the EGFR GCN in
the chemorefractory group (n=54) was assessed separately for cetuximab and
panitumumab. Two patients were treated with both antibodies, and were excluded
from the analysis. Increased EGFR GCN predicted improved clinical benefit rate in
the group treated with cetuximab = chemotherapy (n=31; P=0.0007) but failed to reach
statistical significance in the group treated with panitumumab + chemotherapy (n=21;
P=0.4). PFS was statistically significantly longer in both treatment groups if the EGFR
GCN was > 4 (median PFS 30 vs 10 weeks, P<0.0001 for cetuximab; median PFS 22
vs 14 weeks, P=0.03 for panitumumab), whereas OS was significantly longer only in
the patients treated with cetuximab + chemotherapy (median OS 12.5 vs 4.6 months,
P=0.0006).

Table 16. Clinical benefit rate, median progression-free survival (PFS) and median overall
survival (OS) according to EGFR gene copy number (GCN).

Cohort Clinical pP? PFS P’ oS PP
benefit
Validation (n=31)
- GCN<4 (n=13) 31% 0.009 11 wk 0.002 8.2 mo 0.004
- GCN>4 (n=18) 78% 25 wk 12.1 mo

Combined (n=76)
- GCN<4 (n=29) 27% <0.0001 11 wk <0.0001 7.8 mo 0.0005
- GCN>4 (n=47) 80% 30 wk 16.4 mo

Combined chemo-refractory (n=54)
- GCN<4 (n=21) 32% 0.0004 11 wk <0.0001 7.2 mo 0.0002
- GCN>4 (n=35) 80% 30 wk 12.5 mo

Statistical significance with  chi-square and  log-rank tests.

The mean EGFR GCN was significantly lower when the EGFR GCN was analyzed
in a random way without IHC guidance, as compared to the method where the cells with
the highest EGFR GCN were chosen for analysis (P<0.0001). Median GCN using the
former method was 3.3 while it was 4.3 using the latter method, respectively. When the
values obtained from random analysis were used to predict benefit from EGFR-targeted
treatment, no statistically significant differences were seen in clinical benefit rate, PFS,
and OS according to EGFR GCN (<4 vs >4).
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In the cell lines, EGFR GCN correlated positively with the amount of EGFR protein,
as shown with Western blotting. The responses to EGFR-targeted therapy differed
significantly between the four cell lines (P=0.00002 for cetuximab; P= 0.00034 for
panitumumab), the C2BBel cell line with EGFR GCN 4 and WT KRAS being the most
responsive to both drugs (P<0.001 compared to other cell lines). With a 200 pg/ml
treatment with either of the antibodies, the viability of the cells was about 60% compared
to non-treated control cells (63% for cetuximab, P<0.001; 64% for panitumumab,
P<0.001). The cell line with EGFR GCN 2 and WT KRAS (CW-2) appeared to be most
resistant to cetuximab and panitumumab, while the cell lines with mutant KRAS and
EGFR GCN >4 (NCI-H747, SK-CO1) showed intermediate sensitivity.



Discussion 71

6. DISCUSSION

CRC is one of the leading causes of cancer deaths worldwide. It is an optimal target of
studying the progression of premalignant lesions to malignant tumors as the preceding
lesion in most of the cases is known to be an adenoma. The treatment decisions of CRC
are mostly based on the disease stage at the time of diagnosis and operation. However,
a significant variation in outcome is seen even within the stages. Consequently, tissue-
based prognostic factors are required to guide more individualized treatment decisions
and to optimize disease outcome. Similarly, predictive factors would be of indispensable
value in determining whether a patient benefits from radiotherapy, chemotherapy, and
biologic treatments.

In the present thesis, the expression of selected biomarkers was studied in different
phases of colorectal carcinogenesis. First, IIA PLA2 expression was examined to
detect possible changes in expression during the progression of premalignant lesions to
malignant tumors. In a material consisting of primarily non-metastasized rectal tumors,
the protein expression of selected biomarkers was analyzed in relation to preoperative
treatment and disease prognosis. Finally, a set of metastasized colorectal tumors was
studied in order to validate the predictive value of EGFR GCN on clinical benefit
from EGFR-targeted antibodies. The biomarkers in question were selected because
interesting, but conflicting, findings have been reported about their contribution to
colorectal carcinogenesis, progression, and treatment response. In addition, the examined
biomarkers are often involved in the same hallmarks of cancer as shown in Figure 4, and
several interrelations exist between their signaling pathways. For instance, IIA PLA2 is
related to EGFR- (Hernandez et al. 2010) and Wnt/B-catenin signaling (Ganesan ef al.
2008), which in turn contribute to cellular proliferation (Spano and Vignot, 2007; Yao
et al. 2011) together with Ki-67 (Gerdes et al. 1984) and securin (Jallepalli ez al. 2001)
activity.

6.1. TIA PLA2 (I)

ITA PLA2 is an inflammatory mediator with both pro- and anti-inflammatory functions
(Fijneman and Cormier, 2008). It functions in several pathways implicated in intestinal
tumor development (Fijneman and Cormier, 2008), but the data concerning its protein
expression and site of synthesis in CRC are conflicting (Edhemovic et al. 2001; Buhmeida
et al. 2009) or incomplete. We hypothesized that IIA PLA2 expression might alter
during adenoma-carcinoma sequence of CRC, and that the amount of expression might
distinguish prognostically different groups of patients. In the study I, we showed that I[IA
PLA2 mRNA and protein are present in the same epithelial cells and that the expression
is significantly different between benign, premalignant and malignant colorectal lesions.
However, I1A PLA2 expression did not relate to disease outcome.
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Hyperplastic polyps have traditionally been considered as benign lesions with no
malignant potential, although they have also been suggested to have some premalignant
potential in the case of sporadic MSI-H CRC (Hawkins and Ward, 2001). Adenomas, in
turn, are explicitly contributed to malignant potential. We found each of the hyperplastic
polyps to be devoid of IIA PLA mRNA and protein, whereas most of the adenomas
showed immunopositive cells in IHC and ISH. This is supported by earlier findings of
Kennedy et al. (1998). Conversely, the amount of immunopositive malignant tumors was
smaller than that of premalignant adenomas, and when present, the number of ITA PLA2
positive cells was rather small. Similar results were seen in the ten samples with adenoma
and carcinoma in the same sample. Our results suggest that malignant CRC cells may
lose their ability to express IIA PLA2, and that ITA PLA2 may participate remarkably
in colonic carcinogenesis. Although //4 PLA2 gene has not been demonstrated to be a
major tumor-suppressor gene in human in contrast to situation with mice (MacPhee et
al. 1995; Cormier et al. 1997), IIA PLA2 expression has been associated with favorable
outcome among others in gastric cancer (Xing et al. 2011). The protective role of IIA
PLA2 expression might relate to its ability to degrade intestinal microbes and to regulate
normal intestinal flora (MacPhee et al. 1995). Moreover, IIA PLA2 could have growth-
suppressing actions as its expression was inversely correlated with proliferative activity
of rectal carcinomas in our study. At the same time, a pro-proliferative function could be
expected because IIA PLA2 has been demonstrated to induce EGFR-signaling in brain
tumors (Hernandez et al. 2010). Thus, the actual implication of IIA PLA2 in cellular
proliferation needs further studies. Finally, IIA PLA2 could protect against cancer via
its metabolite arachidonic acid that is known to induce apoptosis (Cao et al. 2000).
Agreeing with this hypothesis, we found apoptotic and necrotic cells rather often to
express IIA PLA2 which could, however, also reflect the preference of IIA PLA2 to
degrade perturbed cell membranes (Leidy et al. 2006).

Our findings of minimal or absent presence of IIA PLA2 protein in malignant
colorectal tumors are in accordance with Edhemovic ef al. (2001) but contradict those
of some others (Buhmeida et al. 2009) reporting more pronounced immunopositivity
in CRC. As for clinical outcome and IIA PLA2, we did not find any differences in
disease outcome according to IIA PLA2 immunopositivity, although it has previously
been related to adverse survival in CRC (Buhmeida et al. 2009) and beneficial survival
in prostatic (Mirtti et al. 2009) and gastric (Xing et al. 2011) cancer. The controversy
between our results and those of Buhmeida et a/. could relate to differences in disease
stages, antibodies, scoring systems, and tumor sites, albeit we did not detect differences
in ITA PLA2 immunopositivity between colon and rectal tumors. The tissue samples in
our series were stained with an inhouse antibody with no significant cross-reactivity with
other secretory PLA2s (Gronroos et al. 2002; Nevalainen et al. 2005), and a commercial
antibody was used only for a validation intent. Furthermore, the sample size for survival
analyses was relatively small, as only the rectal carcinomas without any preoperative
treatments were included.
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Peritumoral healthy mucosa showed increased immunopositivity for 1IA PLA2
protein in virtually all of the cases, in accordance with earlier reports (Edhemovic ef al.
2001; Buhmeida et al. 2009). This phenomenon most probably results from the secretion
of pro-inflammatory cytokines from the carcinoma tissue. The same mechanism might
contribute to the frequent presence of IIA PLA2 immunopositive cells in the tumor
invasive front. In addition to cancer cells, pro-inflammatory cytokines are secreted by
macrophages of the surrounding stroma, potentially explaining why some cases with
no evident expression in the major tumor bulk still presented with IIA PLA2 protein
in the invasive tumor front. Moreover, cells in the invasive front often presented with
a disintegrated appearance, which could attract the hydrolyzing function of IIA PLA2.
Our findings are in accordance with Tribler et al. (2007) reporting increased expression
of IIA PLA?2 in peripheral parts of the carcinoma as compared to more central location.

One of the limitations of our study was the rather small number of malignant tumors
enrolled. This may have contributed to the lack of differences in clinical outcome
according to tumor IIA PLA2 expression status, as well as to lack of statistically
significant correlations between common clinicopathologic variables and IIA PLA2
expression. Nevertheless, the main aim of this study was to compare the presence and
expression of IIA PLA2 between benign, premalignant and malignant lesions, and for
this reason we preferred not to include preoperatively irradiated tumors into this study.
We also acknowledge that ITA PLA2 mRNA might be less stable molecule compared to
IIA PLA2 protein, and that chemical treatment with formalin may affect the ISH data
generated from paraffin-embedded tissue material. Our method, however, was based on
RNAase-free conditions, and protein and mRNA most often were shown to be expressed
in the same cells (epithelial cells). Considering these issues together with the previous
experience with the same antibody (Haapaméki et al. 1997), we believe that the ISH
results of our study were reliable.

In conclusion, ITA PLA2 expression is decreased in malignant CRC compared to
premalignant adenomas. Accordingly, downregulation of IIA PLA2 may have an
important biological role during colorectal carcinogenesis. In the future, it would be
interesting to study the expression of this molecule in irradiated tumors as well, because
IIA PLA2 has preference to degrade perturbed cellular membranes.

6.2. Biomarkers in rectal cancer material (1L, I1L, IV)

Ki-67, securin, CD44v6, B-catenin and ALDHI1 protein expression were analyzed
in rectal carcinomas. All of these biomarkers have been associated with cellular
proliferation (Gerdes et al. 1984; Jallepalli et al. 2001; Yao et al. 2011; Yoshida et al.
1992), and securin gene (PT7GI), B-catenin, ALDH1, and EGFR expression also with
cancer stem cell function (Yoon et al. 2012; Yao et al. 2011; Ginestier et al. 2007; Feng
et al. 2012). We hypothesized that the expression status of these markers is altered in
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response to RT, and that they might be of value in predicting the disease outcome and
benefit from RT in rectal cancer. The strengths of the studies were the inclusion of only
stage [-1II carcinomas of either low or middle rectum to achieve a fairly homogenous
study material, and the use of whole-tissue sections instead of tissue microarray (TMA)
methods, thus enabling us to scrutinize protein expression in a larger tumor area including
both invasive front and central parts of a tumor. Furthermore, securin and ALDH1 were
studied together with more conventional proteins (Ki-67, f-catenin) that are at least
partially contributed to same hallmarks of cancer with them. All the immunostainings
were analyzed individually by two observers with good inter-observer reproducibility
values.

Some weaknesses of the material and studies need closer examination. First, the
three treatment groups were divergent in terms of some basic clinico-pathologic features
(patient age, tumor stage and CRM). This is inevitable considering the clinical guidelines
of rectal cancer treatment (Schmoll et al. 2012) and the retrospective study design.
There also were missing data concerning lymphovascular invasion and CRM. We did
not include these prognostic factors into multivariate analysis because this would have
markedly abridged the number of cases in the model. The effect of (C)RT on protein
expression was analyzed using two approaches. First, pre-irradiation biopsy sample was
compared to operative sample, and second, tumors in surgery-only group were compared
to those in the short- and long-course (C)RT groups. The biopsies may sometimes be
small-sized with rather scanty presentation of malignant cells. Although we excluded
biopsies with very small number of tumor glands, over- and underestimation of protein
expression cannot be completely excluded.

6.2.1. Securin and Ki-67 (I)

PTTG]I and its transcriptional product, securin, participate in several cellular functions
including proliferation (Zou et al. 1999; Jallepalli et al. 2001), apoptosis (Yu et al.
2000; Bernal et al. 2002), malignant transformation (Pei and Melmed, 1997), tumor
invasiveness (Heaney et al. 2000; Yoon et al. 2012), and the fate of cells in response to
DNA-damaging agents (Chen ef al. 2010). A single mutation in PT7G/ has been shown
to be sufficient to induce oncogenic properties of securin (Mora-Santos et al. 2012).
Increased expression of securin is already seen in precancerous adenomas implicating
that it may have a role in relatively early phases of carcinogenesis (Heaney et al. 2000).
This view is further supported by the correlation of securin expression with that of
aberrant nuclear B-catenin, which is considered as one of the earliest tumorigenic events
in colorectal carcinogenesis (Hlubek et al. 2006). In the study II, we analyzed securin
protein expression in rectal cancer together with that of Ki-67, and demonstrated that
the expression of both markers was decreased after preoperative (C)RT, and that high
securin expression (above median) after long-course (C)RT independently predicted
adverse disease-specific outcome.
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Both depletion and overexpression of securin may result in dysregulated cellular
proliferation (Vlotides et al. 2007) which has given rise to questions on its actual
complicity in cellular proliferation. On one hand, securin is required to inhibit premature
sister chromatid separation during mitosis, and on the other hand its degradation is
necessary to allow mitosis to proceed (Jallepalli ez al. 2001). In accordance with previous
studies by Filippella et al. (2006) and Hlubek et al. (2006), we found securin expression
to correlate with Ki-67 expression, strengthening the view of securin as a proliferation
inducing protein. Despite correlation, the amount of securin protein was lower than that
of Ki-67, which most probably reflects diverse and somewhat complex implications of
securin in other cellular processes, such as apoptosis. Ki-67, in turn, has mostly been
related to proliferative function only.

In a comparison of securin and Ki-67 expression between pre-irradiation biopsy
sample and post-irradiation operative sample, both markers showed decreased
expression in response to (C)RT. This is well reasonable, because proliferating cells are
most sensitive to RT (Pawlik et al. 2004). Concerning securin, our study is the first one
to report such a finding in human tissues, whereas similar results have been shown with
regard to Ki-67 (Debucquoy et al. 2009). However, when expression of securin and Ki-
67 between the three treatment groups was compared, the findings were less explicit.
Securin expression in the short-course RT and surgery-only groups was surprisingly
similar, as was Ki-67 expression in the two RT-groups. This might relate to cellular
kinetics in response to irradiation. The interval between the end of long-course (C)RT
and surgery is several weeks, which may lead to compensatory cellular repopulation
(Denekamp, 1986), thus explaining the lack of further decrease in Ki-67 expression after
this treatment modality. As to securin, repopulation effect might be less relevant because
securin is involved in apoptosis (Yu et al. 2000; Bernal et al. 2002) which, in turn, is one
of the main mechanisms how RT executes its effects (Pawlik et al. 2004). Short-course
RT might have less effect on the level of securin expression because the time interval
between the RT and operation is only one week.

Ki-67 expression in pre-irradiation biopsy samples was not predictive for tumor
regression grade after RT. In the previous studies, results have been highly controversial
(Willett et al. 1995; Jakob et al. 2008; Terzi et al. 2008), possibly relating to the relatively
small size of biopsy samples. This may lead to over- or underestimation of the tumor
proliferative activity, especially considering the reported heterogeneity in expression of
proliferation markers in CRC (Kressner et al. 1995). Accordingly, analysis of the average
level of proliferation activity may be insufficient to mirror CRC heterogeneity. In the
case of securin, our study was the first one to evaluate the predictive value of securin on
rectal cancer RT response as the other studies have been conducted with cell lines (Chiu
et al. 2007; Chen et al. 2010). In these studies, securin expression has been related to
maintenance of genomic stability (Bernal et al. 2008), radiosensitivity, and fate of CRC
cells (Chen et al. 2010) after DNA-damage. Our results do not support this view, as pre-
irradiation securin expression did not relate to TRG after RT. The diverse, and in some
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cases controversial, complicity of securin in cellular proliferation, apoptosis, and DNA
damage response might complicate its interpretation as a predictive biomarker for rectal
cancer preoperative RT, although the lack of correlation can also reflect the rather small
number of biopsies in our study.

We did not find high securin expression to correlate with lymph node metastases
in contrast to earlier reports in CRC (Heaney et al. 2000; Wu et al. 2008). In turn,
differences in postoperative tumor depth of invasion and patient age were seen
according to securin and Ki-67 expression. These differences, however, most probably
reflect the effect of RT on the studied markers as the two parameters diverged between
the treatment groups in the first place. Importantly, high securin expression after long-
course (C)RT was an independent prognosticator of adverse DSS. No such association
was seen in other treatment groups for securin, or any treatment groups for Ki-67.
The importance of securin in this given treatment group might relate to the finding
that depletion of securin impairs DNA repair, increasing DNA damage and senescence
(Chen et al. 2010). Most of the patients in the long-course RT group received 5-FU
based chemotherapy as a radiosensitizer, and often were treated with postoperative
adjuvant chemotherapy. Thus, high securin expression after long-course (C)RT might
enable DNA repair and continuation of cell cycle instead of cellular death. The number
of long-course (C)RT patients in our study, however, was rather small to come to any
further conclusion. Moreover, securin has paradoxically demonstrated to be capable of
interacting with and inhibit DNA repair proteins such as p53 and Ku70 (Bernal et al.
2002; Kim et al. 2007).

Taken together, securin and Ki-67 expression are decreased after RT for rectal cancer.
The diverse cellular functions of securin likely explain the somewhat different expression
profile of these markers despite their mutual correlation. High securin expression after
long-course (C)RT indicates shorter DSS, potentially reflecting the functions of securin
in DNA repair and cellular senescence. Patients with high securin expression might need
more aggressive treatment approaches after operation for rectal cancer.

6.2.2. CD44v6 (I1I)

CD44v6 is a variant transcript of CD44-family of glycoproteins that binds and presents
growth factors, and mediates cell-cell and cell-matrix interactions (Lesley ef al. 1993;
Bennett ef al. 1995; Misra et al. 2011). CD44v6 is overexpressed in CRC (Gorham et
al. 1996) but its prognostic value is widely ambiguous (Ropponen et al. 1998; Zlobec et
al. 2009). This might be explained by the inclusion of both colonic and rectal tumors in
most of the studies, because CD44v6 has been demonstrated to be differently expressed
between these two locations (Minoo et al. 2010). In the studies including solely rectal
tumors (Peng et al. 2008; Zhu et al. 2010), the biomarker has not been systematically
analyzed related to preoperative RT. In the study IIl, we examined CD44v6 protein
expression and its intratumoral distribution in rectal cancer, and found that lack of
membranous expression in the tumor invasive front associated with shorter DFS and
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infiltrating tumor growth pattern. No differences between the three treatment groups
were seen according to CD44v6 expression status.

CD44v6 was detected both in the cell cytoplasm and membrane, as reported
also previously (Zlobec et al. 2009). Although suggested to associate with cellular
dedifferentiation (Faleiro-Rodrigues and Lopes, 2004), the significance of cytoplasmic
protein is mostly unknown (Zlobec et al. 2009). We found the amount of cytoplasmic
staining to be smaller after preoperative (C)RT compared to cases with no preoperative
treatment, which may reflect the wide-ranging histological alterations caused by RT
(Nagtegaal et al. 2002). Even though we did not perform a pairwise comparison of
expression in biopsy and operative samples, it appears that RT does not have a major
effect on membranous CD44v6 protein expression, as it showed no difference between
the three treatment groups. Previously, Coppola et al. (1998) have mentioned parallel
observation.

The amount of CD44v6 protein expression did not relate to clinicopathologic
variables or disease outcome in our study, which is in contrast with some earlier rectal
cancer studies (Peng et al. 2008; Zhu et al. 2010). The reported heterogeneity of CD44v6
expression within a tumor (Zlobec et al. 2009) and during tumor progression (Bendardaf
etal.2006), as well as the differences in antibodies, scoring systems and disease substages
between the studies are potential reasons for the conflicting results. Furthermore, taking
into consideration the involvement of CD44 molecules in complex signaling networks
of membrane tyrosine kinases (Orian-Rousseau et al. 2002), as well as their ability to
act both as invasiveness-promoting and tumor-suppressing molecules (Herrlich et al.
2000), it becomes comprehensible that analysis of the percentage of expression may be
insufficient.

In addition to amount of expression, we assessed the intratumoral distribution of
membranous CD44v6. Tumor invasive front is the interface between the invading edge
of a tumor and the surrounding stroma, and altered expression of several adhesion
molecules are seen in this area (Brabletz ef al. 1998; Gosens et al. 2007). Interestingly,
the absence of membranous CD44v6 protein expression in the invasive front correlated
with infiltrating tumor growth pattern, small circumferential margin and an increased
risk of disease recurrence. Previously too, weaker or absent CD44v6 expression has
been reported in tumors growing in a diffuse manner (Ishida et al. 2000; Zlobec et
al. 2009), although these studies did not systematically assess the prognostic value of
protein location within a tumor. Our study support the view of Coppola et al. (1998) in
that a loss of membranous CD44v6 expression in the invasive front may enable invasive
and metastatic spread of tumor cells due to defective binding of cancer cells to ECM.
Indeed, CD44v6 has been shown to possess higher affinity to hyaluronate than standard
CD44 isoform (Sleeman et al. 1995). Further supporting this view, loss of E-cadherin
expression has been reported to correlate with loss of CD44v6 protein expression
(Zlobec et al. 2009), indicating that insufficient CD44v6 expression in the invasive front
may result in defects also in cell-cell interaction.



78 Discussion

Absence of CD44v6 expression in the invasive front predicted shortened DFS in
univariate analysis, as did infiltrating tumor growth pattern. Instead, neither remained
an independent prognosticator in multivariate model, potentially indicating that these
variables lack significant power to predict survival after adjustment to conventional
prognostic factors. Alternatively, the mutual correlation of tumor growth pattern and
intratumoral staining pattern of membranous CD44v6 might interfere the model. DSS
was not significantly different in patients with front-positive and front-negative tumors,
although with longer follow-up time, tended to be more favorable in the former group.

To be concluded, the location rather than the amount of membranous CD44v6
protein expression seems to be important for rectal cancer progression and outcome.
Determination of the intratumoral location might also be less analyzer-dependent
compared to assessment of the amount of expression. Absence of membranous CD44v6
protein expression in tumor invasive front can allow cancer cells to detach from
neighbouring cells and ECM, facilitating invasion and metastasis. Patients presenting
with front-negative tumors may be in a need of close monitoring and intensified
therapeutic options.

6.2.3. ALDHI1 and p-catenin (IV)

Cancer stem cells are considered as pluripotent cells with the ability to initiate and
sustain malignant growth (Reya et al. 2001). Cheung et al. (2007) were the first to
demonstrate that increased aldehyde dehydrogenase (ALDH) activity could be used
to isolate stem cells using the aldefluor assay. Since then, ALDH isoform 1 (ALDH1)
has been demonstrated to identify normal and malignant stem cells in several tissues
(Cheung et al. 2007; Ginestier et al. 2007), including colon (Huang et al. 2009), and
its high expression has been related to resistance to RT and chemotherapy (Chen et al.
2009; Oh et al. 2011). To the best of my knowledge, there is only one study (Kahlert et
al. 2012) before ours that has specifically aimed at study the prognostic value of ALDHI1
in rectal cancer, as the few others have analyzed colon and rectal tumors together (Lugli
et al. 2010; Hessman et al. 2012; Vogler et al. 2012). No study has previously assessed
ALDHI1 protein expression specifically in relation to a material of rectal cancer patients
treated with preoperative RT. In the study IV, we demonstrated ALDH1 expression to
remain stable or to increase after RT in most of the cases. Importantly, positive expression
predicted poor outcome in node-negative rectal cancer, possible due to resistance to
chemotherapy.

In our study, ALDH1 protein expression above the cut-off value was mostly seen in
the cell cytoplasm. In these cases, a relatively large number of ALDH]1-positive cells
could be detected similarly to earlier reports on ALDH1 (Hessmann et al. 2012) and
other putative CSC markers (Horst et al. 2009). Our results thus support the theory of
stem cell overpopulation during CRC progression (Huang et al. 2009) instead of the
presence of only few percent of CSCs within a tumor (Ricci-Vitiani et al. 2007). Positive
ALDHI1 protein expression correlated with dysregulated pattern of nuclear B-catenin
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expression which is considered as a feature of stem cell signaling activation (Reya
et al. 2001). ALDH1-positive tumors more often expressed -catenin in unregulated
manner than ALDH 1-negative tumors, which is not surprising considering the suggested
involvement of both proteins in the maintenance of CRC stem cell population (Reya et
al. 2001; Huang et al. 2009; Vermeulen et al. 2010). Earlier too, expression of B-catenin
has been interrelated functionally with that of ALDH1 (Dillard and Lane, 2007).
Aberrant activation of Wnt/ B-catenin signaling is considered as one of the earliest
genetic abnormalities in colorectal carcinogenesis, and also ALDH]1 expression has been
demonstrated to increase already at early phases of carcinogenesis (Huang et al. 2009).
Early-phase dysregulation of B-catenin and ALDHI1 supports the implication of these
proteins in CRC stemness, because CSCs are considered as the potential initiative cells
in colorectal carcinogenesis (Reya et al. 2001).

ALDH1 may modulate stem cell proliferation, and its expression has been correlated
with increased proliferative activity in several malignancies (Lohberger et al. 2012;
Liang et al. 2012). Quite surprisingly, we found an inverse correlation between ALDH1
and Ki-67 expression in the biopsy samples taken before irradiation. Two explanations
could be offered for our finding. First, even though CSCs are characterized by unlimited
proliferative potential (Reya et al. 2001), they may be slowly cycling (Marcato et al.
2011). Ki-67 is not able to reflect the time required for the cell cycle, and accordingly,
a strongly staining tumor may have a slow proliferation rate (Brown and Gatter, 1990).
Second, ALDHI is considered to affect cellular proliferation via its ability produce
retinoic acid (Yoshida et al. 1992; Marchitti ef al. 2008), which in turn is related to anti-
proliferative actions (Tang and Gudas, 2011). In contrast to biopsy samples, no relation
between ALDH1 and Ki-67 expression was seen in operative samples which could reflect
the effect of RT on expression of these markers. Ki-67 as a pure proliferation marker was
decreased after RT, whereas ALDHI1 protein expression remained stable or increased in
response to RT. However, as no correlation was seen neither in the operative samples of
the surgery-only group, the actual association of ALDH1 with proliferation based on our
material remains to be determined.

ALDHI1 expression has been related to radioresistance in head and neck (Chen et al.
2009) and breast (Croker and Allan, 2012) cancer, agreeing with the idea that CSCs may
repopulate malignant tumors during RT (Baumann et al. 2009). In accordance with this
theory, most of the biopsy-operative sample pairs in our material showed either stabile or
increased protein expression after RT, and irradiated patients more often presented with
ALDH1-positive tumors compared to surgery-only patients. Our results may indicate
a higher radioresistance for ALDH1-positive rectal cancer cells compared to ALDH1-
negative cells. The underlying mechanisms may be the role of ALDHI in cellular
protection against oxidative stress, as well as the suggested slow growth rate of CSCs
(Marcato et al. 2011). Nevertheless, no established conclusion can be constituted as
ALDHI1 expression in pre-irradiation biopsy samples did not relate to tumor regression
grade after (C)RT.
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ALDH1 may contribute to EMT (Chen et al. 2009) and increased invasive potential
of cancer cells (Wang et al. 2012; Wakamatsu et al. 2012). EMT is a series of events
where malignant epithelial cells are released from the surrounding tissues, enabling
invasion and metastasis. Although positive ALDH1 expression correlated to aberrant
expression of nuclear f-catenin, another potential activator of EMT (Yao et al. 2011),
we did not find ALDH]1 expression to differ between the invasive front and central parts
of the tumor. Neither was ALDH1 protein expression correlated to lymph node status
in our material, in contrast to reports in some other malignancies (Wang et al. 2012;
Wakamatsu et al. 2012).

Poor disease outcome has been demonstrated in tumors showing high ALDHI1
expression among others in breast (Ginestier et al. 2007), esophageal (Wang et al. 2012)
and gastric (Wakamatsu et al. 2012) cancer. Regarding rectal cancer, Kahlert et al.
(2012) did not find cytoplasmic ALDH1 expression to be of prognostic value, and the
results from the studies including both colon and rectal tumors have not been unanimous
(Lugli et al. 2010; Vogler et al. 2012), possibly reflecting the heterogeneity in antibodies
and selected cut-off values for positive/high expression. We selected a cut-off value
of 3% as a limit for positive expression, because ALDH1 expression may be seen in
few percent of normal crypt cells, too (Huang et al. 2009). If lower limit was chosen,
tumors with normal amount of ALDH1-expressing stem cells could have inaccurately
been appointed as having high amount of ALDH1 expressing CSCs. We found high
ALDHI1 expression in operative samples to independently predict poor disease outcome
(DFS and DSS) in node-negative population (stage I-1I), specifically in those patients
treated with postoperative adjuvant chemotherapy. Accordingly, in accordance with
CSCs hypothesis (Reya et al. 2001), we suggest that tumor cells with high ALDHI1
expression retain their capability to proliferate and disseminate into distant organs in
spite of cytotoxic therapies. Our results are supported by others reporting decreased
chemosensitivity in cancer cell lines and tumors rich in ALDH1 expression (Dylla et al.
2008; Oh et al. 2011; Steg et al. 2012). The resistance mechanisms may include slower
growth rate of CSCs compared to bulk tumor cells, enhanced efflux of chemotherapeutic
drugs, and detoxifying activity of ALDH1 as reviewed by Marcato et al. (2011).

The failure of ALDH1 expression to predict disease outcome in node-positive (III)
cases could result from the strong prognostic value of lymph node metastasis itself. It
might also relate to the RT-induced changes in tumor biology as stage I1I tumors are almost
inevitably treated with preoperative RT. Indeed, when examining ALDH1-expression in
pre-irradiation biopsies in relation to disease outcome, an apparent tendency towards
shorter DFS and DSS was seen in ALDH 1 -positive cases, indicating that RT may interfere
the interpretation of the prognostic value of ALDH1 when the analysis is based on post-
irradiation samples. Accordingly, one could question the reliability of the results also in
node-negative tumors, because a proportion of them was treated with preoperative RT.
ALDHI1 expression was, however, adjusted to preoperative treatment in the multivariate
model, and remained as an independent prognostic factor both for DFS and DSS.
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In summary, positive ALDH1 protein expression correlated with aberrant expression
pattern of nuclear B-catenin, strengthening the role of ALDHI1 in rectal cancer stem
cell signaling. ALDH1 may indicate resistance to radio- and chemotherapy because its
expression was very rarely decreased after RT, and because node-negative rectal cancer
patients treated with postoperative chemotherapy had adverse outcome if they presented
with high ALDH 1-expressing tumors. This is an important finding, because postoperative
treatment especially in stage 11 rectal cancer is not straightforward, and it is possible that
patients with ALDH1-high tumors do not benefit from chemotherapy regimens that are
traditionally utilized in adjuvant treatment of rectal cancer. However, this hypothesis
should be studied in a homogenous patient material including larger number of stage 11
cases.

6.3. Tumor regression after long-course (chemo)radiotherapy

Preoperative chemoradiotherapy improves prognosis in locally advanced rectal cancer
and enables tumor donwnstaging in up to 60% of cases (Garcia-Aguilar et al. 2003).
CRT induces histological changes in the tumor tissue, which are utilized in the analysis
of tumor regression grade after treatment (Rodel et al. 2005; Bibeau et al. 2011).
There is, however, no consensus of the method used in the evaluation of TRG after
long-course CRT, although all scales base on analysis of the amount of residual tumor
mass and fibrosis (Dworak et al. 1997; Rodel et al. 2005; Ryan et al. 2005). Moreover,
the significance of other histological changes, such as colloid response and endocrine
differentiation, remain indecisive (Bibeau et al. 2011). In some studies, three-point
scales have been shown to result in superior inter-observer agreement as compared to
five-point evaluation scales (Ryan et al. 2005). We used a three-point scale modified
from Dworak (1997) and Rodel (2005) scales, with greater equivalence to the latter one.
The rate of pathologic complete response in our material (5%) was lower than generally
reported, which might reflect the rather large number of examined slides per tumor, but
may also result from the relatively small size of the long-course (C)RT group. Similarly
to earlier reports (Rdodel et al. 2005; Ryan et al. 2005; Korkeila et al. 2011), excellent
TRG related to improved DFS and DSS in univariate analysis. Instead, TRG did not
remain as an independent prognosticator in the multivariate model. Of the three patients
with pCR in our material, no one had died of rectal cancer.

Of the studied biomarkers, only high Ki-67 expression in operative samples
correlated with adverse TRG, while securin had a parallel tendency. Predictive
biomarkers should, however, be analyzed from the tissue samples taken prior to
treatment, in this case from pre-irradiation biopsy samples. Using this criterion, none
of the examined biomarkers succeeded to predict rectal cancer response to RT. It is
possible that the small number of available biopsies, as well as their relatively small
size, influenced the lack of correlations.
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6.4. EGFR gene copy number (GCN) (V)

Cetuximab and panitumumab are EGFR-targeted monoclonal antibodies with efficacy
in treatment of KRAS WT metastatic CRC (Li¢vre et al. 2006; Amado et al. 2008).
However, even among KRAS WT population, clinical benefit is achieved only in less
than 50% of patients depending on the line of treatment, the median response rate
being approximately 35% in chemorefractory disease (Chang et al. 2009). Accordingly,
additional predictive factors are urgently demanded. Our group recently demonstrated
that a heterogeneous increase in EGFR GCN is a highly significant predictor of
responsiveness to EGFR-targeted antibodies in terms of improved clinical benefit rate,
PFS and OS (Algars et al. 2011). In the study V, we validated this previous result with an
independent patient cohort, now concentrating on chemorefractory patient population.
The positive correlation between EGFR GCN and cancer cell death caused by EGFR-
targeted antibodies was also confirmed with CRC cell lines. In addition, we showed that
the EGFR GCN is highly heterogeneous in CRC, and that the average GCN without
selection of the cells with the highest copy number fails to predict benefit from EGFR-
targeted antibodies.

KRAS mutation testing is the only predictive biomarker in clinical use for the treatment
of CRC, and is highly specific for negative response to EGFR-targeted antibodies (Li¢vre
et al. 2006; Amado et al. 2008). However, it lacks sufficient sensitivity indicating
that a substantial proportion of KRAS WT patients do not benefit from treatment with
cetuximab or panitumumab (Chang et al. 2009). Our group recently demonstrated that
EGFR GCN, as analyzed with a relatively novel silver-enhanced in situ hybridization
(SISH) technique, was useful in predicting benefit from EGFR-targeted antibodies
in the treatment of metastatic CRC (Algars et al. 2011). Increased EGFR GCN (>4)
distinguished KRAS WT patients who most likely benefited from treatment with EGFR-
targeted antibody (Algars et al. 2011). Parallel findings have previously been presented
using other in situ hybridization-based techniques (Moroni ef al. 2005; Scartozzi et
al. 2009), but technical difficulties, heterogeneity between the scoring systems, and a
relatively poor reproducibility have impeded their clinical usefulness (Yang et al. 2012).
SISH is a fully automated technique using silver chromogens for enzymatic labelling.
Compared to FISH, it is more rapid, has improved signal stability, and enables EGFR
gene and chromosome analysis using a conventional bright field microscopy (Dietel
et al. 2007). Thus, molecular diagnostics within the context of tissue morphology is
possible, and SISH-based evaluation of HER2 amplification is already in clinical use for
breast and gastric cancer. In the present study, we were able to repeat our previous results
(Algars et al. 2011) with an individual patient cohort. Similarly to original cohort, patients
in the validation cohort presenting with increased GCN-tumors (>4) had improved
clinical benefit rate, PFS, and OS compared to patients with tumors showing under
four gene copies. To minimize the confounding effect of chemotherapy treatment on
response evaluation of EGFR-targeted antibodies, FGFR GCN was separately analyzed
in chemorefractory population. The results were highly similar to those obtained in
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analysis of the whole patient cohort, supporting the predictive value of EGFR GCN on
the treatment of metastatic CRC. Our findings were further substantiated by the cell line
studies, in which the EGFR GCN associated positively with EGFR protein expression
in Western blot analysis, and the KRAS WT cells with increased EGFR GCN were the
most susceptible to cetuximab- and panitumumab-induced cell death. Interestingly,
KRAS mutant cells with increased EGFR GCN appeared to be more sensitive for EGFR-
targeted antibodies than the KRAS WT cells with disomic EGFR GCN, thus underlining
the importance of both EGFR GCN and KRAS status in CRC response to EGFR-targeted
therapies.

The positive predictive value of increased EGFR GCN in vivo was stronger for benefit
from cetuximab than from panitumumab, whereas no differences were seen in vitro. PFS
was improved in patients with increased GCN tumors regardless of the administered
antibody, but the clinical benefit rate and OS were statistically significantly improved
only in patients treated with cetuximab. Although the lack of statistical significance may
simply reflect the smaller number of patients treated with panitumumab, there might
be additional underlying mechanisms. In spite of their similar mechanisms of action,
i.e. binding to and inhibition of EGFR, cetuximab and panitumumab are not identical.
The former is a chimeric (mouse/human) immunoglobulin (Ig) G1 antibody, while the
latter is a fully humanized IgG2 antibody (Kasper ef al. 2012). Panitumumab has been
associated with higher affinity to EGFR than cetuximab in vitro (Saxena et al. 2011),
but cetuximab may possess superior therapeutic activity in vivo, possibly because it is
capable of inducing antibody-dependent cytotoxicity (Kasper et al. 2012). This effect is
more pronounced in KRAS WT cells and in vivo circumstances than it is in KRAS mutant
cells and in vitro circumstances (Kasper et al. 2012), potentially explaining why the
cytotoxic effect of cetuximab and panitumumab were rather similar in cell lines in spite
of their differences in clinical CRC cases.

In the era of personalized medicine, intratumor heterogeneity has attracted
increasing interest. Single tumor may present with distinct gene expression profiles
and biologic properties, and this diversity may aid in selecting the clones that have the
most advantageous properties for tumor progression (Marusyk et al. 2012). This may
complicate the validation of prognostic and predictive biomarkers. Moreover, the use of
primary tumors in treatment decisions of metastatic disease may be questioned, because
mutational status of primary and metastatic tumor has been demonstrated to be dissimilar
in some cases (Baldus et al. 2010), and adjuvant treatment of the primary tumor may
even further influence the mutational spectrum (Niikura ef al. 2012; Bai et al. 2012). In
accordance with others (Moroni et al. 2005), we demonstrated that EGFR GCN increase
is heterogeneous in CRC. With regard to other cancers, intratumor heterogeneity has been
demonstrated in terms of EGFR and HER?2 amplification among others in glioblastoma
(Snuderl et al. 2011) and gastric cancer (Kim et a/. 2011). In CRC, a true amplification of
the EGFR gene is a rare event, and the increased GCN usually results from chromosome
7 polysomy (Yang et al. 2012).
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Heterogeneity has been suggested to be an important player in resistance to targeted
cancer therapies, because scoring of the potentially predictive molecules has traditionally
been based only on the dominant phenotype (Marusyk et al. 2012). Agreeing with this
theory, we showed that only the method extracting cells with the highest EGFR GCN
associated significantly with clinical benefit from cetuximab and panitumumab, whereas
scoring the GCN in randomly selected cells failed to be of similar value. Thus, it seems
conceivable that the relatively small population of cells with increased EGFR GCN
possess distinct biological properties enabling determination of the fate of cancer cells
within the larger tumor bulk. The reasons for this may only be speculated, but could
relate to suggested stem cell properties of epidermal growth factor signaling pathway
(Feng et al. 2012). Moreover, under inhibition with EGFR-targeted antibody, EGFR
GCN low cells might be more susceptible to compensatory activation of other receptor
tyrosine kinases and their downstream signaling pathways.

As a conclusion, EGFR GCN increase is heterogeneous in CRC, and disregarding
this heterogeneity may have resulted in the previously reported reproducibility problems
using other techniques. The use of SISH-based EGFR GCN analysis as a predictive tool for
EGFR-targeted treatment response is promising as we were able to validate our previous
results in an individual patient cohort, and in a combined group of chemorefractory
patients. The predictive value may differ among cetuximab and panitumumab-treated
patients, which might reflect the differences of these antibodies.
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7.

SUMMARY AND CONCLUSIONS

There is a substantial lack of clinically useful prognostic and predictive biomarkers in
colorectal cancer in spite of large number of studies in this field. Based on the studies
included in this thesis, following conclusions can be made:

1))

2)

3)

4)

5)

IIA PLA2 expression is decreased in CRC compared to adenomas, potentially
indicating a protective role for IIA PLA2 against development of invasive
carcinoma. IIA PLA2 was not prognostic factor for disease outcome (unpublished
data).

Securin and Ki-67 protein expression in rectal cancer decrease after exposure to
(chemo)radiotherapy, but their pre-irradiation expression levels are not predictive
for TRG. High securin protein expression after long-course (C)RT seems to be an
independent prognostic factor for poor disease-specific survival.

The localization of membranous CD44v6 protein expression is more important
than its total amount of expression in rectal cancer. The lack of this protein in
invasive front may associate with aggressive phenotype and shortened disease-
free survival, but is not an independent adverse prognostic factor in rectal cancer.

ALDHI1 protein expression remains stable or shows an increase in most of the
cases after preoperative (C)RT, but its predictive usefulness for rectal cancer
response to this treatment modality remains unresolved. In node-negative rectal
cancer, increased ALDH1 protein expression may indicate adverse disease-free
and disease-specific survival, and might be predictive for chemotherapy resistance.

EGFR GCN increase is highly heterogeneous in CRC. The results from our
validation cohort strengthen the view that calculating EGFR GCN from the cells
with the highest copy number is an encouraging predictive tool for benefit from
EGFR-targeted antibodies. It is possible that the predictive power is somewhat
different for cetuximab and panitumumab.

Several biomarkers are promising in predicting CRC outcome, but identification of

prognostic marker for wider clinical use is challenging. This may reflect the heterogeneity
of CRC, supporting the need for personalized medicine. Increased EGFR GCN is a very
promising biomarker for identification of the patients who are likely to benefit from
cetuximab and panitumumab.
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