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Abstract

In the Western world, colorectal cancer (CRC) is one of the most common cancers and causes of
cancer deaths. It is estimated that up to a third of CRCs represent a recently defined subtype,
serrated adenocarcinoma (SAC), which develops via the serrated pathway and differs from
conventional cancer by molecular, histological, and clinicopathological characteristics. The
oncogenic mutation of BRAF V600E is characteristic to the serrated pathway lesions, and VE1 is
a novel antibody that has been reported to recognize this mutated BRAF protein.

In these studies, two independent cohorts of CRCs and a cohort of 922 colorectal polyps (545
patients) consecutively removed in Oulu University Hospital were utilized to study potential
immunohistochemical markers (annexin A10 and VE1) as markers for the serrated pathway
lesions, to investigate the presence of ectopic crypt foci (ECF) in different colorectal polyps and
CRCs, and to study the network of determinants and the clinical impact of tumor necrosis with
special regard to SAC.

VE1 immunohistochemistry was found a sensitive and accurate method in the detection of
BRAF V600E mutation with potential applications in the recognition of the BRAF V600E-mutated
SACs. Annexin A10 immunohistochemistry was indicated to be a marker with high specificity for
the serrated pathway lesions. ECF were found to be frequently encountered in addition to
traditional serrated adenomas also in the tubular, tubulovillous and villous adenomas. Tumor
necrosis in CRC was associated with high tumor stage and inversely associated with the serrated
histology. High tumor necrosis percentage correlated with poor survival in CRC independently of
other clinicopathological factors.

In conclusion, these studies add to the knowledge of the molecular and histological features of
SAC and its precursors. The results suggest that VE1 and ANXA10 immunohistochemistry may
help in the recognition of the serrated pathway lesions. ECF can be found in other colorectal
polyps in addition to traditional serrated adenomas. Tumor necrosis represents a relevant
histomorphological prognostic indicator in CRC.

Keywords: annexin A10, BRAF, colorectal cancer, ectopic crypt foci,
immunohistochemistry, serrated adenocarcinoma, tumor necrosis
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Tiivistelmä

Paksu-peräsuolisyöpä on yksi yleisimmistä syövistä länsimaissa. Arviolta kolmasosaa kaikista
paksu-peräsuolisyövistä edustava sahalaitainen adenokarsinooma eroaa tavallisesta adenokarsi-
noomasta molekulaaristen muutostensa sekä histologisten ja kliinispatologisten piirteidensä
perusteella. BRAF-onkogeenin V600E-mutaatiota tavataan vain paksu-peräsuolisyövän sahalai-
taisen kehittymisreitin muutoksissa ja VE1-immunohistokemian on todettu tunnistavan tämän
mutatoituneen BRAF-proteiinin.

Tutkimuksessa käytettiin kahta itsenäistä paksu-peräsuolisyöpäaineistoa sekä polyyppiaineis-
toa, joka käsitti 922 Oulun yliopistollisessa sairaalassa peräkkäisissä kolonoskopioissa poistet-
tua paksu-peräsuolen polyyppia (545 potilasta). Tutkimuksen tarkoituksena oli selvittää kahden
immunohistokemiallisen merkkiaineen (VE1 ja annexin A10) spesifisyyttä sahalaitaiselle ade-
nokarsinoomalle ja sen esiastemuutoksille, ektooppisten kryptafokusten esiintymistä paksu-perä-
suolen polyypeissa sekä kasvaimen nekroosiin yhteydessä olevia tekijöitä ja nekroosin ennuste-
vaikutusta.

VE1-immunohistokemia oli sekä sensitiivinen että spesifinen BRAF V600E-mutaation totea-
misessa, minkä vuoksi sitä voidaan käyttää BRAF V600E-mutatoituneiden sahalaitaisten ade-
nokarsinoomien tunnistamisessa. Annexin A10-immunohistokemia osoittautui spesifiseksi saha-
laitaisen kehittymisreitin muutosten toteamissa. Ektooppisia kryptafokuksia havaittiin traditio-
naalisen sahalaita-adenooman lisäksi myös tubulaarisissa, tubulovillooseissa ja villooseissa
adenoomissa. Kasvaimen nekroosi oli vähäisempää sahalaitaisessa adenokarsinoomassa sekä
matalan levinneisyysasteen kasvaimissa. Runsas nekroosin määrä oli kasvaimen levinneisyydes-
tä riippumatta yhteydessä huonompaan ennusteeseen.

Tutkimus lisää tietoa sahalaitaisesta adenokarsinoomasta ja sen esiastemuutoksista. Tulokset
osoittavat, että VE1 ja annexin A10 -immunohistokemia auttaa sahalaitaisen kehittymisreitin
muutosten tunnistamisessa; ektooppisia kryptafokuksia voidaan nähdä traditionaalisten sahalai-
ta-adenoomien lisäksi myös muissa paksu-peräsuolen polyypeissa; lisäksi todettiin, että kasvai-
men nekroosin määrällä on vaikutusta paksu-peräsuolisyövän ennusteen arvioinnissa.

Asiasanat: anneksiini A10, BRAF, ektooppinen kryptafokus, immunohistokemia,
kasvainnekroosi, kolorektaalisyöpä, sahalaitainen adenokarsinooma
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DFS disease-free survival 
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EGFR epidermal growth factor receptor 

ERBB erythroblastic leukemia viral oncogene homolog 
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FAP familial adenomatous polyposis 
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H&E hematoxylin and eosin 

HMPS hereditary mixed polyposis syndrome 

HNPCC hereditary non-polyposis colon cancer 
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HR hazard ratio 
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i.e. id est 

IGF2 insulin-like growth factor 2 
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KRAS Kirsten rat sarcoma viral oncogene homolog 
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LRP low-density lipoprotein receptor-related protein 
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MAP MUTYH (mutY homolog) gene associated polyposis 

MAPK-ERK mitogen-activated protein kinase extracellular signal-regulated 

kinase 

MGMT O-6 methylguanine-DNA methyltransferase  

MLH1 mutL homolog 1 

MMR mismatch repair 

MoAbs monoclonal antibodies 

mo month 

MSH2 mutS homolog 2 

MSH6 mutS homolog 6 

MSI microsatellite instability 

MSI-H high-grade microsatellite instability 

MSI-L low-grade microsatellite instability 

MSS microsatellite stable 

MUTYH mutY homolog 

MVD microvascular density 

MYH see MUTYH 



13 

NRAS neuroblastoma RAS viral (v-ras) oncogene homolog 

OR odds ratio 

OS overall survival 

PCR polymerase chain reaction 

PFS progression-free survival 

PI3K phosphatidylinositol 3-kinase 

PIK3CA phosphatidylinositol-4,5-biphosphate 3-kinase, catalytic subunit 

alpha 

PIP3 phosphatidylinositol-3,4,5-triphosphate 

PMS2 PMS2 postmeiotic segregation increased 2 
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SSA sessile serrated adenoma 
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TGF-β transforming growth factor beta 

TGFβR2 transforming growth factor, beta receptor II 

TMA tissue microarray 

TNM tumor-node-metastasis 

TP53 tumor protein p53 

TSA traditional serrated adenoma 

TVA tubulovillous adenoma 

VA villous adenoma 

VEGF vascular endothelial growth factor 

WHO World Health Organization 

WNT Wingless 
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1 Introduction 

In the Western world, colorectal cancer (CRC) is one of the most common 

malignancies and causes of cancer deaths with a lifetime prevalence of 

approximately 5% (Siegel et al. 2014). In recent years, with accumulative 

knowledge of the molecular basis of CRC it has emerged that instead of one disease, 

CRC is more like a group of cancer entities with variable phenotypes and disease 

outcomes (Fearon 2011). 

Up to 30% of CRCs are considered to represent serrated adenocarcinoma (SAC) 

that develops via the recently defined serrated pathway of tumorigenesis (Mäkinen 

2007). The current criteria for the detection of SAC are based on the characteristic 

histology of the carcinoma established in the World Health Organization (WHO) 

classification or the recognition of a serrated polyp (SP) (hyperplastic polyp, HP; 

sessile serrated adenoma, SSA; or traditional serrated adenoma, TSA) next to the 

carcinoma (Hamilton et al. 2010, Snover et al. 2010). However, in cases lacking an 

adjacent adenoma and especially if the differentiation is poor, the recognition of 

SAC by histology can be challenging (García-Solano et al. 2010). Gene expression 

studies have indicated that SACs have a distinct molecular basis compared with 

conventional colorectal carcinomas (CC) and thus, some gene and protein that 

would be useful to distinguish between SAC and CC have been explored (Conesa-

Zamora et al. 2013, Laiho et al. 2007). 

Regardless of the carefully defined histological characteristics of different 

colorectal polyps, SPs may contain features overlapping with conventional 

adenomas (CA) and vice versa, which complicates their classification. A subset of 

CAs have been reported to carry histological features typical of serrated pathway 

lesions (Pai et al. 2010), whereas TSAs have been indicated to fairly often contain 

areas resembling other SPs (HPs, SSAs) (Iino et al. 1999, Kim et al. 2010, Kim et 

al. 2013, Lee et al. 2005, Torlakovic et al. 2008) or even CAs (Kim et al. 2013, Lee 

et al. 2005). The most conspicuously histologic feature of TSA is the formation of 

ectopic crypt foci (ECF) which has commonly been thought to be specific for TSAs 

(Snover et al. 2010, Torlakovic et al. 2008). Despite the almost pathognomonic 

status of these small, nest-like structures of the abnormally developed crypts, 

systematic studies of their prevalence in colon polyps — both serrated and 

conventional ones — have been lacking. 

The prognostic classification of CRC is mostly based on the TNM (tumor-

node-metastasis) staging that is continuously being refined (Hamilton et al. 2010). 

However, patients’ outcome can still vary widely within the same tumor stage 
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(Puppa et al. 2010). A few studies have associated abundant necrosis with worse 

survival in CRC (Pollheimer et al. 2010, Richards et al. 2012) but predetermined 

cut-off-scores or categorizations in necrosis evaluation may have affected the 

results. In SACs, tumor necrosis has been reported to be less frequent and less 

extensive as compared with CCs (García-Solano et al. 2010, Tuppurainen et al. 

2005). It is, however, unclear why some tumors contain abundant necrosis while 

others do not. 

The general aim of this thesis was to study the histological and molecular 

features of SAC and its precursor lesions. In studies I and II, two 

immunohistochemical markers, BRAF (B-raf proto-oncogene, serine/threonine 

kinase) V600E-specific antibody VE1 and annexin A10 (ANXA10), in the 

recognition of SAC was evaluated. Moreover, ANXA10 immunohistochemistry 

was also conducted in a cohort of serrated precursor lesions to characterize the 

specificity of its expression for the serrated pathway of CRC. In study III, 922 

colorectal polyps removed during colonoscopy were systematically evaluated for 

the presence of ECF. In study IV, the percentage of tumor necrosis was evaluated 

in two independent CRC cohorts to investigate its network of determinants and 

clinical impact. 
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2 Review of the literature 

2.1 Structure of the colon and rectum 

2.1.1 Anatomy and physiology 

The large bowel is an approximately one to 1.5 m long part of the gastrointestinal 

tract, beginning in the ileocecal valve and ending in the anorectal junction (Fig. 1). 

Except for the rectum, it is covered by the peritoneum (Ponz de Leon & Di Gregorio 

2001). 

Fig. 1. The anatomical subdivision of the large bowel. 

The main tasks of the colon is the absorption of water and some vitamins, including 

vitamin K, whereas the rectum functions as a temporary storage of feces; there is 

far less reabsorption in this part of the large bowel. Thus, considering these slight 

anatomical and functional differences, it has been noted that distinction between 

Caecum

Ascending colon

Hepatic flexure

Transverse colon

Splenic flexure

Descending colon

Sigmoid colon

Rectum

Anal canal

Right colon

Left colon
Rectum
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colon and rectal tumors is in some cases reasonable (Hamilton et al. 2010), also 

supported by the differences in surgical and radiotherapeutic treatment (Minsky 

2011). 

The large bowel can also be categorized by the regions of vascular supply. “The 

right colon” (from caecum to splenic flexure) is supplied by the branches of the 

superior mesenteric artery, while the inferior mesenteric artery feeds “the left colon” 

(descending and sigmoid colon). The blood supply to the lower rectum is delivered 

by the branches of the internal iliac artery — the middle and inferior rectal arteries 

— and this third anatomical region is called “the rectum” (Ponz de Leon & Di 

Gregorio 2001) (Fig.1). Also CRC is frequently categorized into cancers of the right 

colon, left colon and rectum based on the vascular supply, lymphatic drainage, and 

the types of surgical intervention. The vast majority of venous blood from the colon 

and rectum passes by the portal system and thus, reaches the liver, which is the 

main site of hematogenous metastasis from CRC (Ponz de Leon & Di Gregorio 

2001). 

2.1.2 Histological structure 

Several histological layers can be distinguished in the colorectal wall (Ponz de 

Leon & Di Gregorio 2001). The most luminal part is called mucosa. A single layer 

of columnar cells forms the surface epithelium, with connective tissue lamina 

propria lying immediately beneath it and extending between the crypts. Besides the 

absorptive and goblet cells, colorectal crypts also comprise undifferentiated 

precursor cells and specialized endocrine cells. Colorectal stem cells, from which 

the epithelial cells proliferate and migrate toward the superficial parts of the 

epithelium, lie in the crypt basis. The lamina propria is separated from the 

submucosa by a thin smooth muscle layer, muscularis mucosae (Ponz de Leon & 

Di Gregorio 2001).  

The submucosa consists of fibrous tissue, vasculature, nerves, and scattered 

lymphocytes, macrophages and mast cells — mostly the same elements as lamina 

propria. Meissner’s plexus locates in the submucosa beneath the muscularis 

mucosae and innervates the cells in the mucosal epithelial layer and in the 

muscularis mucosae (Ponz de Leon & Di Gregorio 2001). 

The outermost parts of the colorectal wall are an external muscle layer, 

muscularis externa, i.e., muscularis propria (comprising a circular and longitudinal 

muscle layer) and finally, subserosal fat and serosa (Ponz de Leon & Di Gregorio 
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2001). Muscularis externa is innervated by Auerbach’s plexus (locating between 

the longitudinal and circular muscle layers) (Fig. 2). 

 

Fig. 2. The histological structure of the colon and rectum. 

2.2 Colorectal premalignant lesions 

Colorectal polyps encompass a range of lesions, widely defined as mucosal 

protrusions and tumor-like lesions in the large intestine. In addition to premalignant 

epithelial lesions (CAs and serrated adenomas) and HPs, the definition also 

includes inflammatory and reactive polyps (e.g. mucosal prolapse-associated polyp, 

inflammatory pseudo-polyp and infection-associated polyp), hamartomatous 

polyps (e.g. Peutz-Jeghers polyp and Juvenile polyp), stromal polyps (e.g. 
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inflammatory fibroid polyp, Schwann cell hamartoma, and lipoma), lymphoid 

polyps (e.g. prominent lymphoid follicles and lymphomatous polyposis), endocrine 

polyps (e.g. well differentiated endocrine tumor) and other lesions (e.g. prominent 

mucosal fold, elastotic polyp and endometriosis) (Hamilton et al. 2010, Snover et 

al. 2010). The epithelial polyps are discussed subsequently in more detail because 

of the biological continuum between these lesions and colorectal adenocarcinoma. 

2.2.1 Detection of colorectal polyps 

Colonoscopic detection  

According to current understanding, most CRCs arise from pre-existing adenomas 

(Winawer et al. 1993) and thus, an important step in the prevention of CRC is the 

detection of these colorectal premalignant lesions during colonoscopy. Studies of 

large cohorts have shown that removal of the adenomatous polyps is associated 

with a decrease in the incidence of CRC, as well as cancer mortality (Citarda et al. 

2001, Winawer et al. 1993, Zauber et al. 2012).  

However, approximately 20–30% of all adenomas are missed during 

colonoscopy (Leufkens et al. 2011). Recently, improved endoscopic detection 

techniques have facilitated the recognition of small lesions during colonoscopy. 

Magnifying chromoendoscopy has been the backbone for the detection of minute, 

non-polypoid premalignant lesions that are otherwise difficult to identify during 

colonoscopy (Kudo et al. 2008, Mäkinen 2014). It is also possible to recognize the 

pit pattern (i.e., the microarchitecture of pits, epithelial crests or ridges at the 

surface area) of the normal or altered colonic mucosa with magnifying 

chromoendoscopy (Kudo et al. 2008). 

However, while the demand for colonoscopy increases, the demand for less 

time-consuming but accurate and effective detection methods suitable for the large-

scale screening purposes also grows. Enhancements in the resolution of video 

imaging endoscopy (currently available high-definition endoscopy systems) have 

resulted in a significant increase in polyp rates detected during colonoscopy (Rey 

et al. 2014).  

While a large proportion of polyps biopsied or removed are non-neoplastic in 

nature, there is a lot of ongoing research for new endoscopic techniques that — 

besides being able to detect flat or otherwise invisible lesions — would enable to 
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differentiate the non-neoplastic lesions from the neoplastic ones already in vivo 

(Hassan et al. 2013, Rey et al. 2014). 

Modern filter technologies, autofluoresence imaging (Filip et al. 2011) and 

narrow-band imaging (Singh et al. 2009), which enable the visualization of 

independent components, such as the pit pattern or vascular structures of the 

mucous membrane, are replacing the more time-consuming procedure of 

chromoendoscopy to an increasing extent (Rey et al. 2014). Furthermore, new 

techniques, such as molecular imaging — a technique that uses molecular probes 

usually applied exogenously to visualize specific epitopes with marked antibodies 

in the target tissue (e.g. epidermal growth factor receptor (EGFR) or the vascular 

endothelial growth factor (VEGF) in CRC) — have shown some promise in 

ongoing studies (Rey et al. 2014). 

2.2.2 Aberrant crypt foci 

Aberrant crypt foci (ACF), comprising only a few colonic crypts, are the earliest 

microscopically distinguishable lesions preceding the development of CAs and SPs. 

ACF were first described in the colorectum of experimental rodent models exposed 

to carcinogens, and soon after this, in human colonic epithelium (Pretlow et al. 

1991). Different types of ACF can be histologically characterized. 

Heteroplastic/hyperplastic type (ACF-H) and serrated type crypt foci (ACF-S) 

share morphological and molecular similarities with SPs whereas dysplastic 

aberrant crypt foci (ACF-D) have a resemblance with miniature CAs. The term 

“microadenoma” includes ACF with dysplasia. Macroscopically, ACF can be 

detected in colonoscopy only with magnifying chromoendoscopy or other similar 

techniques because of the minute non-polypoid structure (Inoue et al. 2014, 

Mäkinen 2007, Rosenberg et al. 2007). 

2.2.3 Conventional colorectal polyps 

In a recently published prospective population-based colonoscopy study on 745 

individuals, 10% had adenomas, and 95% of them were CAs (Forsberg et al. 2012). 

It has been reported that the five-year incidence rate of adenomas after a negative 

screening colonoscopy is approximately 15% (Imperiale et al. 2009). CAs can be 

classified into tubular (TA), tubulovillous (TVA) and villous adenomas (VA) and 

represent the most often encountered precursor lesions of the CRC, defined by 

epithelial dysplasia varying from low to high grade (Buda et al. 2012, Carr et al. 
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2009). They are more common in males and in patients aged 50 years or more 

(Hetzel et al. 2010, Neugut et al. 1993, Pendergrass et al. 2008). Most of them are 

<1 cm in size and macroscopically polypoid or sessile — less frequently flat or 

depressed (Hamilton et al. 2010, Rembacken et al. 2000). Increasing adenoma size 

has been reported to associate with synchronous and metachronous adenomas 

(Mattar & Rex 2008), as well as with malignant change (O’Brien et al. 1990, 

Shinya & Wolff 1979). In addition to large size of the lesions, extensive villous 

architecture, high-grade epithelial dysplasia (named “advanced adenoma”) and flat 

structure have been shown to increase the tendency toward malignant disease 

(Hamilton et al. 2010). 

The histological appearance of TA is tubular crypts that usually stand closer to 

each other than in normal mucosa. Villous architecture, defined as leaf- or finger-

like projections of the colorectal epithelium, does not represent more than 20 to 25% 

of the polyp size. TVAs are formed of a mixture of tubular and villous architectures 

containing at least 25% villous structures, while VAs are mainly (>75%) comprised 

of them. All the CAs contain intraepithelial dysplasia (“conventional adenomatous 

dysplasia”) characterized by increasing cellularity, the loss of polarity and the 

stratification of enlarged, pleomorphic (possibly oval or vesicular) nuclei with 

increased mitotic activity and reduced mucin (Hamilton et al. 2010, Konishi & 

Morson 1982) (Fig. 3). 
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Fig. 3. Conventional colorectal adenomas. Tubular adenoma with tubular crypts that 

stand close to each other (a). Tubulovillous adenoma with a mixture of tubular and leaf-

like structures (b) and villous adenoma comprising mainly the villous structures (c). All 

conventional adenomas contain intraepithelial dysplasia. 

Flat adenoma (FA) is a rare variant of CA initially thought to be unique to Japanese 

population but currently known to occur also in Western population (Rembacken 

et al. 2000). Histologically, FAs are usually slightly elevated (<2 mm in height), 

less frequently completely flat or even depressed, making their detection extremely 

difficult in colonoscopy without special dyeing (methylane blue, cresyl or crystal 

violet and indigo carmine have all been described). Despite the small size of these 

lesions, they often show high-grade dysplasia or even harbor invasive cancer, 

giving ground for the hypothesis of these lesions being behind the “de novo” CRCs 

(Kudo et al. 2008, Rembacken et al. 2000).  

2.2.4 Serrated colorectal polyps 

A recent meta-analysis indicated a 15.6% prevalence of SPs among 60-year-old 

individuals (Gao et al. 2015). SPs represent 35–40% of the colorectal polyps and 

are classified into SSA, TSA, and HP. HPs can be further subclassified into 
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microvesicular, goblet-cell rich and mucin-poor hyperplastic polyp (Buda et al. 

2012, Carr et al. 2009). Recently published demographic studies reported that HPs 

represent 24–30%, SSAs 1.7–11.7 %, SSAs with cytological dysplasia (SSA-D) 

0.1–1% and TSAs 0.4–2% of the removed polyps (Bettington et al. 2014, Carr et 

al. 2009, Higuchi et al. 2005, Lash et al. 2010). 

The most conspicuous histologic feature defining the morphology of SPs is 

saw-toothed epithelial serration, which is thought to develop as a result of 

colonocytes’ crowding in the surface epithelium, due to the failure of apoptosis. 

The hypothesis is based on the finding that apoptosis index (indicated by the 

expression of apoptosis-related proteins, e.g. CD95) is lower in serrated adenomas 

and hyperplastic polyps compared with normal colonic mucosa and CAs (Endo et 

al. 2013, Komori et al. 2003, Tateyama et al. 2002). Molecular changes and 

mechanisms behind the inhibition of apoptosis are not well understood. 

Hyperplastic polyp 

HP is the most common SP, accounting for approximately a quarter to a third of all 

resected colorectal polyps (Carr et al. 2009, Higuchi et al. 2005, Spring et al. 2006). 

Macroscopically, HPs are typically small, flat epithelial lesions that rarely reach >1 

cm in size. Proximal HPs, which are usually larger than distal ones, can be covered 

by a yellow mucus cap that can impede their detection in colonoscopy (Snover et 

al. 2010). 

The histologic appearance of HP is symmetrical, vertically oriented, slender 

crypts with saw-tooth epithelial serrations generally limited to the superficial half 

of the crypt (Fig. 4). The subepithelial basement membrane and muscularis 

mucosae are thickened compared with adjacent normal mucosa or the collagen 

layers of other SPs and the amount of endocrine cells at crypt bases may be slightly 

increased (Mäkinen 2014). The expanded proliferative zone, highlighted by Ki67 

immunohistochemistry, typically locates symmetrically in the crypts’ bases, while 

the maturation zone, detected by the cytokeratin 20, is evenly and symmetrically 

distributed in the luminal compartment (Torlakovic et al. 2008). 
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Fig. 4. Serrated polyps of the colorectum. Hyperplastic polyp shows symmetrical, 

vertically oriented, slender crypts with saw-tooth epithelial serrations limited to the 

superficial half of the crypt (a). In sessile serrated adenoma, prominent epithelial 

serration lines the crypts deep into the basally dilated bottoms (b). Traditional serrated 

adenoma is characterized by the tubulovillous structures and tall columnar cells with 

penicillate nuclei and eosinophilic cytoplasm forming the epithelium with prominent 

serration (c). A close-up view of the same case shows the most conspicuous feature of 

TSA — the ectopic crypt foci (d). 

There are subtle variations in the polyp location in the colorectum, histology and 

mutation rates between the different subtypes of HPs. Microvesicular HPs are the 

most common subtype representing approximately 70% of HPs, encountered 

mainly in the distal colon and rectum, and largely carrying BRAF V600E mutation 

(Burnett-Hartman et al. 2013, Spring et al. 2006, Yang et al. 2004). The most 

designated histological feature among microvesicular HPs are small mucin droplets 

in the cytoplasm (“microvesicular”) of epithelial cells with varying amounts of 

goblet cells in between (Mäkinen 2014). Based on the similar histology and the 

frequencies of BRAF V600E mutation, microvesicular HPs and SSAs are 

hypothesized to form a biological continuum (Bettington et al. 2013). 

Goblet-cell rich HPs are predominantly located in the distal colon and rectum 

and frequently (in approximately half of the cases) harbor the KRAS (Kirsten rat 
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sarcoma viral oncogene homolog) mutation (Spring et al. 2006, Yang et al. 2004). 

Serration is often less conspicuous compared with microvesicular HPs and more 

strictly limited to the upper parts of the crypts abundant in goblet cells. There is 

lack of evidence of goblet-cell rich HPs being able to progress to CRC (Bettington 

et al. 2013, Mäkinen 2014). 

Mucin-poor HPs are the most infrequently encountered subtype of HPs. It has 

been suggested that they more likely represent microvesicular HPs with 

degenerative features than a distinct entity. Fine saw-tooth epithelium is present in 

microvesicular HPs as in other HPs, but the loss of goblet cells and microvesicular 

mucin, as well as the degenerative changes in remaining cells, separate the polyp 

from other subtypes (Mäkinen 2014). 

Sessile serrated adenoma 

SSAs are sessile or flat, rarely pedunculated, lesions with unobtrusive borders and 

smooth surface, often covered with mucus (Kim et al. 2013, Mäkinen 2014). Their 

average size is larger than HPs (more than half are > 5mm and approximately 15–

25% are > 1cm) but the sessile structure, as well as the often pale-appearing or 

slightly reddish surface epithelium, makes their detection difficult during 

colonoscopy (Snover et al. 2010). A similar surface, with stellate, wide crypt 

openings (‘stellate pit pattern’), is often detected in SSAs and microvesicular HPs 

when viewed by magnifying chromoendoscopy and narrow-band imaging 

(Hasegawa et al. 2011, Kimura et al. 2012). The estimated proportion of SSAs 

among colon polyps has varied greatly in previous colonoscopic series, and the 

inter-observer variability of the diagnosis of SSA has been considerable in past 

studies (Farris et al. 2008, Hetzel et al. 2010, Rau et al. 2014). However, in recently 

published demographic studies, SSAs were reported to represent 1.7–11.7% of all 

colon polyps (approximately a quarter of SPs) and typically, to have a predilection 

for the proximal colon (Carr et al. 2009, Higuchi et al. 2005, Lash et al. 2010, 

Spring et al. 2006) and female gender (Carr et al. 2009, Lash et al. 2010, Spring et 

al. 2006). 

Crypt compartmentalization aberration — the dispersed, asymmetrical 

proliferative zone (detected by positive nuclear Ki67 expression in 

immunohistochemistry) situated on one or the other side of the crypts and 

extending to the bottom of the crypts — characterizes the architectural 

disorganization in SSAs. Prominent epithelial serration lining the crypts’ sides 

extends deep into the bottom of the basally dilated, J-, L- or inverted T-shaped 
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crypts. Irregular crypt branching and pseudoinvasion of the crypts beneath the 

muscularis mucosae, as well as subtle nuclear atypia (vesicular, oval-shaped nuclei 

with prominent nucleoli), possibly mitoses dispersed anywhere in the crypt 

epithelium, dystrophic, irregularly distributed goblet cells and excessive mucin 

production are also often encountered in SSAs (Hamilton et al. 2010, Mäkinen 

2014, O’Brien et al. 2008) (Fig. 4). 

SSAs often harbor BRAF V600E mutation (Jass et al. 2006, Kambara et al. 

2004, Spring et al. 2006). Silencing of the DNA (deoxyribonucleic acid) mismatch 

repair (MMR) gene mutL homolog 1 (MLH1) as a consequence of methylation of 

the CpG (cytosine-phospho-guanine) islands in the promoter area of the gene is 

another well-characterized and -documented feature that may eventually lead to 

progression into a lesion with cytological dysplasia (Bettington et al. 2013, 

Mäkinen 2014). 

Sessile serrated adenoma with dysplasia 

Two types of cytological dysplasia have been reported to occur in approximately 

15% of SSAs (Lash et al. 2010, Teriaky et al. 2012), giving these polyps the name 

“SSA with cytological dysplasia” in the WHO classification (Snover et al. 2010). 

The conventional adenomatous dysplasia is the same type of epithelial dysplasia as 

seen in CAs and, in addition to being seen in some SSAs, it is more frequently 

encountered in TSAs (Bettington et al. 2013, Fujita et al. 2011, Kim et al. 2010). 

Another type of dysplasia in SSAs is “serrated dysplasia” defined as cells with 

abundant eosinophilic cytoplasm and basally located vesicular nuclei. Nuclear 

piling is not as evident as in conventional adenomatous dysplasia and the serrated 

architecture is typically retained (Mäkinen 2014). 

Traditional serrated adenoma 

TSAs comprise approximately 1–2% of SPs (Buda et al. 2012, Carr et al. 2009). 

Macroscopically, they have been reported to mostly have a protuberant reddish 

appearance resembling pine cone or coral reef or a two-tiered appearance and thus, 

to be structurally closer to CAs than other SPs (Mäkinen 2014, Snover et al. 2010). 

Sessile appearance, especially in proximal TSAs, is also encountered (Hasegawa et 

al. 2011, Rex et al. 2012) and in some studies, even more frequently than polypoid 

appearance (Kim et al. 2013, Wiland et al. 2014). In magnifying chromoendoscopy, 

TSAs typically show a stellar pit pattern or a more characteristic fern-like 
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appearance (Hasegawa et al. 2011). Most of the TSAs exceed 5 mm in diameter. 

They can be located in any part of the large bowel with a slight predilection for the 

distal colon and rectum (Bettington et al. 2014, Fu et al. 2012, Wiland et al. 2014). 

Histologically, TSAs are typically characterized by tubulovillous structures, 

eosinophilic, tall columnar cells with penicillate nuclei forming the epithelium with 

prominent serration and a mixture of variable amounts of goblet cells. Abnormally 

developed, small nest-like structures, ECF, are often dispersed along the epithelial 

cells (Mäkinen 2014). They lose the orientation toward muscularis mucosae but 

maintain the orientation toward the mucosal surface of the bowel lumen, thus 

leading to speculations about ECF’s possibly reflecting the disturbances of 

epithelial-mesenchymal interactions (Bettington et al. 2013, Haramis et al. 2004). 

Furthermore, ECF are hypothesized to explain the biological basis of protuberant 

growth in TSAs and they are regarded as the most characteristic histological feature 

for them, rarely present in any other colon polyps (Haramis et al. 2004, Rex et al. 

2012, Snover et al. 2010). 

The overall proliferative activity in TSAs is significantly lower compared with 

CAs and has been reported to have two types of manifestations with either a 

preferential location in ECF or irregular distribution throughout the intervening 

surface epithelium (Fu et al. 2012, Kim et al. 2013, Torlakovic et al. 2008) (Fig. 4). 

As SSAs, TSAs show two types of epithelial dysplasia — serrated and 

conventional — of which conventional adenomatous dysplasia is also frequently 

(in up to 49% of TSAs) encountered (Bettington et al. 2014, Fu et al. 2012, Kim et 

al. 2010). 

Activating mutations in either BRAF or KRAS oncogenes frequently occur in 

TSAs (Bettington et al. 2014, Fu et al. 2012, Kim et al. 2010, Wiland et al. 2014). 

Rare variants, filiform serrated adenomas, represent approximately 4% of 

TSAs, favor the distal colon and are typically larger than non-filiform TSAs. They 

are defined by their long and thin filiform projections lined by dysplastic serrated 

epithelium with elongated nuclei and cytoplasmic eosinophilia. Stromal edema, 

epithelial erosions and non-serrated adenomatous elements (villous and tubular 

growth pattern) are frequently encountered, and also vascular congestion, 

inflammation of lamina propria and smooth muscle proliferation occasionally 

occur. Moreover, they have been reported to often contain focal areas of high-grade 

dysplasia and to harbor similar molecular features as other TSAs (Droy-Dupré et 

al. 2014, Ha et al. 2012, Owens et al. 2008, Yantiss et al. 2007). Despite these 

similarities with TSAs, it is speculated that the unique morphology of filiform 

serrated adenoma might have an inflammatory background, developing as a result 
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of polyp trauma and prolapse, strengthened by the finding of filiform serrated 

adenomas arising in patients with inflammatory bowel disease (IBD) (Klarskov et 

al. 2011). 

Overlapping features of serrated polyps 

Despite the carefully defined histological characteristics, the classification of 

different colorectal polyps can be challenging due to the overlapping features 

between the different polyps. The distinction between morphologically reminiscent 

microvesicular HP and SSA is mainly based on the disordered growth in the lower 

crypts with a consequence of irregular branching and J-, L- or inverted T-shaped 

crypts lined by epithelial serration. Whether just one irregular crypt is sufficient for 

the change of microvesicular HP diagnosis to SSA is undefined (Bateman 2014, 

Bettington et al. 2014). Furthermore, high-grade dysplastic or carcinomatous areas 

in SSAs do not always show serrated structure but principally CA-like tubular or 

tubulovillous structures, despite harboring the same molecular changes that are 

typical of early SSAs (Fujita et al. 2011, Goldstein 2006). 

ECF were regarded as a specific histological feature of TSAs. However, ECF 

have recently been reported to be encountered also in TVAs, indicating a 

histological overlap between serrated and conventional colon polyps (Hafezi-

Bakhtiari et al. 2015). Moreover, the oncocytic-like cells, formerly associated with 

the presence of ECF and characterized by the deeply eosinophilic, abundant 

cytoplasm and elongated nuclei, were also reported to occur in other types of colon 

polyps — both serrated and conventional ones — highlighting the problems of too 

straightforward categorizations (Snover 2011). 

Although epithelial serration is thought to be the most characteristic feature of 

SPs, also TVAs have been reported to contain focal areas of epithelial serration. 

These polyps have been suggested to be named as TVAs with serration (sTVAs) 

(Bettington et al. 2013, Tsai et al. 2014). Moreover, a recently published study 

indicated sTVAs being larger, more often proximal, more histologically advanced, 

and showing more frequent CpG island methylation and higher numbers of KRAS 

mutation compared with conventional TVAs. Compared to TSAs, they were more 

often proximal, showed less CpG island methylations, more frequent MGMT (O-6 

methylguanine-DNA methyltransferase) methylation and more frequent nuclear 

translocation of β-catenin (Bettington et al. 2016). 

What the histological similarities tell about the background of different 

colorectal polyps is somewhat undetermined. Some recently published studies have 
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shown that TSAs fairly often contain areas resembling HPs and SSAs within one 

polyp — a phenomenon that is possibly thought to reflect the biological continuum 

within the serrated group of colorectal polyps (Bettington et al. 2014, Kim et al. 

2010, Kim et al. 2013, Wiland et al. 2014). 

Risk of malignancy in serrated polyps 

In general, HPs — especially when present in multiple numbers in the rectum — 

are considered to be innocent lesions without the ability to malignant progression 

and are thus infrequently sampled (Bettington et al. 2013, Mäkinen 2014).  

However, the estimated share of 30–35% of CRCs originating via the serrated 

pathway forms a sharp contrast to the reported low prevalence numbers of SSAs, 

SSA-Ds and TSAs (Mäkinen 2014). Whether this inconsistency tells about the 

higher risk of malignancy in serrated precursor lesions, their poor recognition in 

endoscopy or light microscopy, or the shortened time frame for detection due to the 

SPs’ faster growth rate to CRC, is ambiguous (Mäkinen 2014). 

Multiple, proximally located SPs, as well as large sized (>1 cm) polyps have 

been reported to associate with synchronous and subsequent SPs and CRCs, 

potentially reflecting the fast growth rate and high risk of malignant progression of 

these lesions (Álvarez et al. 2013, Hiraoka et al. 2010, Lazarus et al. 2005, 

Schreiner et al. 2010).  

Recently, SSAs and HPs, regardless of their location, were reported to often be 

present in the periphery or stalk of TSAs or even as intimately admixed forms with 

a typical TSA component suggesting the possibility that also HPs — generally 

considered as innocent lesions — may progress to TSA and further to CRC (Kim 

et al. 2013). 

The sessile and often flat appearance (Snover et al. 2010) as well as similar 

surface structure with microvesicular HP (Hasegawa et al. 2011, Kimura et al. 2012) 

makes the recognition of SSA difficult during colonoscopy and thus, possibly 

enables SSA’s unmolested progression to CRC. Furthermore, in a subset of SSAs, 

the histological changes separating them from microvesicular HPs are minimal in 

light microscopy (Bettington et al. 2013), complicating their accurate classification. 

A borderline category (e.g., borderline SSA) has been suggested for these lesions 

by some authors (Bettington et al. 2013). In addition to morphological similarities, 

also the similar frequencies of BRAF V600E mutation suggest that microvesicular 

HP and SSA could form a continuum (Mäkinen 2014) and thus, concern about 

innocent reputation of HPs’ is justified. 
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The concept of the SPs’ rapid progression into SAC has been supported by 

individual case reports of the progression of SSA into an early invasive carcinoma 

even within a year (Mäkinen et al. 2002, Oono et al. 2009, Takeyoshi et al. 2002), 

as well as the findings of early SACs arising from small SSAs (Fujita et al. 2011, 

Goldstein 2006, Sheridan et al. 2006). 

Reproducibility of the histological recognition of the serrated colorectal 
polyps 

Despite the development of endoscopic techniques, histological evaluation still 

forms the gold standard for the classification and diagnosis of colorectal 

premalignant lesions and defines the treatment and follow-up. However, regardless 

of representative colonoscopy samples and the defined histological criteria 

established by WHO (Hamilton et al. 2010, Snover et al. 2010) the distinction, 

especially between different SPs, may be difficult. 

Studies on reproducibility of the diagnoses of SPs have mostly reported 

moderate or poor inter-observer κ values (0.14–0.65) (Ensari et al. 2012). However, 

the consensus discussions and precise definitions of the diagnostic criteria have 

been reported to significantly improve the reproducibility of the classification 

(Ensari et al. 2012).  

2.3 Colorectal cancer epidemiology and classification 

2.3.1 Incidence 

CRC is one of the most common cancers and causes of cancer deaths worldwide 

(Center et al. 2009) with approximately 5% lifetime prevalence in the Western 

world (Siegel et al. 2014). In 2012 in Finland, 1,540 new cases were diagnosed 

among males, making it the third most common malignancy after prostatic and lung 

cancer, and 1,403 new cases among females, denoting the second most common 

female malignancy after breast cancer (Finnish Cancer Registry 2012). There is a 

sharp increase in CRC incidence in people over 70 years of age (Siegel et al. 2014). 

The highest CRC incidence rates have been reported in the developed countries 

with a westernized lifestyle, while in developing countries, the incidence rates are 

lower (Center et al. 2009). Epidemiological studies among migrants and their 

offspring have shown that moving from low-risk to high-risk countries tends to 
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increase the incidence of CRC, presumably because of the generally assumed 

Western lifestyle of the new host country (Flood et al. 2000, McMichael et al. 1980, 

Stirbu et al. 2006). 

Approximately two-thirds of CRC patients undergo surgical resection with a 

curative intent (Guyot et al. 2005, Scheer & Auer 2009). Over 90% of the 

recurrences occur in the first five years after the surgery, and approximately every 

third patient will develop recurrent disease (Böhm et al. 1993, Guyot et al. 2005, 

Manfredi et al. 2001, Mäkelä et al. 1995).  

2.3.2 Risk factors 

Epidemiological studies have shown that several environmental factors contribute 

to the development of CRC. Among nutritional factors, high consumption of red 

meat and processed meat, as well as low intake of fiber, fruit, and vegetables, are 

associated with an increased risk of CRC (Bradbury et al. 2014, Koushik et al. 2007, 

Larsson & Wolk 2006). Mediterranean diet high in fruits, cooked vegetables and 

legumes, nuts, seafood and fish, unrefined cereals, whole grain, and olive oil as a 

primary source of dietary lipids has been inversely associated with the risk of CRC 

(Schwingshackl & Hoffmann 2014). Inverse associations for CRC risk have also 

been reported with multivitamin and calcium supplement use (Heine-Bröring et al. 

2014).  

Obesity, measured by the body mass index, has been directly associated with 

elevated risk (Giovannucci et al. 1995, Simons et al. 2014), whereas physical 

activity seems to have a slightly protective effect against CRC (Giovannucci et al. 

1995, Huxley et al. 2009). Tobacco smoking as well as alcohol consumption have 

been reported to have a dose-response impact on increased risk of CRC (Botteri et 

al. 2008, Fedirko et al. 2011, Moskal et al. 2007). Results of the impact on CRC 

risk by the use of laxatives (fiber and non-fiber laxatives), bowel movement 

frequency, and constipation have been controversial (Citronberg et al. 2014, Dukas 

et al. 2000, Jacobs & White 1998, Kojima et al. 2004, Roberts et al. 2003, Simons 

et al. 2010, Watanabe et al. 2004). The use of acetylsalicylic acid and non-steroidal 

anti-inflammatory drugs (NSAIDs) has been associated with a lower risk of CRC, 

although this means several years of regular use with high daily doses (Tárraga 

López et al. 2014). 

Altogether, healthy lifestyle factors including healthy diet and weight, physical 

activity, limited alcohol consumption, and non-smoking, have been shown to lower 
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the incidence of CRC and are thus recommended to be taken into consideration 

when designing strategies for the prevention of CRC (Aleksandrova et al. 2014). 

The chronic IBDs, Crohn’s disease (CD), ulcerative colitis (CU), and 

Schistosomiasis (Schistosoma mansoni infection), are etiological factors for CRC 

discussed later in more detail. Although recurrent intestinal inflammation episodes 

often occur in diverticular disease, diverticulitis has not been indicated as a specific 

risk factor for CRC (Hamilton et al. 2010). 

2.3.3 Malignant neoplasms in colorectum 

In the Western world, the diagnosis of colorectal cancer requires the presence of 

submucosal invasion, although this has more to do with practical issues rather than 

distinguishing between different biological entities. Adenocarcinomas, with CRCs 

accounting for more than 90%, are the most common cancers in the colorectum 

(Hamilton et al. 2010). The great majority of adenocarcinomas are moderately 

differentiated, showing a less resemblance to well-differentiated adenoma-like 

epithelium with tubular structures (Treanor & Quirke 2007). In addition to two 

most commonly encountered adenocarcinomas — CCs and SACs, which are 

discussed below — several somewhat overlapping histopathological variants can 

be microscopically distinguished (Hamilton et al. 2010). 

The defining histological feature of mucinous adenocarcinoma (approximately 

10% of adenocarcinomas) are the extracellular mucin deposits exceeding over 50% 

of the cut surface of the tumor (Hamilton et al. 2010). Tumors containing a lesser 

amount of mucus are classified as having a mucinous component (Hamilton et al. 

2010, Secco et al. 1994, Symonds & Vickery 1976). Mucinous adenocarcinomas 

located in the distal colon and rectum have been reported to have worse prognosis 

(Sasaki et al. 1987, Symonds & Vickery 1976), while proximal mucinous cancers 

often associate with high-grade microsatellite instability (MSI-H), serrated 

histology and better prognosis (García-Solano et al. 2010, Hamilton et al. 2010, 

Mäkinen et al. 2001). 

Signet-ring cell carcinoma (1–2%) is a rare variant of adenocarcinomas with 

usually highly aggressive behavior (Messerini et al. 1995, Sasaki et al. 1987). The 

defining histological feature is the intracytoplasmic accumulation of mucin in over 

50% of the tumor area. Signet-ring cells — usually presented as single cells or in 

loose clusters — are formed when mucin accumulates intracellularly and pushes 

the nucleus aside. This may happen in mucinous adenocarcinomas but also in linitis 

plastic carcinomas, a diffusely infiltrative process without extracellular mucin 
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(Börger et al. 2007, Nakahara et al. 1992, Shirouzu et al. 1994). Parallel with 

mucinous adenocarcinomas, tumors containing signet-ring cell areas less than 50% 

of the tumor should be named as adenocarcinomas with a signet-ring cell 

component (Hamilton et al. 2010). 

Medullary carcinoma is a rare variant of CRC favoring the caecum and 

ascending colon as its location. Histologically, malignant cells with abundant 

eosinophilic cytoplasm, vesicular nuclei, and prominent nucleoli arrange in sheets 

spotted by numerous tumor-infiltrating lymphocytes. However, the distinction 

between medullary carcinoma and poorly differentiated adenocarcinoma is often 

difficult, leading to the recent suggestion that the diagnosis of medullary carcinoma 

should no longer be used (Kanstrup Fiehn et al. 2014, Thirunavukarasu et al. 2010). 

MSI-H is almost an invariable feature in medullary carcinomas and they tend to 

have a favorable prognosis. The patients are often elderly females (Hamilton et al. 

2010, Kanstrup Fiehn et al. 2014).  

Other rare adenocarcinoma variants are cribriform comedo-type 

adenocarcinoma, micropapillary adenocarcinoma and adenosquamous carcinoma 

with both adenocarcinoma and squamous carcinoma elements (Hamilton et al. 

2010). Some other rare epithelial tumors also occur, such as endocrine cell 

neoplasms favoring the appendix and rectum (Modlin & Sandor 1997), and 

extremely rarely, squamous cell carcinomas in the distal colon and rectum (Dyson 

& Draganov 2009). Undifferentiated carcinomas have variable histological 

characteristics without the marks of differentiation towards epithelial neoplasm 

while spindle cell carcinomas represent spindle-cell sarcomatoid components with 

at least focal immunopositivity for keratins (Hamilton et al. 2010). 

In addition to metastasis outside the large bowel, some other rare non-epithelial 

primary cancers (e.g., melanomas, lymphomas, gastrointestinal stromal tumors, 

and carcinosarcomas) in the colon and rectum have been encountered (Hamilton et 

al. 2010, Khalid et al. 2011, Lewin et al. 1978, Nakao et al. 1998, Saclarides et al. 

1994, Shia et al. 2002). 

2.3.4 Clinical manifestations of colorectal cancer at the time of 
diagnosis and colorectal cancer screening 

In a large meta-analysis consisting of 47 primary care diagnostic studies, typical 

clinical symptoms for CRC were abdominal pain, weight loss, diarrhea, 

constipation, rectal bleeding, and change in bowel habits, of which only weight loss 
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showed some independent diagnostic value with a relatively high specificity 

(specificity 89%, sensitivity 20%) (Jellema et al. 2010).  

The aim of the CRC screening is to identify the early stages of cancers which 

might still be treated with a curative intent and thus have a favorable prognosis 

(Jellema et al. 2010). A Cochrane systematic review of large randomized trials 

indicated a 16% reduction in the risk of disease-specific mortality for CRC 

screening (RR 0.84; 95% confidence interval 0.78–0.90) by conducting a 

colonoscopy or sigmoidoscopy after positive fecal occult blood test (FOBT) 

(Hewitson et al. 2008). However, the traditional guaiac-based FOBT detects the 

occult blood based on the peroxidase activity of hemoglobin-derived heme groups, 

which might also yield false-positive results because of animal blood derived from 

food as well as peroxidases from raw vegetables (Vasilyev et al. 2015). A promising 

alternative is a new-generation fecal immunochemical test (FIT), which has been 

reported to have high diagnostic accuracy for the detection of CRC (Lee et al. 2014) 

and to be superior in CRC screening compared with the guaiac-based test (Allison 

et al. 1996, Hol et al. 2009, van Rossum et al. 2008, Whitlock et al. 2008). Other 

advantages of FIT are the specificity for human blood and thus no need for dietary 

or medication restrictions, as well as the requirement of only one or two stool 

samples in many FITs, which has led to the adoption of FIT instead of guaiac-based 

FOBT e.g. in many European and Asian countries (Hol et al. 2009, Lee et al. 2014). 

In Finland, the screening test is a guaiac-based FOBT with three test cards for six 

consecutive samples of which only one positive sample refers to the positive test 

result and the full colonoscopy (Malila et al. 2011). 

Moreover, even once-only sigmoidoscopy (i.e., flexible sigmoidoscopy offered 

only once between ages 55 and 64 years without a preceding FOBT) has been used, 

and the results have indicated that besides reducing CRC mortality, it also reduces 

CRC incidence (Atkin et al. 2010). Colonoscopy would be an ideal screening 

method for both early detection and prevention of CRC as it allows the inspection 

of the entire colonic mucosa, but randomized controlled trials of its efficacy with 

CRC incidence or mortality as primary endpoints are lacking. Currently, there are 

three large ongoing randomized trials with colonoscopy as a primary screening tool 

for CRC, and the results are expected within the next few years (Garborg et al. 

2013). 

A computed tomography colonography (CTC) has been recommended as a 

good alternative for endoscopy as second-line step in CRC screening in cases of a 

positive FOBT or FIT result and when colonoscopy is contraindicated or when the 

patient refuses colonoscopy (de Haan et al. 2015). 
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2.3.5 Recommended surveillance interval for colorectal polyps 

In 2012, the United States Multi-Society Task Force on CRC updated the guidelines 

on post-polypectomy surveillance (Lieberman et al. 2012). This was the first set of 

recommendations that also included SPs in addition to CAs (Table 1). The recent 

European recommendations for post-polypectomy colonoscopy surveillance were 

published in 2013 by the European Society of Gastrointestinal Endoscopy (ESGE) 

(Table 2).  

Table 1. The American Gastroenterological Association (AGA) recommendations for 

post-polypectomy surveillance and screening intervals in individuals with baseline 

average risk (i.e., the baseline colonoscopy was complete and adequate and all the 

visible polyps were removed). 

Baseline colonoscopy: most advanced finding(s) Recommended 

surveillance 

interval (years) 

No polyps 10 

Small (<1cm) hyperplastic polyps in rectum or sigmoid colon 10 

1–2 small (<1cm) tubular adenomas 5–10 

3–10 tubular adenomas 3 

>10 tubular adenomas <3 

One or more tubular adenomas ≥1cm  3 

One or more villous adenomas 3 

Adenoma with high-grade dysplasia 3 

Serrated lesions  

Sessile serrated polyp(s) <1 cm with no dysplasia 5 

Sessile serrated polyp(s) ≥1 cm OR Sessile serrated polyp with dysplasia 3 

Traditional serrated adenoma 3 

Serrated polyposis syndrome 1 

Modified from Lieberman et al. 2012. 
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Table 2. The ESGE recommendations for post-polypectomy endoscopic surveillance 

after high-quality baseline colonoscopy with complete removal of all detected 

neoplastic lesions.  

Baseline colonoscopy First surveillance 

colonoscopy (years) 

Following surveillance 

colonoscopies (years) 

Low-risk group 

1–2 tubular adenomas <1 cm with low-grade 

dysplasia 

serrated polyps <10mm and no dysplasia 

10  

High-risk group 

adenoma with villous histology or high-grade 

dysplasia or ≥1 cm in size 

≥3 adenomas 

serrated polyps ≥1 cm or with dysplasia 

3 5 (no high-risk adenomas 

detected at the first 

surveillance colonoscopy) 

or 3 (high-risk adenomas 

detected at first or 

subsequent surveillance 

colonoscopies) 

Other recommendations   

≥10 adenomas  genetic counseling 

Serrated polyposis syndrome  genetic counseling 

Based on Hassan et al. 2013.   

2.4 Molecular basis of colorectal cancer 

Multiple studies have revealed that the molecular pathogenesis and etiology of 

CRC is much more complex than imagined for several decades. The evidence 

accumulating from histopathological and genetic studies has indicated that instead 

of one homogeneous disease locating in the colorectum, CRC is more like a group 

of related carcinomas that differ by several fundamental molecular changes (e.g. 

putative initiative gene mutations and mutations enabling the tumor progression) 

but concurrently share many common characteristics (e.g. histopathological 

features). 

The common characteristics that a normal cell has to adopt in order to develop 

into a malignant cell were reviewed by Hanahan and Weinberg in 2000 (Hanahan 

& Weinberg 2000). In subsequent years, this list of six hallmarks was 

complemented with the findings of new genetic, epigenetic and molecular studies, 

especially on cancer immunology and cell energy metabolism. Thus, the latest 

update of “Hallmarks of Cancer” consists of six hallmark capabilities, along with 

two emerging hallmarks and two characteristics that expedite their acquisition 

(Table 3). 
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Table 3. The hallmarks of cancer. 

The original six hallmarks Emerging hallmarks Enabling characteristics 

Sustaining proliferative signaling Deregulating cellular energetics Genome instability and mutation 

Evading growth suppressors Avoiding immune destruction Tumor-promoting inflammation 

Resisting cell death   

Enabling replicative immortality   

Inducing angiogenesis   

Activating invasion and metastasis   

Adapted from Hanahan & Weinberg 2011. 

2.4.1 Oncogenes and tumor suppressor genes 

Studies in the 1980s and 1990s revealed that important steps in the carcinogenesis 

include the activation of pro-tumorigenic oncogenes and inactivation of anti-

tumorigenic tumor suppressor genes (Kinzler & Vogelstein 1997). 

Proto-oncogenes distributed throughout the human genome control cell 

proliferation, differentiation, apoptosis and growth. They can transform into 

oncogenes — with an ability to promote cancer growth — by point mutations, 

chromosomal translocations, or gene amplifications, and all of these mechanisms 

result in either a change in the structure of their protein product or an increase in 

their expression. The products of oncogenes include transcription factors, 

chromatin remodelers, growth factors, growth factor receptors, signal transducers, 

and apoptosis regulators (Croce 2008, Markowitz 2009).  

In contrast to oncogenes, the tumor suppressor genes inhibit cell growth and 

differentiation and thus suppress the neoplastic progression (Fearon & Vogelstein 

1990). Traditionally, the tumor suppressor genes have been suggested to act 

“recessively” at the cellular level, denoting that both alleles must be inactivated 

before the elimination of growth-suppressive function is lost (Knudson 1971). 

However, subsequent studies have revealed in a proportion of tumor suppressor 

genes in CRC (e.g. tumor protein p53 (TP53) and deleted in colorectal carcinoma 

(DCC)) that inactivation of one gene copy may be sufficient in a dominant negative 

fashion (Fearon & Vogelstein 1990).  

However, most tumor suppressor genes are still considered to follow 

Knudson’s two-hit hypothesis of cancer development, according to which both 

gene copies need to be inactivated for a phenotype (Knudson 1971). In cancers with 

hereditary background, the first hit is an inherited mutation of the tumor suppressor 

gene in a germline cell, whereas the second hit is restricted to the somatic cancer 
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progenitor cell in target tissue. Conversely, in sporadic cancers, two inactivating 

hits (one in each allele) occur somatically before the tumor initiation, and these hits 

can be either genetic (e.g. mutations) or epigenetic (e.g. promoter methylation) 

(Peltomäki 2014).  

The tumor suppressor genes can be classified into three different categories 

based on the function of their gene products (Michor et al. 2004). “Gatekeepers” 

are genes with the ability of directly regulate tumor growth by inhibiting the cellular 

proliferation or promoting death. Each cell type has only a few gatekeeper genes 

(e.g. adenomatosis polyposis coli (APC) and TP53 in CRC) leading to a specific 

tissue distribution of cancer as a result of germline mutations of these genes. The 

“caretakers” (e.g. MLH1 in CRC), in contrast, maintain the genomic instability and 

their inactivation, hence, leads to increased mutation frequency in other genes, 

including the gatekeeper genes, which in turn supports cancer growth (Kinzler & 

Vogelstein 1997, Michor et al. 2004). The third class “landscapers” encode gene 

products that affect the cellular microenvironment. As a result of defects in these 

genes (e.g. phosphatase and tensin homolog (PTEN) in CRC), the normal 

interactions between cell and stromal environment may be disrupted, bringing an 

advantage for the neoplastic transformation of the cells (Michor et al. 2004).  

Table 4 presents oncogenes and tumor suppressor genes commonly associated 

with CRC classified with respect to the constitutive signaling pathways. These 

genes are discussed in more detail in the chapter on the signaling pathways of CRC. 
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Table 4. Oncogenes and tumor-suppressor genes commonly associated with CRC 

presented according to signaling pathways. 

Signaling pathway Type of mutation Estimated frequency of somatic 

alterations 

Wnt signaling   

APC point mutation, allele loss in 

sporadic cancers, germ-line 

mutation in FAP 

85% (nearly all mutations lead to 

truncated proteins) 

CTNNB1 (β-catenin) stabilizing point mutations and in-

frame deletions near N terminus 

<5% 

TCF7L2 frameshift, nonsense 5% (mutations in both MSI-H and 

MSS CRCs) 

FBXW7 nonsense, missense, deletion 20% 

MAPK-ERK signaling   

KRAS point mutations (codons 12, 13, 

59, 61, 117, 146) 

35–40% 

NRAS point mutations (codons 12, 13, 

59, 61, 117, 146) 

<10% 

BRAF point mutations 8–12% (>90% in exon 15, V600E) 

EGFR gene amplification 5–15% 

PI3K signaling   

PIK3CA point mutations 15–25% 

PTEN nonsense, deletion 10–15% 

TGF-β signaling   

TGFBR2 frameshift, nonsense 25–30% (>90% of MSI-H CRCs 

and 15% of MSS CRCs) 

SMAD4 nonsense, missense, allele loss in 

sporadic CRC, germ-line mutation 

in JPS 

10–35% 

SMAD2 nonsense, deletion, allele loss 5–10% 

SMAD3 nonsense, deletion ~5% 

ACVR2A frameshift 10% (>80% of MSI-H CRCs have 

mutations) 

P53 signaling   

TP53 point mutation, allele loss in 

sporadic CRCs, germ-line 

mutation in Li-Fraumeni syndrome 

35–55% 

Abbreviations: JPS: juvenile polyposis syndrome; MAPK-ERK: mitogen-activated protein kinase 

extracellular signal-regulated kinase; MSI-H: high-grade microsatellite instability; MSS: microsatellite 

stable; TGF-β: transforming growth factor beta; PI3K: phosphoinositide-3-kinase; Wnt: wingless 

Modified from Fearon 2011 and Markowitz 2009. 
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2.4.2 Signaling pathways commonly altered in colorectal cancer 

Several genetic changes are required for the development of CRC. While modest 

progression has been achieved in defining specific environmental risk factors 

contributing to the development of CRC, several critical genes and signaling 

pathways important for the initiation and progression of cancer have been 

uncovered in the past few years (Fearon 2011, The Cancer Genome Atlas Network 

2012). The key signaling pathways, according to current understanding, including 

WNT (wingless), MAPK-ERK (mitogen-activated protein kinase extracellular 

signal-regulated kinase), PI3K (phosphatidylinositol 3-kinase), TGF-β 

(transforming growth factor-β), P53, and DNA MMR, are presented subsequently 

(Markowitz 2009, The Cancer Genome Atlas Network 2012). Noteworthy, most 

CRCs show alterations in multiple pathways (The Cancer Genome Atlas Network 

2012). Fig. 5 displays the altered key signaling pathways associated with the 

development of CRC. 
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Fig. 5. The key signaling pathways associated with the development of CRC. Modified 

from Fearon 2011, The Cancer Genome Atlas Network 2012. 1 ErbB group of receptor 

tyrosine kinases upon activation dimerize to initiate a variety of signaling pathways. 2 

TGF-β receptors exist in different isoforms that can be homo- or heterodimeric. 3 The 

receptor-activated SMADs (SMAD2 and SMAD3) bind the common mediator SMAD 

(SMAD4) and the resulting complex relocates into the nucleus to regulate transcription. 

Wnt signaling 

The pathway most commonly (>90%) altered in CRC is the Wnt signaling pathway, 

most frequently by the biallelic inactivation of APC (Markowitz 2009, The Cancer 

Genome Atlas Network 2012). 

The Wnt signaling cascade is normally activated when the Wnt proteins bind 

to their cognate receptor complex of frizzled (Fz) proteins and low-density 

lipoprotein receptor-related proteins (e.g. LRP5 and LRP6) in the plasma 

membrane, consequently activating intracellular signal transduction (Fearon 2011, 

Rao & Kühl 2010). Wnt pathways can be divided into two categories, canonical 
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and noncanonical, of which canonical one involves β-catenin and is often altered 

in CRC (Rao & Kühl 2010).  

APC is a tumor suppressor gene that regulates the phosphorylation of 

oncoprotein β-catenin/T-cell factor (TCF) dependent transcription and the 

degradation of β-catenin in proteasomes by ubiquitin ligases as a part of a protein 

complex modulated by the Wnt signaling pathway (Aoki & Taketo 2007). The most 

common, and firstly described, mutation in CRC inactivates APC, resulting in 

accumulation of β-catenin in the cytoplasm and nucleus, followed by constitutive, 

inappropriate activation of the Wnt signaling pathway and the altered expression 

of multiple genes participating in cell proliferation, differentiation, apoptosis, and 

migration (Aoki & Taketo 2007). 

Furthermore, APC also plays a role in cell cycle control by inhibiting the 

progression of cells from the G0/G1 to the S phase, as well as promotes 

chromosomal stability by stabilizing the microtubules. When mutated, the 

suppressive effect on tumorigenesis is lost and the inactivation of APC can also 

lead to defects in mitotic spindles and aneuploidy as a result of chromosomal mis-

segregation (Aoki & Taketo 2007, Galiatsatos & Foulkes 2006). 

It is estimated that up to 85% of all CRCs carry APC inactivation: in familial 

adenomatous polyposis (FAP), there is a germline mutation of APC, while in most 

sporadic CRCs somatic mutations and deletions that inactivate both alleles of APC 

are present (Fearon 2011, Markowitz 2009). Other common changes in the Wnt 

signaling pathway are the activating mutations of CTNNB1 (catenin (cadherin-

associated protein), beta 1) gene encoding β-catenin, mutations in SOX9 and 

mutations and deletions in FBXW7, TCF7L2, AXIN2, ARID1A, and FAM123B. 

Overall, 16 different altered Wnt pathway genes have been identified, emphasizing 

its biological importance in the development of CRC (The Cancer Genome Atlas 

Network 2012). 

The mitogen-activated protein kinase extracellular signal-regulated kinase 
pathway 

The MAPK cascades are important pathways mediating the cellular response to 

extracellular signals that regulate normal cell growth, differentiation, and survival. 

The ERK pathway is the best known of these pathways (Dhillon et al. 2007) and 

the protein products of the proto-oncogenes KRAS and BRAF are the subsequent 

mediators in the MAPK-ERK pathway (Fearon 2011, The Cancer Genome Atlas 

Network 2012). 
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The proto-oncogene KRAS is a member of the Ras family encoding a group of 

enzymes named GTPases (guanosine triphosphatases), which function downstream 

of several different receptor tyrosine kinase (RTK) growth factor receptors, e.g. the 

EGFR family (Fearon 2011, Wennerberg et al. 2005, Worthley & Leggett 2010). 

The protein product of KRAS is an important mediator in signal transduction 

pathways mediating the extracellular signals into intracellular signal cascades 

including the MAPK-ERK and the PI3K pathways (Fearon 2011, Malumbres & 

Barbacid 2003, The Cancer Genome Atlas Network 2012). 

In approximately 40% of CRCs, KRAS is somatically mutated, and the vast 

majority of these affect exon 2 (codons 12 and 13), followed by exon 4 (codons 

117 and 146) and exon 3 (codons 59 and 61). In addition, the somatic NRAS 

(neuroblastoma RAS viral (v-ras) oncogene homolog) mutation can be found in a 

subset (<10%) of CRCs (Sorich et al. 2014). The activating mutations of RAS 

genes result in a constitutive downstream signaling through the MAPK-ERK 

pathway, and further continuous cell growth (Fearon 2011, Worthley & Leggett 

2010). KRAS mutations are often already detected in early adenomas and even in 

ACFs (Table 5) (Fearon 2011, Rosenberg et al. 2007), as well as other cancers such 

as pancreatic, lung and thyroid cancers (Dhillon et al. 2007). 
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Table 5. The frequency of KRAS and BRAF mutations in colorectal premalignant lesions 

and cancer. 

Lesion KRAS (%) BRAF (%) Reference 

Aberrant crypt foci    

ACF-H 42 3 Rosenberg et al. 2007 

ACF-S  19 63  

ACF-D 17 0   

Serrated polyps    

Goblet-cell rich HP 43–50 20–23 Bettington et al. 2014, 

Carr et al. 2009, Fu et al. 

2012, Jass et al. 2006, 

Kim et al. 2010, O’Brien et 

al. 2006, Spring et al. 

2006, Yang et al. 2004 

Microvesicular HP 11–13 29–76 

SSA 3–7 75–90 

TSA 22–46 29–55 

Conventional adenomas    

TA 1–28 

 

<1 Barry et al. 2006, Kakar et 

al. 2008, Maltzman et al. 

2001, O’Brien et al. 2006, 

Okamoto et al. 2013, 

Spring et al. 2006, 

Yadamsuren et al. 2012 

VA/TVA 9–55 0  

Colorectal cancers    

SAC 43–45 26–33 García-Solano et al. 2012, 

Stefanius et al. 2011 

CC 32–37 <1  

Abbreviations: ACF-D: dysplastic aberrant crypt foci; ACF-H: heteroplastic/hyperplastic type aberrant 

crypt foci; ACF-S: serrated type aberrant crypt foci; CC: conventional colorectal carcinoma; HP: 

hyperplastic polyp; SAC: serrated adenocarcinoma; SSA: sessile serrated adenoma; TA: tubular 

adenoma; TSA: traditional serrated adenoma; TVA: tubulovillous adenoma; VA: villous adenoma 

The BRAF protein, encoded by the proto-oncogene BRAF, belongs to a family of 

serine/threonine kinases (known as RAF kinases family) that were originally 

identified as retroviral oncogenes at the beginning of the 1980s (Rahman et al. 

2013). Three members of this family, ARAF, BRAF and CRAF, have been 

identified so far, of which BRAF is the most potent activator of downstream 

effector of mitogen-activated protein kinases, MEK1 and MEK2 (Fearon 2011, 

Rahman et al. 2013). BRAF is one of the direct downstream effectors of KRAS in 

the MAPK-ERK pathway (Dhillon et al. 2007). Phosphorylated by RAS, BRAF 

activates its downstream effectors MEK1 and MEK2, which subsequently 
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phosphorylate ERK1 and ERK2. Activated ERK1/2 further transmits the signals to 

its downstream cytosolic and nuclear effectors regulating normal cell growth, 

differentiation and survival (Dhillon et al. 2007, Rahman et al. 2013).  

Over 65 BRAF mutations have been discovered, and most of these are found 

in exon 11 and 15 (Rahman et al. 2013). The most frequent mutation type (>90% 

of oncogenic BRAF mutations) is a missense mutation in exon 15 (the valine to 

glutamic acid (Val  Glu) substitution at the residue position 600) known as BRAF 

V600E (formerly 599E) (Davies et al. 2002, Wan et al. 2004). Noteworthy, altered 

BRAF protein alone is sufficient to send signals downward and thus stimulate the 

MAPK-ERK pathway without the input from upstream effectors (e.g. KRAS) or 

extracellular signals, resulting in uncontrolled cell growth and survival. 

Furthermore, although these genes locate one after another in the MAPK-ERK 

pathway, the BRAF and KRAS mutated cancers possess distinct clinicopathological 

characteristics reflecting the numerous downstream effector pathways of KRAS 

(Dhillon et al. 2007). 

The highest frequencies of BRAF mutations have been encountered in 

malignant melanomas (approximately two thirds of these cancers), followed by 

thyroid cancers (36–53%), CRCs (5–22%), and ovarian serous cancers (~30%), 

hepatobiliary carcinomas, gliomas, non-small cell lung carcinomas, and hairy cell 

leukemias (Rahman et al. 2013). Like KRAS mutations, also BRAF mutations are 

thought to occur in the early steps of the CRC tumorigenesis, based on the finding 

that mutations are already detected in small polyps and ACFs (Markowitz 2009) 

(Table 5). Furthermore, the mutation of BRAF is strongly associated with CIMP 

(cytosine-phosphoguanine island methylator phenotype), MSI (microsatellite 

instability), and the serrated pathway of CRC (Fearon 2011, Markowitz 2009, 

Nagasaka et al. 2004, Stefanius et al. 2011, Weisenberger et al. 2006). 

Less commonly altered genes in the MAPK-ERK pathway are the 

erythroblastic leukemia viral oncogene homolog (ERBB) family of receptors, 

including ERBB2 and ERBB3 (also known as HER2 and HER3, respectively) (The 

Cancer Genome Atlas Network 2012). 

Phosphatidylinositol 3- kinase signaling 

Somatic point mutations in PIK3CA (phosphatidylinositol-4,5-biphosphate 3-

kinase, catalytic subunit alpha) lead to the activation of PIK3CA kinase activity, 

which increases the production of PIP3 (phosphatidylinositol-3,4,5-triphosphate) in 

affected cells. As PIP3 is a key second messenger with effects on cell growth and 
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survival among other processes, the activity of this pathway may also contribute to 

the tumorigenesis, as seen in approximately 15–25% of CRCs (Fearon 2011).  

Less common genetic alterations in the PI3K signaling cascade that may 

substitute for PI3KCA mutations include mutually exclusive mutation of PIK3R, 

deletions of PTEN (an inhibitor of PI3K signaling), overexpression of IRS2 (insulin 

receptor substrate 2; an upstream activator of PI3K signaling) and IGF2 (insulin-

like growth factor 2), and AKT (v-akt murine thymoma viral oncogene homolog 1), 

PAK4 (p21-activated protein kinase 4) and MTOR (mechanistic target of rapamycin 

(serine/threonine kinase)), which are downstream mediators of PI3K signaling 

(Markowitz 2009, The Cancer Genome Atlas Network 2012).  

Noteworthy, despite the location of PI3K downstream of KRAS, it is presumed 

that the KRAS protein is not very efficient in activating PI3K signaling, and one-

third of CRCs carry alterations in both RAS and P13K signaling (The Cancer 

Genome Atlas Network 2012). Like KRAS and BRAF mutations, also PIK3CA 

mutations are already detected in early adenomas and ACFs (Fearon 2011). 

Transforming growth factor-β signaling 

The later genetic step thought to be involved in a fraction of CRCs is the 

inactivation of the TGF-β signaling pathway (Lampropoulos et al. 2012, 

Markowitz 2009). TGF-β signaling cascades are normally involved in many 

cellular processes such as cell growth, differentiation, apoptosis, and migration, 

triggered by the binding of the TGF-β superfamily ligands (in carcinogenesis TGF-

β1) to the type II receptor (TGFBR2; transforming growth factor, beta receptor II) 

in the cell membrane. 

The binding to TGFBR2 recruits and phosphorylates a type I receptor 

(TGFBR1) which further phosphorylates receptor-regulated SMADs (mothers 

against decapentaplegic homolog), SMAD2 and SMAD3, and triggers a complex 

formation with SMAD4, which then accumulates in the cell nucleus (where 

SMAD2 and SMAD3 can also enter in a SMAD4-independent fashion). In the cell 

nucleus, SMADs act as transcription factors participating in the regulation of target 

gene expression, engaged in an ambiguous role as both tumor suppressor and 

cancer promoter, inducing among others, p21, a cyclin-dependent kinase inhibitor, 

leading to growth arrest (Lampropoulos et al. 2012). 

In CRC tumorigenesis, TGF-β and its signaling effectors have been reported to 

influence cancer biological behavior (disease progression, the degree of 

differentiation of primary tumor, metastasis, and recurrence), as well as to affect 
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multiple components of the human immune system, thus playing a role in 

carcinogenesis through immune suppression (Lampropoulos et al. 2012). 

The most common mechanism, resulting in the alteration of the TGF-β 

signaling pathway, is the mutation of TGFBR2, detected in about one third of all 

CRCs (Lampropoulos et al. 2012, Markowitz 2009). Recently, also genomic 

alterations in TGFBR1 have been identified, although not to the same extent as 

TGFBR2 (The Cancer Genome Atlas Network 2012). Mutations and deletions that 

inactivate the presumed tumor suppressor genes SMAD4 (~10–15% of CRCs) and 

its partner transcription factors, SMAD2 (~5%) and SMAD3 (~5%), are also 

encountered fairly often (Fearon 2011, The Cancer Genome Atlas Network 2012). 

The frequency of mutations in SMAD4 increases with the tumor progression from 

adenoma to advanced, invasive carcinoma with metastasis, and has also been 

associated with the occurrence of the juvenile polyposis syndrome (JPS) discussed 

later. Contrary to SMAD4, SMAD2 mutation occurs more often in the early stages 

of tumor development and is specifically associated with sporadic cancers 

(Lampropoulos et al. 2012). Other identified genomic alterations leading to the 

deregulation of TGF-β signaling are ACVR2A and ACVR1B (The Cancer Genome 

Atlas Network 2012). 

P53 signaling 

Another key genetic step in CRC tumorigenesis is the inactivation of the P53 

pathway as a result of the mutation of tumor suppressor gene TP53 (Fearon 2011, 

Markowitz 2009). This gene was already discovered in the late 1970s and has been 

reported to be mutated in about half of almost all cancers (Johnson et al. 1993). 

P53, a protein encoded by the TP53 gene, functions as a key transcriptional 

regulator of genes responsible for the encoding of proteins that function in the cell-

cycle checkpoints, restrict angiogenesis, and promote apoptosis, thus maintaining 

the genomic stability. In normal situation, wild-type P53 arrests or slows down the 

cell cycle in G1/S phase and addresses the DNA damage requiring repair to 

caretaker genes when mutations or replication errors occur. Furthermore, when the 

damage is too extensive, P53 may induce apoptosis (Johnson et al. 1993).  

In most of the somatic CRCs, both alleles of TP53 are inactivated by a 

combination of a missense mutation inactivating the transcriptional activity and a 

chromosomal deletion of a 17p eliminating the second TP53 allele; this occurs 

typically in the later phase of the tumorigenesis (often with the transition of large 

adenoma into carcinoma). However, in CRCs with MMR defects, TP53 often 
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remains wild-type (Markowitz 2009). ATM (ataxia telangiectasia mutated) — a 

kinase that phosphorylates and activates P53 after DNA damage — is another 

altered gene in the P53 pathway, which is found mutated in a trend toward mutual 

exclusivity with TP53 in CRC (The Cancer Genome Atlas Network 2012). 

2.4.3 Genomic instability 

The spontaneous mutation rate in somatic cells is not sufficient to account for the 

mutational load observed in many human tumors. The loss of genomic stability 

could explain this discrepancy and the rapid acquisition of new tumor-associated 

mutations needed for cancer development during a patient’s lifetime (Loeb 1991). 

Subsequent studies confirmed the crucial role of genomic instability for 

carcinogenesis, which may be acquired by three pathways: chromosomal instability 

(CIN), MSI, and CIMP (Markowitz 2009, Worthley & Leggett 2010). 

Chromosomal instability 

In CRC, CIN is the most common type of genomic instability (~70–85% of 

sporadic CRCs), which causes changes — either gains or losses — of whole or 

large portions of chromosomes (Bogaert & Prenen 2014, Markowitz 2009). As a 

result of unequal distribution of DNA, the daughter cells fail to gain the same 

number or similarly structured chromosomes in the cell division, leading to 

karyotypic variability from cell to cell. As a consequence of CIN, an imbalance in 

chromosome number (aneuploidy), chromosomal rearrangements, and frequent 

loss of heterozygosity (LOH) — inactivating the functioning allele of a tumor 

suppressor gene — are seen (Bogaert & Prenen 2014, Michor et al. 2004).  

Whole-genome sequencing of CRC samples has revealed that the chromosome 

regions affected by arm-level changes include gains of 1q, 7p and q, 8p and q, 12q, 

13q, 19q, and 20p and q, and losses of 18p and q (including SMAD4 in 66% of the 

tumors), 17p and q (including TP53 in 56% of tumors), 1p, 4q, 5q, 8p, 14q, 15q, 

20p, and 22q (The Cancer Genome Atlas Network 2012). The karyotypic 

abnormalities observed in CIN coupled with the specific mutations of oncogenes 

and tumor suppressor genes (e.g. APC, CTNNB1, KRAS, BRAF, PIK3CA, SMAD4, 

TP53) lead to the activation of the previously presented signaling pathways critical 

for CRC initiation and progression (Bogaert & Prenen 2014).  

The factors underlying CIN in CRC are poorly defined, but recently published 

studies have suggested that defects in genes regulating formation of mitotic spindle 
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and proper alignment and segregation of chromosomes at mitosis may be involved. 

The inactivation of APC may also have some effect in CIN (Fearon 2011, Pino & 

Chung 2010). CRCs characterized by CIN have been reported to have poor 

prognosis regardless of tumor stage or therapy, and more commonly favor the distal 

colon (Kim & Kim 2014). 

Microsatellite instability 

Another important pathway for genomic instability is caused by the dysfunction of 

DNA MMR genes and is known as the MSI pathway (Mäkinen 2007). It was first 

described in Lynch syndrome (LS) patients (formerly known as hereditary non-

polyposis colon cancer; HNPCC), with a germ-line mutation in MMR genes, at the 

beginning of the 1990s (Peltomäki 2005). The mutations in LS are discussed later 

in more detail.  

Microsatellites are repetitive nucleotide sequence motifs 1–6 base pairs in 

length within the genome that are prone to mismatch errors during the DNA 

replication as a result of impaired MMR. If the errors are not corrected, the daughter 

DNA may gain a different number of sequence repeats within a microsatellite in 

each replication cycle, resulting in MSI (Bogaert & Prenen 2014, Markowitz 2009).  

In sporadic CRCs, the inactivation of MMR gene, typically MLH1, mostly 

occurs due to the biallelic silencing of the gene expression, as a result of promoter 

hypermethylation. This phenomenon represents an epigenetic change in tumor 

development and is discussed later in more detail. De novo germline mutations or 

somatic mutations in MMR genes are infrequent in sporadic MSI-H cancers 

(Fearon 2011). Overall, MSI-H can be detected in about 15% of all CRCs, while 

the germ-line mutation, representing the inherited background of CRC in the 

known MMR genes, is encountered in only ~3% of CRC patients (Fearon 2011, 

Markowitz 2009).  

Typically, five DNA MS regions — the “Bethesda panel” of markers (BAT25, 

BAT26, D5S346, D2S123 and D17S250) — are used to assess MSI in a tumor, and 

MSI-H is defined as alterations in at least two out of five markers. In the case of 

one positive marker, the tumor is regarded as low-grade MSI (MSI-L) and those 

with no identifiable defect as microsatellite stable (MSS) (Boland et al. 1998). In 

predicting MSH-H phenotype, mononucleotide markers (BAT25 and BAT26) have 

been reported to have the highest sensitivity and specificity compared with the 

others (Cicek et al. 2011). 
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Since MSI-H is associated with the loss of DNA MMR genes (MLH1, MSH2; 

mutS homolog 2, MSH6; mutS homolog 6 and PMS2; postmeiotic segregation 

increased 2), MMR immunohistochemistry can be utilized as an aid in predicting 

MSI-H (Cicek et al. 2011). MMR immunohistochemistry has been found sensitive 

in the detection of MSI, but is more easily available and more rapidly performed 

(Boland & Goel 2010, Lindor et al. 2002). 

Several clinicopathological features separate sporadic MSI-H CRCs from non-

MSI tumors. In sporadic setting, MSI is often associated with BRAF mutation and 

high-level CIMP (CIMP-H) and accompanied by a histology of serrated pathway 

neoplasms (Mäkinen 2014, Stefanius et al. 2011). These tumors also typically 

locate in the proximal colon and they tend to occur in elderly women (Mäkinen 

2007, Poynter et al. 2008). In both inherited and sporadic background of MSI-H 

CRCs, typical histological features include poor differentiation with mucinous or 

signet ring cell appearance, tumor-infiltrating lymphocytes and peritumoral Crohn-

like infiltrate (Boland & Goel 2010).  

While the MSI-H tumors seem to form a distinct clinicopathological phenotype, 

the concept of MSI-L in CRC is controversial (Pawlik et al. 2004). The biological 

basis of the MSI-L phenotype is uncertain, as no alterations in MMR genes MLH1, 

MSH2, MSH6, or PMS2 have been reliably associated with this phenotype. 

Conversely, the methylation of the DNA repair gene MGMT has been found to be 

the most frequent in a fraction of sporadic CRCs with MSI-L and to be associated 

with the serrated pathway adenomas and SACs. Thus, it has been suggested that an 

increased production of DNA mismatches due to the loss of expression of MGMT 

could stress the DNA MMR system and thus lead to the MSI-L phenotype (Jass 

2007, Mäkinen 2007). 

Epigenetic alterations 

Epigenetic alterations modify the transcriptional potential of a gene without 

changes in the DNA sequence (Bonasio et al. 2010). DNA methylation is the best-

known epigenetic phenomenon and is currently considered the most important in 

CRC pathogenesis (Esteller 2008). In sporadic CRC, both loss of global DNA 

methylation (i.e., hypomethylation) and an increase of methylation in the promoter 

areas of selected CpG islands (i.e., hypermethylation) are present (Fearon 2011, 

Issa 2004). CIMP was introduced as a pathway of CRC tumorigenesis in 1999 

(Toyota et al. 1999). 
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During evolution, most of the CpG dinucleotides (short areas of cytosine 

nucleotide followed by a guanine nucleotide) were lost in the genome. However, 

approximately 50% of all genes still contain these dinucleotides (i.e., CpG islands) 

as dense clusters in their promoter areas (Fearon 2011). The aberrant addition of 

methyl groups (CH3) to CpG sites in the promoter region has been associated with 

inappropriate transcriptional silencing of the genes regulated by these promoters. 

Deregulation of gene expression of certain key tumor suppressor genes has been 

reported to enhance tumorigenesis in several other tumor types besides CRC, such 

as gastric, liver, pancreatic, endometrial, ovarian, breast and lung cancers (Esteller 

2008, Issa 2004).  

In sporadic CRCs, the hypermethylation of tumor suppressor gene MLH1 is 

the major cause of MSI and an important pathway to genomic instability (Leggett 

& Whitehall 2010). Approximately a third of all CRCs and nearly all MSI-H tumors 

harbor CIMP. However, conversely, CIMP is not limited to this tumor type, whereas 

approximately half of all CIMP tumors do not carry MLH1 methylation or MSI 

(Leggett & Whitehall 2010). CIMP can already be detected in SPs, especially in 

proximal SSAs (Leggett & Whitehall 2010).  

CRCs characterized by CIMP have been reported to differ by 

clinicopathological characteristics (i.e., by age, sex and location predilection, 

histology and prognosis) from non-CIMP tumors (e.g. CRCs deriving by traditional 

adenoma-carcinoma pathway). Typically, they tend to be proximal tumors in older 

individuals that show mucinous histology, thus sharing many features with MSI 

tumors (Leggett & Whitehall 2010). Furthermore, CIMP tumors have been 

associated with poor prognosis compared with non-CIMP tumors, especially when 

MSS (Barault et al. 2008, Dahlin et al. 2010, Issa 2004) and they have been 

reported to have an independent predictive effect on response to chemotherapy 

treatment (i.e., 5-fluorouracil (5-FU)) (Iacopetta et al. 2008, Jover et al. 2011, 

Rijnsoever et al. 2003). 

To date, the gold standard with respect to gene panels used to detect CIMP, the 

thresholds of the markers or standardized techniques used for the detection of the 

altered DNA methylation have not been contiguously defined (Hughes et al. 2012). 

Toyota’s pioneering work to identify CIMP in CRCs introduced ten markers 

(MLH1, MINT1, MINT2, MINT12, MINT17, MINT25, MINT27 MINT31, p16, 

and THBS1) to be used in the detection of CIMP (Toyota et al. 1999). A few years 

later, Park et al. presented the so-called ‘classic panel’ including MINT1, MINT2, 

MINT31, p16 and MLH1, which has been widely used since then (Park et al. 2003). 

In 2006, Weisenberger et al. studied 195 CpG island methylation markers by real-
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time PCR based analysis and then used an unsupervised hierarchical clustering 

analysis, resulting in the introduction of another widely accepted panel of five 

markers consisting of CACNA1G, IGF2, NEUROG1, RUNX3 and SOCS1 

(Weisenberger et al. 2006). Later, Ogino et al. proposed an alternative panel 

(consisting of Weisenberger panel + CDKN2A (p16), CRABP1 and MLH1) of 

which at least four markers (RUNX3, CACNA1G, IGF2, MLH1), when methylated, 

should serve as a sensitive and specific marker panel for detecting CIMP-H in 

CRCs (Ogino et al. 2007). However, to date, in addition to lack of set criteria for 

defining an ideal panel of CIMP markers, the thresholds of the methylated genes as 

well as the CIMP categories (e.g. CIMP-H vs. low-level CIMP (CIMP-L)) are also 

debated (Hughes et al. 2012). 

In the future, genome-scale DNA methylation profiling and hierarchical 

clustering analysis may shed light on the hypermethylation profile of distinct DNA 

methylation subgroups in CRCs and thus eventually lead to the selection of a small, 

universally endorsed gene marker panel to be used in CIMP detection (Gonzalo et 

al. 2014, Hinoue et al. 2012, Karpinski et al. 2013). 

2.5 Pathways to colorectal cancer 

Molecular and morphological developmental pathways have been described to 

understand the heterogeneity and complexity of CRC development from normal 

colonic epithelium to adenoma, and further, to adenocarcinoma. Three main 

pathways based on the developmental events during their progression can be 

recognized: 1. Inherited, 2. Sporadic, and 3. IBD-associated pathways, which are 

discussed below in more detail (Beaugerie & Itzkowitz 2015, Fearon 2011). 

2.5.1 Inherited pathways 

Inherited CRC pathways consist of rare conditions known to predispose to 

development of cancer. Currently, the inherited cancer syndrome can be pointed 

out in approximately 5% of the CRC cases, whereas it has been estimated that 

inherited susceptibility might underlie up to 30% of all CRCs (Tops et al. 2009). 

Early-onset diagnosis and multiple affected relatives (either with CRC or with 

adenomas particularly under 50 years of age) are closely related to the increased 

risk of CRC. Furthermore, it seems that the familial risk of CRC is greater if 

relatives have colon rather than rectal cancers, supporting the suggestion of a 



60 

slightly different etiological basis behind these two diseases (Johns & Houlston 

2001).  

The most common CRC syndrome, LS, is responsible for 1–3% of all CRC 

cases (Lynch & de la Chapelle 2003). Another well-described inherited syndrome, 

FAP, accounts approximately 1% of all CRCs, followed by recently defined 

MUTYH or MYH (mutY homolog) gene associated polyposis (MAP) (~1%), 

serrated polyposis syndrome (SPS), hereditary mixed polyposis syndrome (HMPS), 

and rare hamartomatous polyposis syndrome (Tops et al. 2009, van Herwaarden et 

al. 2015). 

Lynch syndrome 

LS is an autosomal dominant predisposition where a germline mutation in genes 

responsible for DNA MMR causes CRCs in one generation after another at an early 

age (by the age of 45 years on average) (Lynch et al. 2009). The excess of 

synchronous (several CRCs at or within 6 months after surgical resection for CRC), 

metachronous (new CRC more than 6 months after surgery) (Lynch & de la 

Chapelle 1999) and extracolonic cancers (i.e., endometrial, ovarian, small bowel, 

gastric, pancreas, biliary tract, uroephitelial tract, kidney, breast and central-

nervous-system tumors) have been reported in LS patients (Aarnio et al. 1999, 

Lotsari 2012, Watson & Lynch 1994). Currently, the stringent Amsterdam criteria 

and the less stringent Bethesda criteria (Table 6) are used to identify LS families 

clinically, and the term “Lynch syndrome” has been restricted to families with an 

identified pathogenic germline mutation in one of the MMR genes as a difference 

to the formerly used HNPCC (Peltomäki 2014). 
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Table 6. The Classic HNPCC criteria (Amsterdam I) established in 1991, the revised 

HNPCC criteria (Amsterdam II) introduced in 1999 and less stringent Bethesda 

guidelines for testing CRC for MSI. 

Criteria 

Classic HNPCC criteria (Amsterdam I) 

At least three relatives with CRC and all the following criteria present: 

One should be a first-degree relative1 of the other two 

At least two successive generations should be affected 

At least one CRC should be diagnosed before age 50 

Familial adenomatous polyposis should be excluded 

Tumors should be verified by pathological examination 

Revised HNPCC criteria (Amsterdam II) 

At least three relatives with an HNPCC-associated cancer (CRC, cancer of endometrium, small 

bowel, ureter, or renal pelvis) 

Additional criteria same as in Amsterdam I; FAP should be excluded in the CRC case(s) if any 

Bethesda guidelines 

CRC diagnosed in a patient who is less than 50 years 

Presence of synchronous, metachronous colorectal, or other HNPCC-associated tumors2 regardless 

of age 

CRC with the MSI-H histology diagnosed in a patient who is less than 60 years 

CRC diagnosed in one or more first-degree relatives with an HNPCC-related tumor, with one of the 

cancers being diagnosed before age 50 years 

CRC diagnosed in two or more first- or second-degree3 relatives with HNPCC-related tumors, 

regardless of age 

1First-degree relative denotes parents, offspring, and siblings 
2HNPCC-associated tumors in Bethesda guidelines include colorectal, endometrial, stomach, ovarian, 

pancreas, ureter and renal pelvis, biliary tract, and brain tumors (usually glioblastoma), sebaceous gland 

adenomas and keratoacanthomas, and carcinoma of the small bowel  
3Second-degree relative denotes grandparents, grandchildren, uncle, aunt, nephew, niece, half-siblings 

Adapted from Umar et al. 2004 and Vasen et al. 1999. 

At the beginning of the 1990, the LS cancer susceptibility locus was identified, first 

on chromosome 2p (Aaltonen et al. 1993, Peltomäki et al. 1993) and soon after this, 

on choromosome 3p (Lindblom et al. 1993), followed by the discovery of the first 

two LS-associated genes MSH2 and MLH1 (Bronner et al. 1994, Fishel et al. 1993, 

Leach et al. 1993, Papadopoulos et al. 1994). 

The defect in one of the nine human MMR genes (of which currently four, 

MLH1, MSH2, MSH6, and PMS2, are unequivocally linked to the predisposition to 

LS) leads to numerous DNA replication errors as a result of impaired repairing of 

mismatched base pairs arising in DNA replication (P Peltomäki 2014). Both gene 
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copies need to be inactivated and in LS-associated cancer, these changes are 

typically genetic — the first as a result of germline mutation in MMR genes and 

the other due to the loss of wild-type allele expression (Peltomäki 2014). 

Familial adenomatous polyposis 

FAP, caused by an inherited mutation of APC, is an autosomal dominant condition 

characterized by the development of hundreds to thousands of adenomas within an 

affected patient’s colorectum and, when left untreated, nearly 100% progression to 

CRC by the age of 35–40 years (Galiatsatos & Foulkes 2006, Lynch & de la 

Chapelle 2003). Approximately, a quarter of FAP cases represent new germline 

mutations (Galiatsatos & Foulkes 2006). In addition to colonic adenomas, also 

upper gastrointestinal polyps (gastric and duodenal adenomas), as well as 

extracolonic manifestations (e.g. congenital hypertrophy of the retinal pigment 

epithelium) and other malignancies (e.g. desmoid tumors, duodenal, adrenal, 

pancreatic, biliary tract, gastric and thyroid cancers, and hepatoblastomas) have 

been associated with this disease (Galiatsatos & Foulkes 2006).  

The specific types and locations of the germline mutation in APC have been 

observed to influence the aggressivity of the disease and the nature of extracolonic 

manifestations (Galiatsatos & Foulkes 2006). “Attenuated FAP (AFAP)” is 

characterized by fewer adenomas (<100) than FAP, later onset of adenocarcinoma 

(typically with a mean age of 50–55), and more proximal colonic location of 

adenomas (Galiatsatos & Foulkes 2006). Typically, the colonic adenomas are flat 

rather than polypoid, and except for upper gastrointestinal manifestations, such as 

fundic gland polyps and duodenal adenomas, other extracolonic manifestations are 

absent (Galiatsatos & Foulkes 2006, Lynch et al. 1995). Like classical FAP, also 

AFAP has an autosomal dominant inheritance pattern, but the germline mutation of 

the extreme proximal or distal portions of the APC allows the molecular 

differentiation of FAP from AFAP (Galiatsatos & Foulkes 2006).  

MUTYH-associated polyposis 

MAP is a recently identified autosomal recessive disease as a result of biallelic 

inherited mutations in the MUTYH gene. Classically, the clinical manifestations 

include an increased number (from tens to hundreds) of colorectal adenomas and 

CRC by the age of 50 to 60 years (Sampson & Jones 2009, Tops et al. 2009). In 

addition, extracolonic manifestations such as duodenal adenomas and cancers and 
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gastric polyps, as well as in rare cases, extraintestinal manifestation (e.g. sebaceous 

gland tumors, epitheliomas and carcinomas) have been reported (Sampson & Jones 

2009). MAP is estimated to represent 1% of all CRCs and approximately one-third 

of patients with phenotypically AFAP have been reported to carry the MUTYH 

mutation (Sampson & Jones 2009). Thus, genetic testing for MUTYH is 

recommended in the case of 10–100 adenomas, recessive inheritance pattern and 

possible, with FAP-related extracolonic manifestations (Tops et al. 2009). 

Noteworthy, a third or even more of the patients may present with CRC in the 

absence of multiple adenomas (Sampson & Jones 2009, Tops et al. 2009).  

MUTYH encodes a base-excision repair protein, which changes the 8-

oxoguanine product (i.e., oxidized guanine; 8-oxo-G) of oxidative damage to 

guanine in DNA. MUTYH mutations, causing this mechanism to fail, may result in 

a mispair of 8-oxo-G with adenine in DNA replication. This, in turn, often leads to 

mutation in APC, which has a high number of prone GAA sites, and it has been 

reported that KRAS mutation in MAP patients’ adenomas also often result from the 

same mechanism (Boparai et al. 2008, Sampson & Jones 2009). 

Many different mutations distributed throughout MUTYH (missense changes, 

nonsense mutations, small insertions or deletions, splice site changes and in-frame 

insertions and deletions) have been reported in a variety of biallelic combinations. 

In North Western European and North American populations, approximately 70% 

of all reported mutant alleles are found at two sites: Y179C and G396D, with mild 

phenotypic changes in disease outcomes (Nielsen et al. 2009, Sampson & Jones 

2009).  

Serrated polyposis and Jass sydrome 

In the mid-1990s, the description of families from New Zealand with several CRCs 

associated with multiple SPs in the large bowel pointed toward an unknown 

familial syndrome (Jass et al. 1997, Jeevaratnam et al. 1996). This was the first 

description of the heritability of serrated neoplasia, known today as Jass syndrome, 

with characteristic manifestation of a mixture of multiple SPs and CAs in the 

colorectum (Boparai et al. 2010, Roberts et al. 2011). Positive family history of 

CRC (first-degree relative) has been reported in up to 59% of the SPS cases, and 

infrequently, both autosomal dominant and recessive inheritance patterns have 

been described (Buchanan et al. 2010, Chow et al. 2006, Lage et al. 2004, Rashid 

et al. 2000). 



64 

The WHO criteria for the classification of SPS are 1) at least five SPs proximal 

to the sigmoid colon with two or more of these having a diameter >10mm, 2) any 

number of SPs proximal to the sigmoid colon in an individual who has a first-

degree relative with SPS, or 3) >20 SPs of any size distributed throughout the colon. 

The representation of different sized SPs in different colon locations has given 

grounds for the suggestion of division of SPS into two clinical variants: those 

manifesting with fewer large proximal polyps (typically SSAs) (type I) and those 

with multiple smaller polyps (usually <5mm HPs) distributed throughout the colon 

(type II). While the CRC risk is substantial in type I, the risk is only modestly if at 

all increased in type II SPS (Snover et al. 2010).  

In addition to SPs, CAs are presented frequently (63–80%) in SPS patients, 

especially in type II SPS (Carvajal-Carmona et al. 2007, Chow et al. 2006, Rosty 

et al. 2012). Clinically, no gender predilection has been unambiguously reported, 

whereas the patients are typically middle-aged at the time of CRC diagnosis 

(Guarinos et al. 2012, Rosty et al. 2012). An increased number of polyps 

(Buchanan et al. 2010), larger size (Lage et al. 2004) and the presence of dysplasia 

in the SPs (Leggett et al. 2001), as well as the presence of CAs (Buchanan et al. 

2010) have been reported to increase the risk of CRC in SPS. 

CRCs associated with SPS have been reported to commonly harbor somatic 

BRAF V600E mutation and MMR deficiency due to the methylation of the 

promoter area in MLH1. Moreover, positive CIMP-status is also linked to CRCs 

arising in patients with SPS. A linkage to chromosome region 2q32.2-q33.3 was 

recently associated with the disease (Drini et al. 2011, Roberts et al. 2011). While 

a proportion (~18%) of the MAP patients meet the criteria of SPS (Boparai et al. 

2008), it has been suggested that a proportion of SPS arise from a MUTYH-

associated genetic basis. However, despite diligent research aiming to find germline 

mutations underlying most of the SPS cases and the development of CRC in these, 

no single genetic abnormality determining the onset of this syndrome has been 

found (Clendenning et al. 2013, Drini et al. 2011). 

Hereditary mixed polyposis syndrome 

HMPS is an autosomal dominant condition caused by a 40-kb upstream duplication 

that leads to increased and ectopic expression of the bone morphogenetic protein 

antagonist GREM1 (gremlin 1) (Jaeger et al. 2012). This leads to the disruption of 

homeostatic intestinal morphogen gradients (Davis et al. 2015), and these patients 
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frequently harbor polyps with mixed adenomatous, serrated and dilated cyst 

morphology (Davis et al. 2015).  

Inherited hamartomatous polyposis syndromes 

In addition to the colorectal polyposis syndromes presented above, also a smaller 

group of inherited, rare polyposes with an increased risk of CRC (accounting for 

<1% of all CRCs) are known (Schreibman et al. 2005). The common features of 

these syndromes are the hamartomatous polyps — lesions characterized by 

overgrowth of the cells native to the area where they normally occur — and the 

autosomal dominant inheritance. The two most common hamartomatous polyposes 

are JPS and Peutz-Jeghers syndrome, followed by other major hamartomatous 

polyposes with colonic manifestations: Cowden’s syndrome and Bannyan-Riley-

Ruvalcaba syndrome. The genes causing these syndromes have been identified and 

genetic testing is thus available. However, it is noteworthy that a significant number 

of spontaneous de novo gene mutations occur in each of the syndromes, leaving the 

diagnosis primarily a clinical process (Schreibman et al. 2005).  

2.5.2 Sporadic pathways 

The vast majority of CRCs arise in patients without a family history of CRC and 

these cancers are termed “sporadic”. As a difference from inherited cancers, a 

germline mutation as an initiating event is absent and the development of CRC is 

presumed to occur as a result of somatic changes, which are per se more susceptible 

for environmental factors (Markowitz 2009).  

Earlier, the vast majority of CRCs were presumed to develop through a 

relatively linear sequence of steps known as the Vogelstein adenoma-carcinoma 

sequence: the suppressor pathway characterized by CIN and initiated with a 

mutation of the APC tumor suppressor gene (Fearon & Vogelstein 1990, Muto et 

al. 1975). Later, the discovery of the SPs and the subsequent studies confirming 

their status as the precursor lesions of a subset of CRCs led to the introduction of a 

distinct, alternative developmental pathway currently known as the serrated 

pathway (Jass et al. 2002). Based on molecular studies, it is estimated that 

approximately 60% of the CRCs develop along the conventional pathway, which 

still serves a relevant model for the most common form of sporadic CRC (Jass 

2007), whereas up to 30–35% of all CRCs arise along the serrated pathway 

(Mäkinen 2014, Snover 2011). 
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To date, it is known that multiple genetic changes are required for tumor 

initiation and progression. The mutational frequency of each CRC is up to 80 

mutated genes per CRC, based on the genome-wide sequencing analyses, but a 

limited number (<15) of these mutations are thought to be the true “drivers” of 

cancer development (Pino & Chung 2010). Although the order in which the 

mutations occur is variable, certain mutations tend to occur in certain phases of 

malignant tumor development (Fearon 2011) (Fig. 6). 
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Fig. 6. The relative timing of genetic mutations and chromosome deletions with respect 

to the developmental phases of normal mucosa to invasive cancer according to the 

classical adenoma-carcinoma sequence (a), the serrated pathway (b), and the IBD-

associated pathway (c). Abbreviations: ACF: aberrant crypt foci; ACF-H: 

heteroplastic/hyperplastic type ACF; ACF-S: serrated type ACF; APC: adenomatosis 

polyposis coli; BRAF: B-raf proto-oncogene, serine/threonine kinase; CC: conventional 

colorectal carcinoma; CpG-island: cytosine-phosphoguanine-island; CRC: colorectal 

cancer; CIN: chromosomal instability; KRAS: Kirsten rat sarcoma viral oncogene 

homolog; MGMT: O-6-methylguanine-DNA methyltransferase; MSI: microsatellite 

instability; SAC: serrated adenocarcinoma; SSA: sessile serrated adenoma; SSA-D: 

sessile serrated adenoma with cytological dysplasia; TGFRβII: transforming growth 

factor, beta receptor II; TP53: tumor protein 53; TSA: traditional serrated adenoma.  
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The classical adenoma-carcinoma sequence 

The inactivation of the APC occurs in up to 85% of sporadic CRCs and represents 

an early and critical, possibly rate-limiting, event in the tumorigenesis of most MSS 

CRCs, found already in microscopic adenomas (Fearon 2011, Markowitz 2009, 

Powell et al. 1992). 

While the inactivating mutation of APC is presumed to be the initiating step of 

the tumorigenesis, subsequent genetic changes such as mutations of KRAS and 

TP53 and LOH at chromosome 18q are required for the progression to larger 

adenomas and early carcinomas (Fearon & Vogelstein 1990, Pino & Chung 2010). 

The oncogenic mutation of KRAS mostly occurs in early adenomas (Fearon & 

Vogelstein 1990) and contributes to the transduction of signaling pathways such as 

MAPK-ERK and PI3K, as previously presented. 

The third key genetic step is the loss of chromosome 18q, which has been 

detected in up to 70% of sporadic CRCs (Pino & Chung 2010). Tumor suppressor 

genes SMAD2 and SMAD4 locate in this chromosome region and are thus mutated 

in a proportion of CRCs with 18qLOH, contributing to the activation of the TGF-β 

signaling pathway (Fearon & Vogelstein 1990). 

The final step in the conventional adenoma-carcinoma sequence is the 

inactivation of the P53 pathway as a result of the mutation in tumor suppressor gene 

TP53 (Fearon & Vogelstein 1990, Pino & Chung 2010). Approximately 70% of 

CRCs display 17pLOH, while the remaining TP53 allele carries a somatic mutation 

(Fearon 2011) (Fig. 6). 

The serrated pathway 

Approximately a third of the CRCs are considered to arise from the SPs via the 

serrated neoplasia pathway, with characteristic features including the activation of 

the MAPK-ERK signaling pathway as a result of activating mutation of BRAF or 

KRAS, the presence of CIMP, and the silencing of the DNA MMR genes by DNA 

hypermethylation resulting in MSI (Mäkinen 2014). 

The mutations of BRAF or KRAS — considered mutually exclusive — are the 

earliest events of the serrated route (Bettington et al. 2013, Mäkinen 2014). The 

mutual exclusivity supports the idea of the two individually branched serrated 

pathways of CRC. While the pathway involving BRAF is well characterized, the 

role of KRAS in serrated neoplasia is more controversial (Bettington et al. 2013, 

Mäkinen 2014). 
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Also DNA hypermethylation occurs early (i.e., in ACF and even in the normal 

proximal colon mucosa in patients with SPS) but is generally more frequent in 

proximal polyps than in distal ones. The consequences of the hypermethylation are 

conformable with the target genes involved (e.g. the promoter methylation of 

MLH1 and MGMT leading to MSI-H and MSI-L, respectively) (Mäkinen 2007, 

2014) (Fig. 6). 

Several other genetic changes, such as loss of p16 due to the promoter 

methylation of CDKN2A (Dong et al. 2005, Kriegl et al. 2011), TP53 mutation 

(Bond et al. 2012, Gaiser et al. 2013), APC mutation (Jass et al. 2006), somatic 

mutations of mitochondrial DNA in TSAs (Shimomura et al. 2011) as well as 

PTPRK-RSPO3 fusions and RNF43 mutations (Sekine et al. 2016) and allelic 

imbalance of 18q (Yashiro et al. 2005) have been observed in the serrated pathway 

lesions, although as yet without adequately characterized significance. Furthermore, 

gene expression profile studies have revealed several differently expressed genes 

between SACs and CCs, but many of these have not yet been studied on protein 

level (Conesa-Zamora et al. 2013, Laiho et al. 2007). 

The inflammatory bowel disease associated pathway 

Recently, reported risks of CRC in patients with the diagnosis of chronic IBD have 

been lower as compared with the studies before 2000, possibly due to the improved 

treatment options and better control of colonic inflammation (Jess et al. 2012, 

Lutgens et al. 2013). A recent meta-analysis indicated 1.7 (95% confidence interval: 

1.2–2.2) pooled standardized incidence ratio of CRC in IBD patients in population-

based studies, and in high-risk groups, 6.4 (95% confidence interval: 2.4–17.5) and 

7.2 (95% confidence interval: 2.9–17.8) standardized incidence ratios in patients 

with extensive colitis and an IBD diagnosis before age 30, respectively (Lutgens et 

al. 2013). 

The risk is considered to be dependent on the extent, duration and severity of 

the inflammation (Beaugerie & Itzkowitz 2015) as cumulative risk of CRC was 

reported at 1%, 2%, and 5% after 10, 20, and >20 years of disease duration, 

respectively (Lutgens et al. 2013). Furthermore, patients with primary sclerosing 

cholangitis associated with IBD are at higher risk, whereas patients with IBD 

without colonic inflammation and CU patients with rectum-limited colitis may not 

have an increased risk of CRC (Beaugerie & Itzkowitz 2015). 

Many molecular features commonly associated with the sporadic CRC 

pathway (i.e., both the classical and serrated pathway) are also observed in IBD-
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associated cancer, but the timing and frequency of alterations differ to some degree. 

Oxidative stress-induced DNA damage as a result of chronic inflammation is 

thought to be behind the activation of certain oncogenes and silencing of tumor-

suppressor pathways leading to the initiation and progression of cancer. The “field 

change” of cancer-associated molecular changes in the IBD patient’s chronically 

inflamed colonic mucosa has been reported to occur already before any histological 

onset of dysplasia. Furthermore, studies on genetically engineered mouse-models 

have indicated that an altered microbiota in the inflamed colon may contribute to 

the development of IBD-associated CRC (Beaugerie & Itzkowitz 2015) (Fig. 6). 

2.6 Serrated colorectal cancer 

SAC is a distinct variant of CRC, arising from the serrated precursor lesions via the 

previously described serrated pathway and representing approximately 30–35% of 

CRCs (Bettington et al. 2013, Mäkinen 2014). The clinicopathological features 

commonly associated with SAC include female gender (Lash et al. 2010) and 

proximal tumor location (García-Solano et al. 2010, Tuppurainen et al. 2005).  

The median age at the time of diagnosis of SAC does not differ notably from 

that of CCs (García-Solano et al. 2010, Mäkinen et al. 2001), but a rapid tumor 

progression along the serrated pathway is supported by several case reports of 

serrated precursor lesions developing into a carcinoma (Mäkinen et al. 2002, Oono 

et al. 2009, Takeyoshi et al. 2002), as well as the studies reporting early SACs 

arising from small SSAs (Fujita et al. 2011, Goldstein 2006, Sheridan et al. 2006). 

2.6.1 The molecular classification of serrated colorectal cancer 

In 2007, Jass proposed a 5-tiered classification of CRC to clarify the origin and 

clinicopathological features of CRCs with different molecular backgrounds (Jass 

2007). The classification is still widely used, providing a helpful tool for 

researchers to compare the different subtypes of CRC (Table 7). 
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Table 7. Molecular features and putative pre-cursors of CRC. 

Group Molecular changes Putative precursor Estimated 

frequency 

1 BRAF mutation, CIMP-H, methylation of MLH1, 

MSI-H, chromosomally stable 

SSA 12% 

2 BRAF mutation, CIMP-H, partial methylation of 

MLH1, MSI-L or MSS, chromosomally stable 

SSA 8% 

3 KRAS mutation, CIMP-L, MGMT methylation, 

chromosomal instability, MSI-L or MSS 

TSA, TVA? 20% 

4 APC mutation, CIMP-negative, chromosomal 

instability, mainly MSS 

conventional adenomas 57% 

5 germline mutation of MMR gene, CIMP-negative, 

chromosomally stable, MSI-H 

conventional adenomas 3% 

Abbreviations: CIMP: cytosine-phosphoguanine island methylator phenotype; CIMP-H: high-level CIMP; 

CIMP-L: low-level CIMP; MMR: mismatch repair; MSI: microsatellite instability; MSS: microsatellite 

stable; SSA: sessile serrated adenoma; TA: tubular adenoma; TSA: traditional serrated adenoma; TVA: 

tubulovillous adenoma; VA: villous adenoma 

Modified from Jass 2007. 

The serrated pathway carcinomas belong to three broad molecular profiles: 1. 

BRAF mutant/CIMP-H/MSI-H, 2. BRAF mutant/CIMP-H/MSI-L or MSS, and 3. 

KRAS mutant/CIMP-L/MSI-L or MSS. The first two groups are the most strongly 

associated with the serrated pathway and thus represent cancers most likely arising 

from SSAs. They also generally show CIMP-H regardless of the CIMP panel used. 

The last group of the serrated pathway CRCs are thought to develop from TSAs or 

even CAs and thus conversely to be less strongly associated with the serrated 

pathway (Bettington et al. 2013, Jass 2007). Furthermore, two more subgroups: 4. 

CIN/CIMP-neg./MSS (or MSI-L) and 5. LS/CIMP-neg./MSI-H represent CRCs 

arising from CAs, and complete the classification (Jass 2007).  

Although the preceding subtypes roughly divide CRCs morphologically into 

SACs and CCs, the recognition of each subtype is often impossible based on the 

morphological features alone and thus, the molecular basis is principal for the 

classification (Jass 2007). The advantage of the classification is the understanding 

of the heterogeneity of the molecular background of CRCs and the possibility to 

consider each molecular type of cancer as an individual disease, harboring its own 

clinical, histological, and prognostic features. 
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2.6.2 Histology 

It has been estimated that approximately only a third of CRCs molecularly 

developing via the serrated pathway represent typical SACs by histology, while the 

rest are difficult or impossible to distinguish histologically from the other CRCs 

(Mäkinen 2014). 

The detection of the adjacent SP next to the carcinoma or the recognition of the 

defined histological criteria of SAC established by the WHO classification 

comprise currently the gold standard for the diagnosis of SAC (Hamilton et al. 2010, 

Mäkinen et al. 2001, Tuppurainen et al. 2005). Table 8 and Fig. 7 present the 

characteristic histological features for SAC. 

Table 8. Histologic features of serrated adenocarcinoma. 

Histologic characteristics 

Epithelial serrations 

Clear or eosinophilic cytoplasm 

Low nuclear-to-cytoplasmic ratio 

Abundant cytoplasm 

Vesicular nuclei with chromatin condensation at the nuclear envelope 

Discernible nuclei 

Absence of necrosis 

Abundant mucin production 

Cell balls and papillary rods 

Adapted from (Mäkinen 2007). 

Fig. 7. The histological appearance of SAC (a) with a close-up view of the same case (b). 
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2.6.3 Prognosis in serrated colorectal adenocarcinoma 

The prognosis has been reported to vary in terms of molecular alterations since the 

MSI-H adenocarcinomas, which are commonly associated with serrated histology, 

typically have better prognosis, whereas SACs otherwise often have poorer 

prognosis compared with stage-matched CCs (García-Solano et al. 2010, 

Guastadisegni et al. 2010). 

According to Jass’ classification, the first subgroup (BRAF mutant/CIMP-

H/MSI-H) of SACs presents typically with high tumor stage but without nodal or 

distant metastases. Although resistant to most non-surgical treatments (e.g. 5-FU 

and EGFR inhibitors), these tumors have a favorable prognosis compared with 

stage-matched controls (Bettington et al. 2013). 

The second subtype of SACs (BRAF mutant/CIMP-H/MSI-L or MSS) have 

been associated with poor prognosis (Pai et al. 2012, Popovici et al. 2012, 

Samowitz et al. 2005). 

The third subgroup (KRAS mutant/CIMP-L/MSI-L or MSS) may constitute 

CRCs arising from both serrated (generally TSAs) and conventional precursor 

lesions and thus, forms the most controversial molecular subtype. Due to a lack of 

defined histological criteria as well as a specific marker panel for the detection of 

CIMP-L, there is only limited clinicopathological data pertaining to CRCs arising 

from this molecular background (Bettington et al. 2013). 

2.7 Prognostic and predictive markers for colorectal cancer 

Currently, the TNM staging forms the gold standard of the prognostic classification 

of CRC (Hamilton et al. 2010). However, the variability in tumor behavior within 

the same tumor stage has revealed a need for new, more precise prognostic markers 

for the evaluation of tumor behavior (Puppa et al. 2010). Some histopathological 

parameters, such as resection margins, tumor grade and lymphovascular invasion, 

as well as some clinical parameters (e.g. obstruction and perforation at presentation 

and pre-operative carcinoembryonic antigen levels; CEA) help to define prognosis 

further, but do not — with the exception of separating patients into groups with 

distinct outcomes — offer much information about how individual patients respond 

to therapy (Walther et al. 2009). Thus, despite the improvements achieved in 

treatment of CRC, there is a lack of knowledge in terms of which patients would 

benefit from a specific therapy (Walther et al. 2009). In recent years, plenty of 

histological and molecular markers have been explored with the aim of 
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characterizing prognostic and predictive markers of CRC (Walther et al. 2009). 

Some important concepts regarding prognostic studies are summarized in Table 9. 

Table 9. Important concepts regarding prognostic studies. 

Concept Definition Reference 

Prognostic marker Provides information about patients’ 

overall cancer outcome regardless of 

therapy 

Oldenhuis et al. 2008 

Predictive marker Provides information about the effect 

(sensitivity or resistance) of a specific 

therapeutic intervention 

Oldenhuis et al. 2008 

Survival time measures   

Overall survival, OS Denotes time from diagnosis to death 

irrespective of cause 

Punt et al. 2007 

Cancer-specific survival, CSS (i.e. 

cause-specific survival) 

Denotes time from diagnosis to death 

caused by the same cancer 

Punt et al. 2007 

Disease-free survival, DFS Denotes the time period after treatment 

with curative intention when no disease 

can be detected 

Abrams 2005, 

Birgisson et al. 2011, 

Punt et al. 2007 

Progression-free survival, PFS Denotes the time from the beginning of 

chemotherapy to first appearance of 

progression or death by any cause 

Loupakis et al. 2009 

Concepts of survival analysis   

Kaplan-Meier analysis A univariate non-parametric statistical 

method used to compare the survival 

between two or more groups and to 

create graphs of the survival 

George et al. 2014 

Cox regression analysis A multivariate survival model used to test 

multiple covariates at once (cox model 

assumes that the predictors have a 

multiplicative effect on the hazard and 

that this effect is constant over time) 

George et al. 2014 

Hazard ratio (HR) A concept that compares the 

instantaneous relative risk of an event per 

unit time over the period of observation: 

the Cox model is done using HR 

Szczech et al. 2002 

Odds ratio (OR) A concept that compares the odds that a 

patient has been exposed to the risk 

factor given that he has a disease to the 

odds that a patient has been exposed to 

a risk factor given that he does not have 

the disease 

Szczech et al. 2002 
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2.7.1 Clinical and histopathological markers 

TNM stage 

The TNM classification, in which T denotes the depth of primary tumor invasion, 

N the presence and number of regional lymph node metastasis, and M the presence 

of distant metastasis, is currently the main prognostic and predictive factor for CRC 

(Hamilton et al. 2010, Sobin et al. 2009). TNM classification is based on Dukes’ 

classification, originally described only for rectal cancers (Dukes 1932), and its 

later modifications, which were formerly widely used in clinical work (Walther et 

al. 2009). However, the continually growing knowledge of CRC put pressure on 

the up-to-date classifications and thus, as revisited every few years, the TNM 

system allows the incorporation of new evidence (Quirke et al. 2007). Table 10 and 

Table 11 show the previous TNM classification (6th edition) used in the studies 

included in this thesis and the current TNM classification (7th edition) with the 

corresponding stage classification. 
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Table 10. TNM classification, 6th and 7th edition. 

Classification 6th edition 7th edition 

Primary tumor (T)   

TX Primary tumor cannot be assessed Primary tumor cannot be assessed 

T0  No evidence of primary tumor No evidence of primary tumor 

T1 Tumor invades submucosa Tumor invades submucosa 

T2 Tumor invades muscularis propria Tumor invades muscularis propria 

T3 Tumor invades through the muscularis 

propria into subserosa or into non-

peritonealized 

Tumor invades through the muscularis 

propria into pericolorectal tissues 

T4 Tumor directly invades other organs or 

structures and/or perforates visceral 

peritoneum 

Tumor directly invades other organs or 

structures and/or perforates visceral 

peritoneum 

T4a - Tumor penetrates to the surface of the 

visceral peritoneum 

T4b - Tumor directly invades or is adherent to 

other organs or structures 

Lymph nodes (N)   

NX Regional lymph nodes cannot be 

assessed 

Regional lymph nodes cannot be assessed 

N0 No regional lymph node metastasis No regional lymph node metastasis 

N1 Metastasis in 1–3 regional lymph nodes Metastasis in 1–3 regional lymph nodes 

N1a - Metastasis in one regional lymph node 

N1b - Metastasis in 2–3 regional lymph nodes 

N1c - Tumor deposit(s) in the subserosa, 

mesentery, or nonperitonealized pericolic or 

perirectal tissues without regional nodal 

metastasis 

N2 Metastasis in 4 or more regional lymph 

nodes 

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  

Distant 

metastasis(M) 

  

MX Distant metastasis cannot be assessed Distant metastasis cannot be assessed 

M0 No distant metastasis No distant metastasis 

M1 Distant metastasis Distant metastasis 

M1a - Metastasis confined to one organ or site 

(e.g. liver, lung, ovary, nonregional node) 

M1b - Metastases in more than one organ or site 

or the peritoneum 

Adapted from Sobin et al. 2009. 
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Table 11. Stage classification. 

Stage TNM, 6th TNM, 7th  

I T1–2N0M0 T1–2N0M0 

II T3–4N0M0 T3–4N0M0 

IIA T3N0M0 T3N0M0 

IIB T4N0M0 T4aN0M0 

IIC - T4bN0M0 

III T1–4N1–2M0 T1–4N1–2M0 

IIIA T1–2N1M0 T1–2N1M0 or T1N2aM0 

IIIB T3–4N1M0 T3–4aN1M0 or T2–3N2aM0 or T1–2N2bM0  

IIIC T1–4N2M0 T4aN2aM0 or T3–4aN2bM0 or T4bN1–2M0  

IV Any T, any N, M1 Any T, any N, M1  

IVA - Any T, any N, M1a  

IVB - Any T, any N, M1b  

Adapted from Sobin et al. 2009. 

Grade of differentiation 

Despite the strong prognostic value of TNM staging, in some cases (e.g. stage I 

CRC) it only reflects the anatomic extent of the cancer without any correlations 

with patient survival (Barresi et al. 2015). During the follow-up, a proportion of 

surgically treated stage I CRC patients show progressive disease with regional or 

distant metastases leading to unexpectedly unfavorable outcome. Hence, additional 

prognostic markers are warranted to indicate who are at an increased risk of cancer 

progression and who may benefit from adjuvant therapy (Barresi et al. 2012).  

The WHO classification categorizes colorectal adenocarcinomas into well, 

moderately, and poorly differentiated adenocarcinomas, and undifferentiated 

carcinomas according to the percentage of glandular formation (Table 12) 

(Hamilton et al. 2010). 

Table 12. Criteria for histological grading of colorectal adenocarcinomas. 

Criterion Differentiation category Numerical grade1 Descriptive 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 

    

No gland formation Undifferentiated 4 High 

Adapted from Hamilton et al. 2010. 
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This sort of histological grading system has been indicated as an important 

prognostic factor for CRC independent of TNM stage (Chapuis et al. 1985, 

Freedman et al. 1984, Halvorsen & Seim 1988, Newland et al. 1994). Due to the 

similar behavior of well and moderately differentiated cancers and significant inter-

observer variability within the groups, the latest version of the WHO classification 

recommends a two-tiered categorization (G1 and G2 implicated as “low-grade” and 

G3 considered as “high-grade”) (Barresi et al. 2015, Hamilton et al. 2010). 

However, despite this modification, several limitations still remain. The utility of 

grading into specific histological subtypes of CRC, such as signet ring cell, 

mucinous, medullary, and micropapillary carcinomas, is questionable and thus 

these cancers are not generally graded (Hamilton et al. 2010). Furthermore, it has 

been indicated that the prognostic value of tumor grade is strongly dependent on 

MSI since high-grade CRCs are associated with poor prognosis only if they are 

MSS and in case of MSI-H, they behave as low-grade tumors (Kim et al. 2015, 

Rosty et al. 2014). Considering the above-mentioned limitations, incorporation of 

some modifications and additional factors into the WHO classification have 

recently been proposed, but these require further validation (Rosty et al. 2014, 

Ueno et al. 2014). 

Resection margins 

As a difference from the colon, the rectum is circumferentially enclosed by the 

mesorectum — a peritoneal investment consisting of lymphovascular, fatty and 

neural tissue, which connects the upper part of the rectum to the sacrum 

(Wasserberg & Gutman 2008). The existence of this structure allows the tumor to 

spread easily to the surrounding tissue, which denotes high rates of both distant and 

local recurrences and thus, sets special requirements for the treatment of rectal 

cancer (Daniels et al. 2007, Wasserberg & Gutman 2008).  

In recent years, the circumferential resection margin (CRM), also termed the 

radial resection margin, has gained increasing attention as one of the most 

significant determinants of local recurrence, and hence, survival after rectal surgery 

(Quirke et al. 1986, Wibe et al. 2002). CRM is a specific measure that corresponds 

to the non-peritonealized surface of the resection specimen: the posterior CRM runs 

up triangularly towards the sigmoid mesocolon while the anterior CRM is located 

in the most distal aspect of the specimen (Wasserberg & Gutman 2008, Wibe et al. 

2002). 
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Positive CRM (marked as R1 if microscopic and R2 if macroscopic residual 

disease is observed) is defined as continuous or discontinuous tumor spread, or the 

presence of a positive lymph node within 1 mm of the radial soft tissue edge. The 

micro- and macroscopically clear tumor margins are marked as R0 resection 

(Compton et al. 2000, Nagtegaal et al. 2002).  

The positive CRM predicted by preoperative magnetic resonance imaging 

(MRI) can affect the technique used in surgery and the incorporation of neoadjuvant 

treatment (Wasserberg & Gutman 2008). Complete removal of the tumor with 

disease-free resection margins including local vascular and lymphatic vessels has 

led to a reduction of local recurrences and enhanced disease-specific survival 

(Wasserberg & Gutman 2008).  

Obstruction and perforation 

Bowel obstruction and perforation are associated with poor prognosis in CRC 

(Chapuis et al. 1985, Steinberg et al. 1986), and thus, postoperative 

chemoradiotherapy (CRT) is recommended also for early stage CRC patients with 

perforation in the tumor area if preoperative (C)RT has not been given (Schmoll et 

al. 2012). 

Blood and lymphatic vessel invasion 

The presence of cancer cells in regional lymph nodes is considered the most 

significant indicator of overall survival (Sézeur et al. 2007). The dissemination of 

invasive cells into the vital organs such as lung and liver occurs when tumor cells 

invade either the blood or lymphatic vessels to access the general circulation and 

are thus transported to other tissues (Stacker et al. 2002). 

Both lymphatic vessel invasion and blood vessel invasion have been reported 

to associate with poor survival in CRC (Van Wyk et al. 2014). However, the 

methods for their detection have varied considerably between studies (Van Wyk et 

al. 2014). As the accurate detection of blood and lymph vessels can be difficult 

when utilizing conventional hematoxylin and eosin (H&E) stained sections, the use 

of ancillary techniques (e.g. elastica stains as a marker of elastic fibers in the 

adventitia of the veins) and immunohistochemistry (e.g. podoplanin as lymphatic 

endothelial marker) are recommended (Van Wyk et al. 2014). 
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Tumor border configuration 

Two different major growth patterns at the advancing tumor border can be separated: 

expanding and infiltrating. While the expanding tumor border is characterized by 

well circumscribed, pushing margins, the infiltrative growth pattern is defined as 

diffuse, irregular clusters or small glands or cords of cells infiltrating into 

surrounding tissue (Jass et al. 1996) (Fig. 8). In approximately a quarter of CRCs, 

the tumor border is infiltrative, and it has been associated with poor prognosis 

regardless of tumor stage (Morikawa et al. 2012, Zlobec et al. 2009). SACs have 

been reported to display infiltrative growth pattern more often than CCs and to have 

a worse 5-year survival compared with CCs, independent of stage (García-Solano 

et al. 2011). 

 

Fig. 8. Tumor border configuration. Pushing tumor border is characterized by well 

circumscribed, pushing margins (a) and infiltrative tumor border with diffuse, irregular 

clusters or small glands or cords of cells infiltrating to the surroundings (b). 

Tumor budding, detected with a high magnification, is another histological 

parameter of invasive margin, which has been shown to have a stage-independent 

effect on poor survival in CRC (Hörkkö et al. 2006, Ueno et al. 2002, Zlobec et al. 

2011). “The budding foci” are defined as an isolated, single cancer cell or a cluster 

of fewer than five cancer cells (Ueno et al. 2002). Higher incidence of high-grade 

tumor budding (> 10 budding foci in a × 20 magnification field (Shinto et al. 2005)) 

has been reported in SACs compared with CCs (García-Solano et al. 2011). 
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Tumor necrosis  

Tumor necrosis is a common feature of solid tumors, thought to reflect intratumoral 

hypoxia resulting from rapid increase of tumor cells outstripping the vascular 

supply of oxygen (Swinson et al. 2002). High proliferation rate has been associated 

with extensive tumor necrosis in some tumor types, such as nodular melanoma and 

renal cell carcinoma, and this is thought to support this hypothesis (Bachmann et 

al. 2008, Pichler et al. 2012), while conflicting results also exist (e.g. in esophageal 

carcinoma and renal cell carcinoma) (Dutta et al. 2012, Minervini et al. 2008). In 

CRC, the association between cancer cell proliferation and tumor necrosis is 

unclear. 

However, in CRC abundant tumor necrosis has been associated with worse 

survival in a few studies (Gao et al. 2005, Mulcahy et al. 1997, Pollheimer et al. 

2010, Richards et al. 2012) (Fig. 9, Table 13). In SACs, compared with CCs, tumor 

necrosis has been reported to be less common (García-Solano et al. 2010, 

Tuppurainen et al. 2005). 

 

Fig. 9. Tumor necrosis in colorectal cancer. An example of colorectal cancer with 

abundant (a) and scarce (b) tumor necrosis. 
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Table 13. Tumor necrosis and its association with CRC prognosis. 

N Stage Median 

follow-up 

time 

Cut-off 

point 

Measured 

parameters 

Univariate 

survival 

analysis 

Multivariate survival 

analysis 

Reference 

300 I–IV not 

disclosed 

10% CSS Abundant tumor 

necrosis 

associated with 

poor survival 

(p=0.02) 

Not conducted Gao et al. 

2005 

117 II 8.2 yr 

(range 

5.6–11.2 

yr) 

not 

disclosed 

CSS Extensive tumor 

necrosis 

associated with 

decreased CSS 

(p=0.015) 

Tumor necrosis had 

prognostic value 

independent of 

perineural invasion 

CSS: HR 1.99 (95% CI 

1.15–3.43; p=0.014) 

Mulcahy et 

al. 1997 

350 I–IV 45 mo 

(mean 

56) 

30% DFS, PFS, 

CSS 

Extensive tumor 

necrosis 

associated with 

decreased PFS 

(p<0.001) and 

CSS (p<0.001) 

Extensive vs. 

absent/focal/moderate 

tumor necrosis 

PFS: HR 1.54 (95% CI 

1.02–2.33; p=0.040) 

CSS: RR 1.61 (95% CI 

1.04–2.49; p=0.033) 

Pollheimer et 

al. 2010 

343 I–III 96 mo 

(range 

45–167 

mo) 

30% CSS Extensive tumor 

necrosis 

associated with 

decreased CSS 

(p<0.001) 

Extensive vs. 

absent/focal/moderate 

tumor necrosis  

HR 1.35 (95% CI 

1.04–1.77; p=0.027)  

Richards et 

al. 2012 

Abbreviations: CSS: cancer-specific survival; DFS: disease-free survival; HR: hazard ratio; mo: months; 

PFS: progression-free survival; yr: years 

Angiogenesis and neovascularization 

Angiogenesis, the formation of new blood vessels from pre-existing vessels 

(Furuya et al. 2005), is a crucial requirement for tumor growth, enabling the cancer 

cells capable of rapid proliferation to quickly expand their population (Folkman 

1990). The standard method for evaluating the tumor vasculature has been the 

assessment of microvascular density (MVD) utilizing different endothelial cell 

markers (Nico et al. 2008). Neovascularization, the formation of new, functional 

microvascular networks (Furuya et al. 2005), contributes to the invasion and 

metastasis formation (Folkman 1990), and high MVD has been reported to 
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correlate with aggressiveness and poor outcomes in many solid cancers, including 

CRC (Des Guetz et al. 2006, Moreira et al. 2011, Rajaganeshan et al. 2007). 

Whether tumor necrosis in CRC associates with low tumor MVD, possibly 

reflecting the insufficient vascular supply of the tumor, is undetermined. 

Inflammatory markers 

During recent years, it has become apparent that the outcomes of CRC are not only 

dependent on the tumor characteristics but also on the interactions between host 

and tumor (Roxburgh & McMillan 2012).  

Several studies have indicated that increased density of immune cells in CRC 

surgical samples is associated with better clinical outcome regardless of stage 

(Roxburgh & McMillan 2012). The inflammatory infiltrate can be evaluated 

utilizing H&E stained sections and two- to four-tiered classifications of the 

intensity of the infiltrate. Utilizing H&E sections, e.g. dense peritumoral 

inflammatory reaction (Klintrup et al. 2005, Richards et al. 2012) and Crohn’s-like 

lymphoid reaction (Väyrynen et al. 2014) have been associated with better survival 

in CRCs regardless of stage.  

Furthermore, specific inflammatory cells, determined by 

immunohistochemistry, have been reported to have prognostic value in CRC. 

Especially, convincing evidence link tumor-infiltrating T lymphocytes with 

improved survival. In addition, the prognostic and predictive value of the 

Immunoscore, consisting of intra- and peritumoral CD3+ and CD8+ T cells, is 

currently under evaluation in large international studies (Galon et al. 2014).  

2.7.2 Blood based markers 

Several blood-based markers have been established as poor prognostic factors in 

advanced CRC. These are CEA level > 50µg/L, alkaline phosphatase ≥300U/L, 

platelet count ≥400×109/L, Hb <11g/dL, white blood cell count ≥10×109/L, high 

lactate dehydrogenase and low serum albumin. Of these markers, CEA level is also 

used in the follow-up during the postoperative adjuvant treatment with reported 

sensitivity ranging from 41% to 97% and specificity from 52% to 100% (Schmoll 

et al. 2012, Nicholson et al. 2015). 
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2.7.3 Genetic markers 

Several protein and genetic markers have been studied in an attempt to clarify the 

prognostic behavior of CRC and to predict who would benefit from systemic 

treatment (Walther et al. 2009). In addition to most studied markers of CRC 

prognosis and response to therapy — somatic mutations in KRAS, APC, and TP53 

— also the prognostic and predictive value of CIN and MSI as well as LOH in 

chromosome 18q and EGFR polymorphisms has been evaluated in numerous 

studies (Walther et al. 2009). However, apart from the KRAS mutation known to 

predict the clinical resistance to EGFR-specific antibody therapy (Benvenuti et al. 

2007, Lièvre et al. 2010), other markers have not yet established their status in 

clinical decision-making (Walther et al. 2009). 

KRAS, NRAS, and BRAF mutation 

The prognostic value of oncogenic KRAS mutation has been controversial as some 

studies have reported an association with worse prognosis whereas others have not 

been able to establish the finding (Ren et al. 2012). Instead, a recent meta-analysis 

including 26 studies reported that BRAF V600E mutation increased the risk of 

mortality over twofold in CRC patients (HR for OS 2.24; 95% confidence interval 

1.82–2.83) (Safaee Ardekani et al. 2012). Furthermore, BRAF V600E mutation has 

been reported to associate with distinct clinicopathological characteristics (such as 

poor differentiation and locally advanced (T4) tumors) related to unfavorable 

outcomes (Clancy et al. 2013). Only recently, patients bearing rare BRAF mutations 

in codons 594 and 596 (occurring <1 % of CRCs) were reported to have 

significantly longer OS as compared to BRAF V600E mutation (median OS: 62.0 

vs. 12.6 mo; HR 0.36 (95% confidence interval 0.20–0.64, p=0.002)) (Cremolini et 

al. 2015). 

KRAS and NRAS mutations have predictive value in CRC, since it has been 

shown that patients with KRAS- or NRAS-mutated CRCs do not benefit from 

treatment with EGFR-specific monoclonal antibodies (MoAbs) cetuximab and 

panitumumab (Lièvre et al. 2010). In addition to the commonly described 

mutations in codons 12 and 13 of KRAS, also less frequently encountered mutations 

located in codons 61 and 146 (presented in 8% and 1% of the tumors, respectively) 

were shown to correlate with the lack of response to anti-EGFR therapy and with 

unfavorable prognosis (shorter PFS and OS) (Loupakis et al. 2009). Moreover, as 

BRAF is onwards to RAS in the MAPK-ERK pathway, BRAF V600E mutation has 



85 

recently been associated with the lack of response to anti-EGFR treatment, 

providing a promising additional marker for resistance to this therapy (Di 

Nicolantonio et al. 2008, Loupakis et al. 2009).  

TP53 

Both the prognostic and predictive significance of TP53 in CRC has been studied. 

As the methods used to assess the mutation of TP53 as well as the study designs in 

terms of patient selection and reported clinicopathological data have varied 

markedly between studies, no clear deductions about the prognostic or predictive 

value of TP53 mutation have been conclusively defined (Walther et al. 2009). 

Loss of heterozygocity in choromosome 18q 

Similarly to TP53 mentioned above, firm conclusions about the prognostic 

significance of 18q LOH have been difficult to draw. A meta-analysis comprising 

17 studies and 2,198 cases of stage II and III CRCs suggested significantly worse 

overall survival in patients with 18q LOH, but notable evidence of heterogeneity 

of the results and publication bias was observed (Popat & Houlston 2005). 

Subsequent large-scale studies have reported a lack of association with 18q LOH 

and patient survival (Bertagnolli et al. 2011, Popat et al. 2007). Furthermore, results 

from studies investigating the genes located in 18q, such as DCC and SMAD4, have 

been controversial, thus failing to clearly link any gene on 18q to prognosis 

(Walther et al. 2009). As 18q LOH seems likely to be a marker of CIN (Ogino et 

al. 2007), which itself is a prognostic marker for poor survival (Walther et al. 2008), 

the independent value of 18q LOH remains debatable.  

Chromosomal instability and microsatellite instability 

In a large meta-analysis including 63 studies and 10,126 CRC patients by Walther 

et al., CIN was associated with worse prognosis in CRC (HR for stage II and III 

CRCs 1.45; 95% confidence interval 1.27–1.65, p<0.001). No evidence of 

statistical heterogeneity or publication bias was detected (Walther et al. 2008).  

A meta-analysis comprising 31 studies and 12,782 CRC patients reported that 

MSI-H in CRC associates with a better prognosis with no evidence of heterogeneity 

(OR for OS 0.6; 95% confidence interval 0.53–0.69, p<0.0001). Moreover, a 

significantly improved prognosis was found for MSS CRC patients treated with 5-



86 

FU based chemotherapy as compared with patients without the treatment (OR 0.52; 

95% confidence interval 0.4–0.6), but no firm conclusions could be drawn in terms 

of MSI-H CRCs (Guastadisegni et al. 2010). 

2.8 Colorectal cancer care 

In early-stage CRCs (stage I), the 5-year survival rates are approximately 90% 

whereas in patients with distant metastases (stage IV), the survival decreases to 10% 

(O’Connell et al. 2004). Moreover, the risk of recurrence increases with the stage 

at the time of diagnosis (Sobin et al. 2009). 

During the past few years, growing knowledge of CRC genetics has revealed 

the specific molecular alterations responsible for the pathogenesis of CRC, with 

potential applications in clinical care (Kim & Kim 2014). Surgical treatment still 

forms the primary modality of treatment, and in most circumstances, it is performed 

with curative intent (Nelson et al. 2001). However, approximately 30% of the 

patients undergoing a potentially curable surgical resection develop recurrence and 

most of them within five years of operation (Tjandra & Chan 2007). Adjuvant 

chemotherapy is offered to patients with stage III and high-risk stage II CRC, which 

has been reported to lead to a decrease of recurrence and improved prognosis 

(Schmoll et al. 2012). However, the major concern, as discussed above in the 

chapter of prognostic and predictive markers, is to identify the patients who truly 

benefit from adjuvant therapies. 

2.8.1 Surgical treatment 

The vast majority of CRCs (about 90% of colon cancer patients and over 80% of 

rectal cancer patients) are treated surgically (Nelson et al. 2001). The extent of the 

disease guides the surgical treatment of choice in rectal and colon cancer surgery. 

In rectal cancers, local excision can be considered only in very early stages of 

cancers (cT1N0M0), and in that case, transanal endoscopic microsurgery (TEM) is 

the standard procedure (Van De Velde et al. 2014). If the pathology report shows a 

more extensive tumor or other high-risk prognostic factors (e.g. no clear margins 

or blood or lymphatic vessel invasion) after local excision, total mesorectal 

excision (TME; complete resection of rectum and its surrounding mesorectum as 

an intact package enveloped within the visceral pelvic fascia) is recommended. 

TME alone in localized cancers and combined with preoperative therapy 

(preoperative radiotherapy (RT) or CRT), form the current standard for rectal 
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cancer treatment (Courtney et al. 2014) and is associated with a reduction of local 

recurrences and improved patients’ survival (Enker 1997, Wasserberg & Gutman 

2008). In low rectal tumors, the complete removal of the mesorectum is indicated, 

whereas in case of tumors located in the upper or middle rectum, a partial 

mesorectal excision (PME) might be feasible (Van De Velde et al. 2014). 

In early colon cancer stages (cTisN0M0 and partly T1N0M0), local excision 

by advanced endoscopic techniques such as endoscopic mucosal resection (EMR), 

endoscopic submucosal dissection (ESD) or endoscopic ablation (EMA) can be 

considered as alternatives to colectomy. After polypectomy in these early cancers, 

surgical resection is not necessary in cases with a clear resection margin (R0), high 

differentiation (grade 1 or 2) and no lymphovascular invasion (Van De Velde et al. 

2014). More advanced colon cancers are recommended to be treated with a colonic 

resection (surgical removal of the tumor en bloc), and the vascular supply to the 

tumor with the accompanying lymphatic drainage should be the basis of the extent 

of tumor resection (Van De Velde et al. 2014). 

2.8.2 Neoadjuvant treatment for rectal cancer 

The aims of the preoperative treatment in rectal cancer are the downsizing and 

downstaging of the tumor (Van De Velde et al. 2014), with the further aims of 

reducing the risk of local recurrence, improving resectability to enable R0-resection, 

the possibility to avoid stoma and preservation of sphincter function in low located 

rectal tumors (Schmoll et al. 2012). RT can be given as a short-course RT followed 

by immediate surgery or long-course RT combined with chemotherapy (either 

infused 5-FU or oral fluoropyrimidines as standard agents) followed by surgery 

after a break of 4–8 weeks (Schmoll et al. 2012, Van De Velde et al. 2014). Short-

course RT and CRT are usually equivalent in rectal cancers where downsizing is 

not essential and where mesorectal fascia involvement is not observed (Schmoll et 

al. 2012).  

A recent meta-analysis consisting of 16 studies and 3,363 patients reported that 

up to 20% of patients receiving neoadjuvant CRT for rectal cancer achieved a 

complete pathological response (denoting the absence of carcinoma cells in the 

surgical resection specimen: pathological stage after CRT T0N0M0) with low local 

recurrence rates (mean 0.7%) and excellent 5-year OS (mean 90.2%) and DFS 

(mean 87.0%) comparable with those after R0 resection for stage I rectal cancer 

(Martin et al. 2012). 
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2.8.3 Adjuvant treatment 

Adjuvant chemotherapy after surgical resection has been reported to reduce the risk 

of cancer death by 3–5% in stage II cancers while using a single-agent 5-FU and 

by approximately 15–20% in stage III cancers with 5-FU and oxaliplatin 

combination therapy (Schmoll et al. 2012).  

In stage III colon cancer, adjuvant chemotherapy with a combination of 5-FU 

and oxaliplatin is recommended for all patients otherwise eligible for the treatment 

(Van De Velde et al. 2014), whereas the absolute benefit of adjuvant chemotherapy 

is not as obvious in stage II colon cancers, and thus, is not recommended to be 

routinely offered for all patients (Gray et al. 2007, O’Connor et al. 2011). In the 

case of stage II cancer with many risk factors (e.g. elevated preoperative CEA level, 

bowel obstruction or perforation, advanced tumor stage (pT4), peritumoral 

lymphatic or venous invasion) and especially if less than ten to twelve lymph nodes 

are found in the surgical specimen, adjuvant chemotherapy, either with a single-

agent 5-FU therapy or a combination of 5-FU and oxaliplatin can be considered 

(Schmoll et al. 2012, Van De Velde et al. 2014). 

In rectal cancer, postoperative CRT and adjuvant chemotherapy are 

recommended for patients who had an indication for CRT but did not received 

preoperative treatment and those with many risk factors (i.e., CRM involvement, 

perforation in the tumor area or ≥pT3b and/or N+) (Schmoll et al. 2012). Otherwise, 

in contrast to colon cancer, the value of adjuvant chemotherapy in rectal cancer is 

not as unambiguous due less conflicting results from randomized trials. However, 

for stage III and high-risk stage II rectal cancer, if adjuvant chemotherapy is given, 

5-FU with or without oxaliplatin is the current standard (Schmoll et al. 2012, Van 

De Velde et al. 2014). 

Adjuvant chemotherapy typically lasts 6 months. A recent meta-analysis 

(comprising studies of both colon and rectal cancers) reported this time to be 

sufficient, since shorter (3-6 month) versus longer (9-12 month) course of 

chemotherapy was not associated with worse relapse-free survival (RR 0.96, 95% 

confidence interval 0.90–1.02) or OS (RR 0.96, 95% confidence interval 0.91–1.02) 

(Des Guetz et al. 2010). 

2.8.4 Treatment of metastatic disease 

At the time of diagnosis, approximately 15–25% of the CRC patients have 

metastases outside the bowel, most typically in the liver, and another 35–45% of 
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patients will later develop metastases (Poston et al. 2005). While most of the 

patients (approximately 80%) with metastatic disease are unresectable, 

approximately 2–5% of all CRC patients have one or a few coincident metastases 

in one organ, staged as having oligometastatic disease potentially treatable in a 

curative fashion (Van De Velde et al. 2014). In a recent meta-analysis, the median 

5-year survival was 38% and 10-year survival 26% after resection of liver 

metastases (Kanas et al. 2012). The development of more effective 

chemotherapeutic agents capable of inducing substantial tumor shrinkage have 

enabled a significant proportion of patients who were initially thought to be 

unresectable for cure to undergo metastectomy (Kanas et al. 2012). 

The criteria for the resectability of metastases depend on technical aspects, and 

in the absence of standardized criteria, “the possibility to achieve R0-resection” is 

the basis of the treatment strategy for synchronous oligometastatic disease, either 

initially or after the induction treatment for systemic disease and primary tumor. 

For initially R0 resectable metastatic disease, perioperative chemotherapy (3 

months of pre- and postoperative chemotherapy) or alternatively, postoperative 

adjuvant chemotherapy given for 6 months after resection of primary tumor and 

metastases can be considered (Schmoll et al. 2012). For potentially resectable 

metastatic disease, the most active induction treatment should be chosen (if the 

metastases remain unresectable after 3–4(–6) months with the first chosen regimen, 

the chemotherapy should be escalated or changed) and if the metastases become 

resectable after that, surgery for primary tumors and metastases should be 

performed, followed by postoperative continuation with the same regimen for a 

total of 6 months (including the treatment given preoperatively) (Schmoll et al. 

2012, Van De Velde et al. 2014). The treatment options for patients with never 

resectable (and not becoming resectable) metastatic disease with cancer-related 

symptoms are palliative, including palliative surgery, stenting, laser ablation or 

(C)RT (Schmoll et al. 2012). 

2.8.5 New therapeutic agents in metastatic colorectal cancers: 

monoclonal antibodies against VEGF and EGFR 

The OS of metastatic CRC has improved markedly due to the advances achieved 

in CRC treatment. Although the standard CRC care in terms of chemotherapy is 

still based on 5-FU (Schmoll et al. 2012), the introduction of new biological agents, 

such as bevacizumab targeting the vascular endothelial growth factor A (VEGF-A), 

and cetuximab and panitumumab targeting EGFR have brought targeted therapies 
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into treatment of CRC (Peeters & Price 2012). While bevacizumab has been 

indicated for metastatic CRC treatment in combination with 5-FU, cetuximab and 

panitumumab are restricted as monotherapy in patients with wt KRAS (Peeters & 

Price 2012). Considering the multiple downstream proteins of the MAPK-ERK and 

P13K pathways that EGFR activates, it is however not surprising that the response 

is also negatively affected by NRAS, BRAF and P13KCA mutations (Kim & Kim 

2014). 

2.8.6 Follow-up 

The aims of clinical follow-up after CRC treatment are to improve patients’ 

survival, manage late post-treatment complications and document the quality of 

therapy outcomes (Van De Velde et al. 2014). The intensity of follow-up should 

depend on the stage of the cancer, the type of treatment, and the amenability for 

resection of recurrent disease. (Schmoll et al. 2012). The risk of developing a 

subsequent CRC within two years after the resection of the first one has been shown 

to be significant, which has led to the suggestion that surveillance colonoscopy with 

the removal of metachronous polyps should be considered within two years after 

the CRC surgery (Couch et al. 2013). 
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3 Aims of the study 

I  To test the sensitivity and specificity of the VE1 immunohistochemistry in 

recognition of the BRAF V600E mutated SACs. 

II  To characterize the specificity of ANXA10 for the serrated pathway of CRC 

and to investigate its expression in relation to clinicopathological 

characteristics. 

III  To systematically investigate the presence of ECF in colorectal polyps. 

IV  To clarify the determinants and the prognostic value of tumor necrosis in CRC. 
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4 Materials and methods 

4.1 Colorectal cancer cohorts (I–IV) 

Two independent cohorts of CRC patients were used in the studies (Table 14).  

Table 14. Two colorectal cancer cohorts utilized in studies I–IV. 

Variable Cohort 1 (n=147) Cohort 2 (n=418) 

Age, mean (SD) 66.9 (11.2) 67.7 (12.4) 

Gender, n (%)   

Male 79 (53.7) 200 (47.8) 

Female 68 (46.3) 218 (52.2) 

Preoperative radiotherapy or 

chemoradiotherapy, n (%) 

  

No 116 (78.9) 418 (100.0) 

Yes 31 (21.1) 0 (0.0) 

Tumor location, n (%)   

Proximal colon 49 (33.3) 130 (31.1) 

Distal colon 27 (18.4) 116 (27.8) 

Rectum 71 (48.3) 172 (41.1) 

WHO grade, n (%)   

G1 (well) 20 (13.6) 101 (24.4) 

G2 (moderately) 108 (73.5) 246 (58.9) 

G3 (poorly) 19 (12.9) 71 (17.0) 

TNM Stage, n (%)   

Stage I 26 (17.8) 90 (21.5) 

Stage II 55 (37.7) 180 (43.1) 

Stage III 46 (31.5) 98 (23.4) 

Stage IV 19 (13.0) 50 (12.0) 

MMR screening status, n (%)   

MMR deficient 11 (7.5) 36 (9.0) 

MMR proficient 136 (92.5) 362 (91.0) 

Serrated histology, n (%)   

No 114 (77.6) 372 (89.0) 

Yes 33 (22.4) 46 (11.0) 

Infiltrative growth pattern, n (%)   

No 105 (71.4) 341 (81.6) 

Yes 42 (28.6) 77 (18.4) 

Abbreviations: IQR: interquartile range; MMR: mismatch repair; SD: standard deviation; TNM: tumor-

node-metastasis; WHO: World Health Organization 
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Between 2006 and 2010, 344 CRC patients were surgically treated in Oulu 

University Hospital. Of these, 148 (43.0%) were both eligible for the study and had 

signed an informed consent, constituting Cohort 1. Patients with an earlier 

diagnosis of a malignant disease were excluded. Clinical records and a 

questionnaire were used to collect clinical data (age, gender, height, weight, 

medication, previous illness, treatments, and recurrences). 

In addition to Cohort 1 as a study cohort, study IV included a validation cohort 

consisting of 418 CRC patients operated in Oulu University Hospital between 1986 

and 1996 (Cohort 2). A consecutive series of tumor samples from 466 CRC patients 

operated in Oulu University Hospital between those years were collected from the 

archives of the Department of Pathology, Oulu University Hospital, and regraded 

by TNM6 classification (Hörkkö et al. 2006, Väyrynen et al. 2014). Cases where 

tumor material was inadequate to reliably conduct TNM staging and other 

histological evaluations were excluded (n=48 (10.3%)). A 60-month follow-up, 

provided by the Finnish Cancer Registry, was available for 352 patients (84.2%). 

The studies were conducted under the approval of the Ethical Committee of 

Oulu University Hospital. 

4.2 Colorectal polyps (II–III) 

Two independent cohorts of colorectal polyps were used in studies II and III (Table 

15). A group of 131 colorectal polyps (Polyp cohort 1) including 31 TAs, 27 TVAs, 

30 SSAs, 11 TSAs, and 32 HPs (23 microvesicular HPs and nine goblet-cell rich 

HPs) were selected from the polyp material biopsied or resected in Oulu University 

Hospital in 2008–2010. The polyps were chosen as each of them presented 

characteristic histology for one of the polyp types under investigation (II). 
  



95 

Table 15. Two cohorts of colorectal polyps utilized in studies II and III. 

Polyp type Cohort 1 (n=131) Cohort 2 (n=922) 

HP 32 (24.4%) 412 (44.7%) 

Microvesicular HP 23 (71.9%) * 

Goblet-cell rich HP 9 (28.1%) * 

SSA 30 (22.9%) 45 (4.9%) 

TSA 11 (8.4%) 9 (1.0%) 

TA 31 (23.7%) 428 (46.6%) 

TVA 27 (20.6%) 26 (2.8%) 

VA 0 (0.0%) 2 (0.2%) 

Abbreviations: HP: hyperplastic polyp; SSA: sessile serrated adenoma; TA: tubular adenoma; TSA: 

traditional serrated adenoma; TVA: tubulovillous adenoma; VA: villous adenoma. * HPs in Cohort 2 not 

subclassified. 

The other colorectal polyp group (Polyp cohort 2) was based on all the available 

colorectal polyps biopsied or removed by snare polypectomy during colonoscopy 

in Oulu University Hospital during the year 2001. All slides of the removed polyps 

were reviewed, and in the case of large polyps, the most representative tissue block 

was utilized. Altogether 922 colorectal polyps from 545 patients were included (III). 

Clinical details (age, gender and polyp location) were collected from the clinical 

records.  

4.3 Histopathological analysis (I–IV) 

Samples of surgical specimens were fixed in 10% buffered formalin and embedded 

in paraffin. After deparaffinization and rehydration in Xylene and graded alcohols, 

5-µm sections were cut and stained with H&E.  

All the histological assessments were conducted blinded to the clinical data. 

4.3.1 Cancer and Polyp type (I–IV) 

The classification of colorectal polyps and cancers was based on the histological 

criteria established by the WHO, which are presented in more detail in chapters 2.2 

and 2.3.3 (Hamilton et al. 2010, Snover et al. 2010). 



96 

4.3.2 Stage and Grade (I–IV) 

The staging for the CRC cohorts 1 and 2 was based on the TNM6 classification 

(Sobin & Wittekind 2002) and the grading on the WHO criteria (Hamilton et al. 

2010).  

4.3.3 Estimation of the ectopic crypt foci and the eosinophilia of the 
cytoplasm (III) 

The ECF were identified from the H&E stained sections as abnormally developed, 

small, nest-like structures, which lose the anchor on the mucosal muscle layer but 

keep the normal orientation to the mucosal surface in the luminal end. Although the 

nuclei in the cells assembling ECF are typically penicillate and the proximate 

cytoplasm is often eosinophilic, these characteristics were not required (Haramis et 

al. 2004, Torlakovic et al. 2008) (Fig. 4d). 

To estimate the density of ECF (ECF-d), two independent observers manually 

counted the number of ECF per the number of ×10 magnification fields in the H&E 

sections. If the estimation varied more than 3.0 ECF/×10 magnification field (n=5; 

9.4% in polyp group and n=1; 3.6% in CRCs), the sections were reviewed and 

mutual agreement was reached with the dual-headed microscope. 

In ECF-containing polyps, the H&E sections were used and the whole polyp 

was carefully examined by naked eye with ×10 magnification field to evaluate the 

areal percentage of cytoplasmic eosinophilia from each polyp. 

4.3.4 Detection of the adjacent precursor lesions in CRCs (III) 

In the group of CRCs, adjacent precursor lesions next to the cancer tissue were 

identified with the same criteria as used for colorectal polyps in the WHO 

classification (Hamilton et al. 2010, Snover et al. 2010). One (3.6%) adjacent 

serrated adenoma showed features of both SSA and TSA and was classified as 

“advanced serrated adenoma”. 

4.3.5 Estimation of the amount of mucin in CRCs (III) 

The areal percentage of mucin in tumor tissue was visually estimated from the H&E 

sections of all available tumor slides. After assessments, based on the WHO 

classification (Hamilton et al. 2010), a three-tiered classification in terms of the 
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amount of mucin was established: 0% defined as “no mucin”, 1–50% defined as 

“mucinous component” and > 50% of mucin defined as “mucinous cancer”. 

4.3.6 Tumor necrosis (IV) 

The areal percentage of coagulative necrosis in tumor tissue was visually estimated 

by inspecting manually all available tumor H&E slides from CRC cohorts 1 and 2.  

To estimate the accuracy of the visual assessments of the necrosis, one H&E 

stained section per case of 50 randomly selected CRCs was scanned using the 

Aperio AT2 image-capturing device (Leica Biosystems, Wetzlar, Germany). After 

that, one image per each case was captured at ×8 magnification with Imagescope 

software 11.2 (Aperio Technologies, Vista, CA), after which two researchers 

independently evaluated the percentage of tumor necrosis by naked eye, and further, 

after demarcating the area of tumor necrosis from the image, also calculated the 

proportion of tumor necrosis with ImageJ (Abramoff et al. 2004) utilizing the 

Analyze Particles tool. 

4.3.7 Tumor border configuration (IV) 

The classification of tumor growth pattern at the advancing tumor border was based 

on the earlier described criteria (Jass et al. 1996): “infiltrative tumor border” was 

defined as diffuse, irregular clusters or small glands or cords of cells infiltrating 

into surrounding tissue, and “expanding tumor border” was defined as well 

circumscribed margins expanding to surroundings. 

4.4 Immunohistochemistry (I–IV) 

4.4.1 Tissue microarray construction (I–II, IV) 

Tissue microarray (TMA) of CRC Cohort 1 was used in immunohistochemical 

analyses. The H&E slides were used to select the optimal sample locations with the 

aim of representing both the invasive front of the tumor containing the point of the 

deepest invasion and the intratumoral areas with the aim of avoiding necrosis. 

Depending on the size of the tumor, 1–4 (median 3) 3.0-mm diameter cores were 

manually sampled for each case, yielding an overall tumor area of 7.1–28.3 mm2 

(Väyrynen et al. 2013). 
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4.4.2 Staining methods (I–IV) 

About 3.5-µm sections cut from paraffin-embedded specimens were used in 

immunohistochemistry. VE1 immunohistochemistry was conducted with Optiview 

Amplification using Ventana Benchmark XT immunostainer (Ventana Medical 

Systems, Tucson, AZ), while other immunohistochemical stainings were conducted 

manually. The antibodies and the staining protocols are portrayed in Table 17. For 

manual immunohistochemical procedures, the antigen retrieval was conducted with 

Tris-EDTA buffer (pH 9.0) in a microwave oven at 800W for 2 min and at 150W 

for 15 min. The incubation with primary antibodies was conducted at room 

temperature. Except for MLH1, which was detected using the NovoLink Polymer 

detection system (Leica Biosystems, Newcastle, UK), bound antibodies were 

detected using the EnVisionTM system (Dako, Copenhagen, Denmark). 3,3’-

Diaminobenzidine (DAB) was used as the chromogen and the sections were 

counterstained with hematoxylin. 

Table 16. Antibodies and protocols used in immunohistochemistry. 

Antigen Antigen 

retrieval 

Antibody 

type 

Manufacturer Clone Code Dilution Incubation Antibody 

visualization 

BRAFV600E Ventana 

CC1 

mouse 

monoclonal 

Spring 

Bioscience 

VE1 E19292 1:2000 32 min Optiview 

ANXA10 Tris-

EDTA  

rabbit 

polyclonal 

Novus - NBP1-

90156 

1:1000 2 hr EnVision 

Ki-67 Tris-

EDTA 

mouse 

monoclonal 

DAKO MIB-1 M7240 1:300 30 min EnVision 

MLH1 Tris-

EDTA 

mouse 

monoclonal 

BD-

Pharmingen 

G168-

15 

551091 1:200 overnight NovoLink 

MSH2 Tris-

EDTA 

mouse 

monoclonal 

BD-

Pharmingen 

G219-

1129 

556349 1:150 1 hr EnVision 

CD31 Tris-

EDTA 

mouse 

monoclonal 

DAKO JC70A M0823 1:300 45 min EnVision 

CD105 Tris-

EDTA 

mouse 

monoclonal 

DAKO SN6h M3527 1:50 1 hr EnVision 

vWF Tris-

EDTA 

rabbit 

polyclonal 

DAKO - A0082 1:5000 30 min EnVision 

Abbreviations: hr: hour(s); vWF: von Willebrand factor (Factor VIII related antigen) 
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4.4.3 Analysis of immunohistochemistry (I–IV) 

VE1 for BRAF V600E mutation (I–IV) 

VE1 immunohistochemistry was defined as positive if diffuse and strong 

cytoplasmic expression could be detected in the tumor cells, and as negative if 

positively stained tumor cells could not be seen. Stromal cells did not show any 

VE1 positivity. 

ANXA10 (II) 

In CRCs and polyps, distinct, strong nuclear and cytoplasmic staining was observed 

in cases defined as ANXA10 positive. If less than 5% of the tumor cells were 

positive, the staining was regarded as negative. Furthermore, also the cases with 

weak cytoplasmic staining (but without positive nuclear staining) were defined as 

negative. 

To confirm the representativeness of the TMA cores, ANXA10 

immunohistochemistry was also conducted on 20 randomly selected whole-tissue 

samples of cases negative in the TMA. In these sections, focal ANXA10 staining 

was occasionally noted but it never exceeded the 5% threshold, indicating that the 

sample size in TMA was representative. 

Normal colonic epithelium adjacent to cancers and polyps did not express 

ANXA10, whereas inflammatory cells and some stromal and muscle cells in the 

surrounding tissue often showed weak ANXA10 expression. 

MMR enzymes (II–IV) 

MLH1 and MSH2 immunohistochemistry were used to define the MMR enzyme 

status as “proficient” or “deficient” based on the previous finding of high sensitivity 

(92.3%) and specificity (100%) of these markers to screen for MSI (Lindor et al. 

2002). If any expression in the cancer cell nuclei was detected, the 

immunohistochemistry was defined as positive, and in case of no expression, as 

negative. If either of the stainings was negative, the MMR status was considered as 

“MMR-deficient” whereas in other cases, the tumor was “MMR-proficient”. The 

surrounding normal proliferating tissue (e.g. crypt epithelial cells or germinal 

centers of lymphoid follicles) was used as an internal positive control. 
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Microvascular density (IV) 

The standard method for evaluating the tumor vasculature is the assessment of 

MVD utilizing different endothelial cell markers (Nico et al. 2008). While CD31 

(platelet endothelial cell adhesion molecule-1; PECAM-1) and vWF (von 

Willebrand; factor VIII related antigen) are present in the vast majority of the blood 

vessels in normal and cancer tissue (Minhajat et al. 2006, Pusztaszeri et al. 2006), 

CD105 (endoglin) is a hypoxia-inducible protein, primarily expressed by the 

actively proliferating endothelial cells participating in neoangiogenesis in tumors 

and generally undetectable or weak in the vessels in normal tissues (Minhajat et al. 

2006, Nico et al. 2008). 

The microvessels were highlighted by CD31, CD105 and vWF staining in CRC 

Cohort 1. After that, the immunohistochemical sections of each marker were 

scanned using Aperio AT2 image-capturing device (Leica Biosystems) at a ×20 

magnification and ImageScope software 11.2 (Aperio Technologies) was used to 

view the scanned images. For each case, 1–4 images representing the areas with 

the highest number of CD31+, CD105+ and vWF+ microvessels were captured with 

a ×10 magnification. The number of microvessels in each image was counted, and 

the final MVD was defined as the average of the individual images. 

Proliferation (III–IV) 

The proliferation rate for the CRC cohort 1 (IV) and a subset of the Polyp cohort 2 

(III) was assessed with Ki67 immunohistochemistry. In CRCs, the TMA sections 

were utilized to estimate the overall average proportion of positive tumor cell nuclei. 

In study III, the Ki67 immunohistochemistry was conducted for the ECF-

containing polyps (n=53) and also in respective TAs and TVAs without ECF (n=11 

and n=9, respectively). The percentage of Ki67-positive cell nuclei was assessed 

separately in the superficial and basal part of the crypts, as well as in ECF when 

present. The average proportion in the whole polyp area was also designated. In 

addition, a four-tiered classification (“diffuse”, “superficial”, “focal”, 

“concentrating on ECF”) was established to describe the location with the highest 

density of Ki67-positive cells. 
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4.5 BRAF and KRAS mutation analysis (I–IV) 

Ten-µm thick sections were cut from paraffin-embedded tumor samples. The 

sections were placed on a glass slide and the tumor area was scraped with a surgical 

blade. DNA was extracted by standard phenol chloroform extraction.  

Mutation analysis of BRAF V600E was done by direct sequencing of PCR-

amplified DNA. For the PCR procedure, a Phusion High-Fidelity PCR kit (New 

England Biolabs, UK) was used and PCR reaction conditions were selected 

according to the kit’s guidelines using 25 ng of template DNA. The primers used 

in the analysis were 5’-AAACTCTTCATAATGCTTGCTCTG-3’ (forward) and 5’-

GGCCAAAAATTTAATCAGTGGA-3’ (reverse) for BRAF V600E, and 5’-

TGGTGGAGTATTTGATAGTGTA-3’ (forward) and 5’-ATGGTCCTGCACC 

AGTAATA-3’ (reverse) for KRAS c12/13. In PCR amplification, a PCT-200 

thermal cycler (MJ Research, Waltham, MA, USA) was used. Five µl of PCR 

products were enzymatically purified before sequencing using a 2.5-µl mixture of 

exonuclease I (Exo 1, Fermentas #EN0581) and shrimp alkaline phosphatase (SAP, 

Fermentas #EN0511) containing 10 Exo 1 and 2 U SAP. 

The DNA sequencing was performed in both directions by ABI 3130 xl Genetic 

Analyzer (Applied Biosystems, Foster City, CA, USA), and the sequencing data 

was analyzed with Chromas 1.6 sequencing analysis software (Technelysium Pty, 

Halensvale, Australia). Mutations were ensured by repeating the PCR and 

sequencing procedures. 

4.6 Gene expression array (II) 

Gene expression profile studies have indicated that SAC differs distinctly from CC 

by its molecular basis (Conesa-Zamora et al. 2013, Laiho et al. 2007). In the study 

by Laiho et al., CRCs were assayed using Affymetrix HG-U133A expression 

microarrays containing 22,283 probe sets with DNA-Chip Analyzer software (Li & 

Wong 2001). The unsupervised hierarchical clustering of the gene expression 

profile separated 37 CRCs (29 age-, gender- and grade-matched CCs and eight 

SACs) into two branches — serrated and conventional CRCs — and revealed 201 

differentially expressed genes as potential markers for SAC (Laiho et al. 2007).  

This previously described expression data, with the raw data available in the 

Gene Expression Omnibus (GEO) database (GSE4045), was utilized to map 

potential markers for SAC.  
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4.7 Statistical analysis (I–IV) 

The statistical analyses were conducted using the statistical analysis software IBM 

SPSS Statistics for Windows, version 20.0 (IBM Corp., Armonk, NY, USA). 

Normally distributed continuous variables were displayed as mean (SD) and other 

continuous variables as median (IQR). 

Cross-tabulation was used to present the associations between the categorical 

variables and the Chi-square test or Fisher’s exact test was utilized to estimate the 

statistical significance. 

To analyze the significance of the associations between normally distributed 

and categorical variables, T test or one-way analysis of variance (ANOVA) was 

used. To analyze the significance of the associations between continuous variables 

with a skewed distribution, Mann-Whitney test (two classes) or Kruskal-Wallis test 

(three or more classes) was utilized. 

Pearson coefficients (r) were applied in examining correlations between 

continuous variables, and logarithmic transformation was applied to the variables 

with positive skewness to accomplish a more normal distribution. 

To categorize continuous variables for the survival analyses, receiver operating 

characteristics (ROC) analysis was used to define optimal cut-off scores, with the 

shortest distance to the coordinate (0,1), in discriminating survivors from 

nonsurvivors (Zlobec et al. 2007). DFS, CSS, and OS were measured and 

univariate survival analysis was performed according to the Kaplan-Meier method. 

Cox’s proportional hazards regression model was carried out to analyze the 

independent prognostic significance of variables. 

Pearson r and κ coefficients were used to evaluate intra- and interobserver 

agreement. Generally, values <0.60 indicate weak agreement, 0.60-0.79 moderate 

agreement, and >0.80 strong agreement (McHugh 2012). 

In all tests, a two-tailed p value <0.05 was considered statistically significant. 

4.7.1 Cytoscape (IV) 

Cytoscape, an open source software platform for visualizing complex networks 

(Shannon et al. 2003), was used in creating a 2D visualization of the relationships 

between tumor necrosis, biological properties of the tumor, and clinicopathological 

variables with the Prefuse force directed algorithm weighted by the statistical 

significances of the associations between individual variables (Shannon et al. 2003). 

In the graphical presentation of the interrelationships, individual variables were 
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presented by nodes and their associations were presented by connecting lines (green 

edges indicating a positive correlation and red edges as negative correlation). Only 

statistically significant associations (p<0.05) were shown, and the edge length 

illustrated the significance of the association. 
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5 Results 

5.1 Histological and molecular genetic features of serrated 

colorectal adenocarcinoma (I–II) 

Compared with CCs, SACs were more often proximal (p<0.001; p=0.004) in both 

cohorts (Table 17). In Cohort 2, SACs showed more frequently better 

differentiation than CCs (p=0.011) whereas in Cohort 1 the differentiation did not 

differ between SACs and CCs. In Cohort 1, an adjacent precursor lesion was 

detected in 12 (10.5%) CCs (2.6% TAs and 7.9% TVAs) whereas in SACs, the 

precursor lesion could be detected in 16 (48.5%) cases (30.3% TSAs, 15.2% SSAs 

and 3.0% classified as advanced serrated adenoma not enabling precise 

classification). 
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Table 17. Comparisons between conventional and serrated colorectal cancers in 

cohorts 1 and 2. 

Variable 

Cohort 1 

p value 

Cohort 2 

p value Conventional Serrated Conventional Serrated 

Age, mean (SD) 66.4 68.8 0.191 67.7 67.9 0.920 

Gender, n (%)       

Male 67 (58.8) 12 (36.4) 0.029 178 (47.8) 22 (47.8) 1.000 

Female 47 (41.2) 21 (63.6)  194 (52.2) 24 (52.2)  

Tumor location, n (%)1       

Proximal colon 29 (25.4) 20 (60.6) <0.001 106 (28.5) 24 (52.2) 0.004 

Distal colon 25 (21.9) 2 (6.1)  108 (29.0) 8 (17.4)  

Rectum 60 (52.6) 11 (33.3)  158 (42.5) 14 (30.4)  

Stage, n (%)       

I 20 (17.7) 6 (18.2) 0.888 77 (20.7) 13 (28.3) 0.590 

II 42 (37.2) 13 (39.4)  160 (43.0) 20 (43.5)  

III 35 (31.0) 11 (33.3)  90 (24.2) 8 (17.4)  

IV 16 (14.2) 3 (9.1)  45 (12.1) 5 (10.9)  

Grade, n (%)       

1 16 (14,0) 4 (12.1) 0.290 82 (22.0) 19 (41.3) 0.011 

2 86 (75.4) 22 (66.7)  227 (61.0) 19 (41.3)  

3 12 (10.5) 7 (21.2)  63 (16.9) 8 (17.4)  

Type of adjacent 

precursor lesion, n (%)2 

      

no precursor lesion 102 (89.5) 17 (51.5) <0.001 - - - 

TSA 0 (0.0) 10 (30.3)  - -  

SSA 0 (0.0) 5 (15.2)  - -  

advanced serrated 

adenoma  

0 (0.0) 1 (3.0)  - -  

TA 3 (2.6) 0 (0.0)  - -  

TVA 9 (7.9) 0 (0.0)  - -  

VA 0 (0.0) 0 (0.0)  - -  

HP 0 (0.0) 0 (0.0)  - -  

Abbreviations: HP: hyperplastic polyp; MMR: mismatch repair; dMMR: deficient MMR; pMMR: proficient 

MMR; SSA: sessile serrated adenoma; TA: tubular adenoma; TVA: tubulovillous adenoma; VA: villous 

adenoma 1Proximal colon: from caecum to splenic flexure; distal colon: from descending colon to sigmoid 

colon 2Data not available in Cohort 2. 
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5.1.1 VE1 immunohistochemistry in colorectal cancers (I) 

VE1 immunohistochemistry was successful in all 147 cases of CRC Cohort 1, and 

excellent correlation existed in detecting BRAF V600E mutation by 

immunohistochemistry and by sequencing the corresponding area of BRAF exon 

15 (Table 19). DNA sequencing revealed 13 (8.8%) BRAF V600E mutated cases, 

and VE1 immunohistochemistry was positive in all of these cancers. All or almost 

all tumor cells expressed diffuse and strong cytoplasmic positivity, whereas stromal 

cells did not show any VE1 staining (Fig.10). Other BRAF mutations, such as BRAF 

V600K, were not detected in the sequencing procedure. 

Table 18. Correlation between BRAFV600E-specific VE1 immunohistochemistry and 

BRAFV600E mutation status 

 VE1 immunohistochemistry  

Mutation status Negative, n (%) Positive, n (%) Total, n (%) 

BRAF wild type 133 (99.3) 1 (0.7) 134 (100.0) 

BRAFV600E mutation 0 (0.0) 13 (100.0) 13 (100.0) 

Total 133 (90.5) 14 (9.5) 147 (100.0) 

Fig. 10. VE1 immunohistochemistry. Examples of positive (a) and negative (b) staining. 

Out of 134 (99.3%) genetically wild type cancers, 133 were negative in VE1 

immunohistochemistry, whereas one BRAF wild type case was positive in 

immunohistochemistry. When immunohistochemistry was repeated on whole 

sections, this case still showed positive VE1 staining, while repeated sequencing 

showed BRAF V600E mutation once and wild type BRAF twice. Histologically, 

this cancer was poorly differentiated and all the tumor areas were interspersed by 
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abundant non-tumor cells. Thus, the source of false negative results in PCR-based 

sequencing might have been the high number of non-neoplastic cells. 

The sensitivity of sequencing in detecting BRAF V600E mutation was 100% 

(13/13) and the specificity was 99.3% (133/134). Three observers independently 

evaluated all the sections, and the correlation between all three evaluators was 

perfect (κ=1). 

By histology, 33 (22.4%) of the CRCs were classified as SAC while 114 

(77.6%) were classified as CCs. Among SACs, 16 (48.5%) had an adjacent serrated 

adenoma next to the cancer (ten (62.5%) TSAs, five (31.3%) SSAs), and one (6.3%) 

harbored features of SSA and TSA not enabling precise classification.  

Of the 13 genetically tested BRAF mutated CRCs, 12 (92.3%) were evaluated 

to represent SACs and five of them (38.5%) had an adjacent SP. The only BRAF-

mutated case classified as CC showed poor differentiation, hindering the evaluation. 

However, some features of SAC (e.g. eosinophilic cytoplasm, easily discernible 

vesicular nuclei, distinct nucleoli and scarcity of necrosis) were seen in that 

particular case. Of the genetically wild-type BRAF CRCs, twenty (14.9%) were 

classified as SACs. 

5.1.2 ANXA10 immunohistochemistry in colorectal cancers (II) 

ANXA10 immunohistochemistry was successful in 146 CRC cases which had 

sufficient tumor material left. Sixteen of 146 (11.0%) CRCs showing distinct 

nuclear staining were defined as ANXA10 positive whereas the other cases, some 

of which had weak cytoplasmic staining, were considered negative (Fig. 11). 

 

Fig. 11. Annexin A10 immunohistochemistry. Examples of ANXA10 positive (a) and 

negative (b) staining. 
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Relationship between ANXA10 expression and clinicopathological 
characteristics 

Proximal tumor location (p=0.014) and mucin production (p<0.001) were 

associated with positive ANXA10 expression, whereas no correlations were found 

between ANXA10 expression and patients’ age or gender or tumor stage or grade 

(Table 19). 
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Table 19. Relationships between ANXA10 expression and clinicopathological 

characteristics in Cohort 1 (n=146). 

 ANXA10 

p value Variable Negative, n (%) Positive, n (%) 

Age, year    

<65 52 (91.2) 5 (8.8) 0.498 

≥65 78 (87.6) 11 (12.4)  

Gender    

Male 72 (92.3) 6 (7.7) 0.195 

Female 58 (85.3) 10 (14.7)  

Tumor location    

Proximal colon 39 (79.6) 10 (20,4) 0.014 

Distal colon 27 (100.0) 0 (0.0)  

Rectum 64 (91.4) 6 (8.6)  

Stage    

I 22 (84.6) 4 (15.4) 0.796 

II 48 (88.9) 6 (11.1)  

III 41 (89.1) 5 (10.9)  

Iv 18 (94.7) 1 (5.3)  

Grade    

1 18 (90.0) 2 (10.0) 0.344 

2 97 (90.7) 10 (9.3)  

3 15 (78.9) 4 (21.1)  

Mucinous    

No 111 (92.5) 9 (7.5) 0.009 

Mucinous component 10 (66.7) 5 (33.3)  

Yes 9 (81.8) 2 (11.0)  

Serrated histology    

No 111 (98.2) 2 (1.8) <0.001 

Yes 19 (57.6) 14 (42.4)  

MMR screening status    

dMMR 10 (90.9) 1 (9.1) 1.000 

pMMR 120 (88.9) 15 (11.1)  

BRAF or KRAS mutation    

KRAS 30 (88.2) 4 (11.8) <0.001 

BRAFV600E 5 (35.7) 9 (64.3)  

wild type 95 (96.9) 3 (3.1)  

Of the genetic variables, ANXA10 expression associated with KRAS mutation and 

even more strongly with BRAF V600E mutation (p<0.001) (Table 19). Only three 
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(3.1%) of the CRCs with wild type BRAF and KRAS expressed ANXA10. There 

was no significant association between ANXA10 and MMR enzyme status. 

The association between ANXA10 expression and serrated histology was 

strong: 14 of 33 (42.4%) SACs but only two of 113 (1.8%) CCs expressed 

ANXA10, denoting a sensitivity of 42.4% and a specificity of 98.2% for ANXA10 

expression as a marker for SAC (Table 19). In SACs with an adjacent serrated 

adenoma (n=16; 48.5%), the sensitivity of ANXA10 was higher when compared to 

those with no adjacent adenoma (50.0% vs. 35.3%, respectively). Moreover, a 

sensitivity of 54.5% and a specificity of 97.3% in the distinction of SAC from CC 

was achieved when either ANXA10 or VE1 expression was detected (Table 20). 

Two ANXA10-positive cases evaluated as CC presented features suggestive of 

SAC (Case 1: eosinophilic cytoplasm, vesicular nuclei with distinct nucleoli and 

well-preserved polarity, Case 2: abundant mucin production, well-preserved 

polarity and vesicular nuclei with chromatin condensation at the nuclear envelope), 

but lacked clear epithelial serrations and an adjacent serrated adenoma. 

Table 20. Immunohistochemical methods to help with the detection of serrated 

adenocarcinomas. 

 Serrated histology  

Variable No Yes p value 

ANXA10, n (%)    

Negative 111 (85.4) 19 (14.6) <0.001 

Positive 2 (12.5) 14 (87.5)  

VE1, n (%)    

Negative 113 (85.0) 20 (15.0) <0.001 

Positive 1 (7.1) 13 (92.9)  

MLH1, n (%)    

Negative 7 (63.6) 4 (36.4) 0.267 

Positive 107 (78.7) 29 (21.3)  

ANXA10 and VE1, n (%)    

Both negative 110 (88.0) 15 (12.0) <0.001 

Either positive 3 (14.3) 18 (85.7)  
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5.2 The determinants and the prognostic significance of tumor 
necrosis in colorectal cancer (IV) 

5.2.1 The accuracy of the evaluation of tumor necrosis percentage 

(IV) 

First, the tumor necrosis percentages were evaluated visually and with a computer-

assisted method by two independent observers in a randomly selected group of 50 

CRCs from the study cohort (n=147) to estimate the accuracy of the visual 

assessments. The correlations between the visual and computer-assisted 

estimations (Observer 1: r=0.930, κ=0.776; Observer 2: r=0.879, κ=0.776) as well 

as the visual estimations between the two observers (r=0.823, κ=0.745) were highly 

correlated, indicating that the visual estimation of tumor necrosis and the inter-

observer agreement were excellent.  

5.2.2 The determinants of tumor necrosis (IV) 

In the study cohort, 141 of 147 (95.9%) CRCs were evaluated to harbor tumor 

necrosis (median 10.0%; IQR 5.0–25.0%). Of the clinicopathological 

characteristics studied, more extensive tumor necrosis was associated with higher 

tumor stage (p<0.001) — especially with higher T class (p<0.001) — and in SACs, 

tumor necrosis percentage was lower compared to CCs (median 5.0% vs. 11.0%, 

p=0.014). Oncogenic mutations of KRAS and BRAF genes had some tendency 

towards a lesser amount of tumor necrosis (CRC with KRAS or BRAF mutation vs. 

wt KRAS and BRAF, p=0.172), whereas other clinicopathological features did not 

show significant correlations with tumor necrosis. 

The MVD markers showed notably high intercorrelations with each other but 

did not associate with tumor necrosis. A lower proliferation rate indicated by lower 

Ki67 expression associated with a tendency towards more extensive tumor necrosis 

(p=0.126). 

5.2.3 Tumor necrosis and prognosis/survival (IV) 

The survival analysis follow-up and endpoint data are presented in Table 21. 
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Table 21. The survival analysis follow-up and endpoint data in study and validation 

cohorts. 

Cohorts DFS CSS OS 

Study cohort (n=147)    

Included patients, n (%) 124 (84.5) 147 (100.0) 147 (100.0) 

Excluded patients, n (%) 23 (15.6)1 0 (0.0) 0 (0.0) 

Events, n (%) 25 (20.2) 32 (21.8) 44 (29.9) 

Follow-up, median (IQR) 51.0 (19.2–60.0) 59.2 (36.0–60.0) 59.2 (36.0–60.0) 

Follow-up in patients with 

events, median (IQR) 

12.0 (7.1–20.1) 22.4 (15.4–31.5) 21.4 (13.1–31.8) 

Follow-up in patients without 

events, median (IQR) 

60.0 (26.4–60.0) 60.0 (52.1–60.0) 60.0 (57.8–60.0) 

Validation cohort (n=418)    

Included patients, n (%) 303 (72.5) 352 (84.2) 352 (84.2) 

Excluded patients, n (%) 105 (25.1)2 66 (15.8)3 66 (15.8)3 

Events, n (%) 92 (30.4) 129 (36.7) 175 (49.7) 

Follow-up, median (IQR) 25.0 (12.0–60.0) 31.0 (14.0–60.0) 31.0 (14.0–60.0) 

Follow-up in patients with 

events, median (IQR) 

12.0 (8.0–19.0) 20.0 (8.0–36.5) 16.0 (6.0–35.0) 

Follow-up in patients without 

events, median (IQR) 

41.0 (17.0–60.0) 60.0 (27.0–60.0) 60.0 (27.0–60.0) 

1 Palliative operation in 23/23 (100%) of the excluded patients. 
2 No follow-up data for 66/105 (62.9%) of the excluded patients. Palliative operation in 39/105 (37.1%) for 

the excluded cases. 
3 No follow-up data for 66/66 (100%) of the excluded patients. 

Follow-up data is presented as months. 

Abbreviations: CSS: cancer-specific survival; DFS: disease-free survival; IQR: interquartile range; OS: 

overall survival 

The ROC analysis for tumor necrosis in discriminating the survivors from non-

survivors (DFS) indicated an association between tumor necrosis and worse 

survival (DFS: AUC=0.628, 95% confidence interval=0.513-0.743), with an 

optimal cut-off point of 7 to 10% for tumor necrosis percentage. Due to easier 

reproducibility, the cut-off point of 10% was applied. For CD31 MVD, vWF MVD, 

CD105 MVD and Ki67, similarly defined cut-off points were 45/mm2, 20/mm2, 

10/mm2 and 30/mm2, respectively. 

Kaplan-Meier analyses showed that patients with extensive tumor necrosis 

(≥10%) had significantly worse DFS (Study cohort: p=0.041; Validation cohort: 

p=0.0089), CSS (Study cohort: p=0.010; Validation cohort: p<0.001), and OS 

(Study cohort: p=0.022; Validation cohort: p=0.0022) than those with lesser 



114 

amounts (<10%) of necrosis in both the study and the validation cohort. The 

adverse effect of necrosis on survival was directly related to its extent. In SACs and 

CCs classified in the study cohort, the prognostic effect of tumor necrosis was 

parallel. 

Of the MVD immunohistochemical markers studied, high CD105 MVD 

associated with a tendency towards worse DFS (p=0.054) whereas a high 

proliferation rate indicated by Ki67 expression had a tendency towards better DFS 

(p=0.170). 

In the study cohort, high tumor necrosis percentage, infiltrative growth pattern, 

and high CD105 MVD were indicators of worse DFS independent of tumor stage 

and other clinicopathological variables studied (Table 22.). Associations between 

extensive tumor necrosis and worse CSS and OS were not detected independently.  
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Table 22. Cox regression model for the independent prognostic significance of necrosis 

in the study cohort. 

 Variable 

DFS 

p value 

CSS 

p value 

OS 

p value HR 95% CI HR 95% CI HR 95% CI 

Age (< 65 vs. ≥ 65) 3.69 1.25–10.9 0.018 3.18 1.38–7.33 0.007 2.45 1.22–4.92 0.011 

Tumor invasion (T1–

T2 vs. T3–T4) 

0.61 0.16–2.30 0.470 1.09 0.29–4.15 0.897 0.93 0.35–2.51 0.891 

Nodal metastases (N0 

vas. N1–N2) 

14.3 4.09–49.9 <0.001 4.65 1.86–11.6 0.001 2.71 1.35–5.44 0.005 

Distant metastases 

(M0 vs. M1) 

- - - 4.44 1.78–11.1 0.0014 3.12 1.42–6.86 0.005 

WHO Grade (1–2 vs. 

3) 

- - - - - - - - - 

Tumor location (Colon 

vs. Rectum) 

1.00 0.34–2.89 0.992 1.46 0.63–3.41 0.379 1.17 0.57–2.39 0.676 

Preoperative RT/CRT 

(No vs. Yes) 

0.66 0.19–2.34 0.525 0.40 0.11–1.49 0.173 0.49 0.17–1.40 0.181 

Serrated histology (No 

vs. Yes) 

- - - - - - - - - 

Infiltrative tumor 

border (No vs. Yes) 

4.35 1.56–12.2 0.0051 1.51 0.70–3.26 0.292 1.48 0.76–2.89 0.253 

Tumor necrosis (<10% 

vs. ≥10%) 

2.80 1.03–7.63 0.045 1.63 0.65–4.06 0.294 1.53 0.74–3.18 0.250 

CD105 MVD (<10/mm2 

vs. ≥10/mm2) 

3.13 1.14–8.59 0.027 - - - - - - 

Abbreviations: CI: confidence interval; CSS: cancer-specific survival; DFS: disease-free survival; HR: 

hazard ratio; MVD: microvascular density; OS: overall survival; RT/CRT: radiotherapy/chemoradiotherapy; 

WHO: World Health Organization 

In the validation cohort, the Cox regression model revealed that high tumor necrosis 

percentage was an indicator of worse DFS, CSS, and OS independent of tumor 

stage and other clinicopathological variables (Table 23.).  
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Table 23. Cox regression model for the independent prognostic significance of necrosis 

in the validation cohort. 

 Variable 

DFS 

p value 

CSS 

p value 

OS 

p value HR 95% CI HR 95% CI HR 95% CI 

Age (< 65 vs. ≥ 65) - - - - - - 1.82 1.30–2.55 <0.001 

Tumor invasion (T1–

T2 vs. T3–T4) 

1.35 0.76–2.40 0.309 1.51 0.84–2.72 0.167 0.86 0.57–1.33 0.511 

Nodal metastases (N0 

vas. N1–N2) 

1.52 0.97–2.38 0.070 2.41 1.64–3.55 <0.001 1.76 1.25–2.46 0.0011 

Distant metastases 

(M0 vs. M1) 

- - - 5.20 3.33–8.13 <0.001 3.70 2.42–5.65 <0.001 

WHO Grade (1–2 vs. 

3) 

- - - 1.81 1.19–2.75 0.0053 1.49 1.03–2.17 0.035 

Tumor location (Colon 

vs. Rectum) 

1.89 1.25–2.86 0.0028 1.79 1.23–2.60 0.0022 1.52 1.11–2.08 0.0091 

Serrated growth 

pattern (No vs. Yes) 

1.02 0.46–2.26 0.954 1.27 0.69–2.31 0.441 1.36 0.83–2.20 0.220 

Infiltrative tumor 

border (No vs. Yes) 

4.04 2.43–6.72 <0.001 2.68 1.80–4.00 <0.001 2.60 1.81–3.73 <0.001 

Tumor necrosis (<10% 

vs. ≥10%) 

1.55 1.01–2.38 0.044 1.73 1.20–2.50 <0.001 1.46 1.07–1.99 0.018 

Abbreviations: CI: confidence interval; CSS: cancer-specific survival; DFS: disease-free survival; HR: 

hazard ratio; MVD: microvascular density; OS: overall survival; RT/CRT: radiotherapy/chemoradiotherapy; 

WHO: World Health Organization 

5.3 Histological and molecular genetic characteristics of colorectal 

polyps (II–III) 

5.3.1 ANXA10 immunohistochemistry in colorectal polyps (II) 

In a cohort of 131 colorectal polyps (Polyp cohort 1), ANXA10 expression was 

almost invariably restricted to the serrated polyps: 30 of 30 (100.0%) SSAs, 20 of 

32 (63%) HPs [18/23 (78%) microvesicular HPs and 2/9 (22%) goblet-cell rich 

HPs), 6 of 11 (54.5%) TSAs, 0 of 31 (0.0%) TAs and 2 of 27 (7%) TVAs. The 

staining pattern varied between serrated and conventional polyps. SSAs showed 

most often diffuse and strong positivity for ANXA10 (median 50% of cancer cells, 

range 15–80%), whereas in HPs, the staining pattern varied between diffusely 

positive and focally positive (median 15% of cancer cells, range 5–80%). In TSAs 

(median 5%, range 5–50%) and TVAs (5% and 40%), the staining pattern was focal. 
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5.3.2 Ectopic crypt foci in colorectal polyps (III) 

Colorectal polyp cohort 2 consisted of 922 colorectal polyps from 545 patients (285 

males and 260 females) and represented 428 (46.4%) TAs, 26 (2.8%) TVAs, two 

(0.2%) VAs, 412 (44.7%) HPs, 45 (4.9%) SSAs and nine (1.0%) TSAs (Tables 15 

and 24). The polyp location differed between polyp types: HPs had a predilection 

for the distal colon and rectum whereas TVAs and SSAs favored the proximal part. 

TAs and TSAs were distributed almost evenly throughout the whole colon 

(p<0.001). 

Table 24. Characteristics of the colorectal polyps in study III. 

Variable 

Polyp type 

p value TA TVA VA HP SSA TSA 

Age, mean (SD) 65.2 (12.9) 69.2 (9.0) 84.0 (0.0) 58.5 (12.9) 57.4 (13.5) 69.6 (14.4) <0.001 

Gender, n (%)        

Male 245 (57.2) 14 (53.8) 2 (100.0) 241 (58.5) 24 (53.3) 4 (44.4) 0.813 

Female 183 (42.8) 12 (46.2) 0 (0.0) 171 (41.5) 21 (46.7) 5 (55.6)  

Polyp location, n 

(%)1 

       

Proximal colon 158 (41.5) 11 (44.0) 0 (0.0) 68 (18.0) 18 (45.0) 3 (33.3) <0.001 

Distal colon 149 (39.1) 6 (24.0) 0 (0.0) 125 (33.1) 12 (30.0) 3 (33.3)  

Rectum 74 (19.4) 8 (32.0) 1 (100.0) 185 (49.8) 10 (25.0) 3 (33.3)  

The presence of 

ECF, n (%) 

       

No 400 (93.5) 12 (46.2) 0 (0.0) 412 

(100.0) 

45 (0.0) 0 (0.0) <0.001 

Yes 28 (6.5) 14 (53.8) 2 (100.0) 0 (0.0) 0 (0.0) 9 (100.0)  

1 Information of the exact polyp location was not available in 88 (9.5%) cases. 

Abbreviations: ECF: ectopic crypt foci; HP: hyperplastic polyp; SD: standard deviation; SSA: sessile 

serrated adenoma; TA: tubular adenoma; TSA: traditional serrated adenoma; TVA: tubulovillous 

adenoma; VA: villous adenoma 

ECF were detected in 53 (5.7%) colorectal polyps representing 28 (6.5%) TAs, 14 

(53.8%) TVAs, two (100.0%) VAs and nine (100.0%) TSAs, whereas ECF were 

not found in SSAs and HPs (Table 23). ECF-containing polyps occurred in an older 

age group than polyps without ECF (average 66.8 vs. 61.9; p=0.009), but no 

association was found between the presence of ECF and polyp location or gender. 

ECF-d was high (median 2.9; IQR 1.9–5.2) in TSAs and in both VAs (3.0 and 

3.6). Despite a few cases with high ECF-d values (up to 8.6) in TAs, ECF were 
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generally less frequent (median 1.5; IQR 0.8–2.6). In TVAs, the ECF-d was parallel 

with that of TAs (median 1.5; IQR 0.8–2.8). 

Epithelial serration and eosinophilic cytoplasm in ECF-containing polyp 
group 

Epithelial serration was only encountered in TSAs, and all TSAs also showed at 

least areas of eosinophilic cytoplasm in the ECF-containing polyp group. Areas of 

cytoplasmic eosinophilia in the proximity of ECF were also seen in 13 (46.4%) TAs, 

ten (71.4%) TVAs and one (50.0%) VAs, but compared with TSAs (median 70.0; 

IQR 60.0–95.0), the percentage of eosinophilic cytoplasm evaluated from the 

whole polyp area was small (median 0.0; IQR 0.0–5.0 in TAs, median 5.0; IQR 

0.0–32.5 in TVAs and 0% and 10% in VAs) (p<0.001). 

Ki67 and ANXA10 immunohistochemistry in ECF-containing polyps 

The Ki67 and ANXA10 immunhistochemistry was successful in all the polyps with 

ECF. TAs showed the highest overall expression of Ki67, followed by TVAs and 

VAs. In TSAs, the overall proliferation rate indicated by the expression of Ki67 

was lowest (p=0.025). When comparing the estimations as TSAs vs. the others with 

ECF, the medians of overall and superficial Ki67 percentages were distinctly higher 

in the group of “other polyps” [7.0; IQR 4.0–25.0 vs. 30.0; IQR 15.0–40.0 (p=0.015) 

and 10.0; IQR 5.0–27.5 vs. 60.0; IQR 40.0–80.0 (p<0.001), respectively]. 

The assembling of the Ki67 positive cells in the polyps also varied between the 

polyp types. In TAs and VAs, Ki67 positive cells were mainly gathered in the 

superficial parts of the polyp, while in TVAs, both superficial and diffuse Ki67 

expression patterns were equally encountered (p<0.001). In TSAs, focal and diffuse 

expression patterns (n=8; 88.9%) were more common than the pattern of Ki67 

positive cells restricted to ECF (n=1; 11.1%) (p<0.001). The Ki67 percentages or 

the expression pattern in TAs or TVAs with ECF did not differ significantly from 

the control group of the respective TAs or TVAs without ECF (n=11 and n=9, 

respectively). 

ANXA10 immunohistochemistry was positive in two (7.1%) TAs, four (28.6%) 

TVAs, two (100.0%) VAs and seven (77.8%) TSAs (p<0.001). 
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ECF in adenomas next to colorectal cancers  

In the cohort of 148 CRCs, an adjacent adenoma was recognized in 28 (18.9%) 

cases, and 24 (85.7%) of these contained ECF: nine (37.5%) TSAs, three (12.5%) 

SSAs, one (4.2%) advanced serrated adenoma, two (8.3%) TAs and nine (37.5%) 

TVAs. 
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6 Discussion 

The discovery of the serrated adenoma at the beginning of 1990 (Longacre & 

Fenoglio-Preiser 1990) broadened the conception of the development of CRC. 

Earlier, the malignant potential of CAs had been established and the classical 

Vogelstein’s adenoma-carcinoma sequence was considered to designate the 

development of the vast majority of CRC. Soon after that, in 2001, the histological 

characteristics of SAC were defined for the first time (Mäkinen et al. 2001). As 

subsequent studies confirmed the premalignant nature of SPs, a new era in CRC 

development began with the introduction of the “serrated pathway of CRC” (Jass 

et al. 2002). Since then, the serrated precursor lesions and SAC have been under 

high interest in the research field and new markers for their detection have been 

studied. 

The prognostic classification in CCs and SACs is based on TNM staging 

(Hamilton et al. 2010). However, as behavior can vary widely within cancers of the 

same tumor stage (Puppa et al. 2010), new tools for the evaluation of the prognosis 

are warranted. The present studies establish new markers to help recognize SAC 

and its precursor lesions and to itemize the prognostic classification of CRC. 

6.1 New immunohistochemical markers for the serrated pathway of 
colorectal cancer 

The recognition of SAC is based on the carefully defined histological criteria 

established in the WHO classification or the detection of serrated adenoma next to 

the cancer tissue (Hamilton et al. 2010). However, problems are encountered in 

poorly differentiated CRC cases and in the absence of adjacent adenoma. Thus, 

several gene and protein markers have been studied as potential tools for helping 

with the microscopic differentiation between SACs and CCs (Conesa-Zamora et al. 

2013, Laiho et al. 2007). 

6.1.1 BRAF V600E-specific antibody VE1 

Previous studies have shown that the oncogenic mutation of BRAF is characteristic 

to the serrated pathway of colorectal polyps and SAC and is present in a vast 

majority of sporadic MSI CRCs (Kambara et al. 2004, O’Brien et al. 2006, Patil et 

al. 2012). As an early event in CRC tumorigenesis, BRAF mutation is detected 

already in ACF (Rosenberg et al. 2007). The most common mutation is BRAF 
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V600E (Davies et al. 2002, Wan et al. 2004), a missense mutation in exon 15 that 

associates strongly with DNA methylation abnormalities and MSI (Nagasaka et al. 

2004, Weisenberger et al. 2006). The novel BRAF V600E-specific antibody VE1 

has been reported to be an accurate, cost-effective and rapid method for detecting 

the presence of BRAF V600E mutation in patients with metastatic melanoma (Long 

et al. 2013), and its feasibility has been recently established also in CRC (Affolter 

et al. 2013, Sinicrope et al. 2013, Thiel et al. 2013). Among colorectal polyps, VE1 

immunohistochemistry detects BRAF V600E mutation with high specificity for 

serrated polyps (Mesteri et al. 2014). 

In study I, VE1 immunohistochemistry was investigated as an aid to help with 

the detection of BRAF V600E-mutated SACs. VE1 immunohistochemistry 

correlated excellently with the mutation analysis, with a sensitivity of 100% and a 

specificity of 99.3% in the detection of BRAF V600E mutation. Only one BRAF 

wild type CRC confirmed by PCR-based sequencing showed positive expression 

in VE1 immunohistochemistry. After repeating the case in VE1 

immunohistochemistry on whole sections, the case remained VE1 positive whereas 

repeated sequencing showed BRAF V600E mutation once and wild type BRAF 

twice. Histologically, this case was poorly differentiated, with a high number of 

non-neoplastic cells in all tumor areas, which might be the source of the false-

negative results in PCR. 

Twelve out of 13 (92.3%) BRAF-mutated CRCs were classified as SACs, 

whereas only one of 13 (7.7%) was classified as CC. This particular case showed 

poor differentiation but it also had some features of SAC (i.e., eosinophilic 

cytoplasm, easily discernible vesicular nuclei, distinct nucleoli, and scarcity of 

necrosis). Of the genetically wild type BRAF CRCs, twenty (14.9%) were classified 

as SACs. While previous reports have estimated that around one third of SACs 

carry the BRAF V600E mutation (García-Solano et al. 2012, Stefanius et al. 2011), 

VE1 immunohistochemistry serves as a not highly sensitive, but specific tool for 

detecting SAC. Especially in poorly differentiated cases and in the absence of an 

adjacent serrated adenoma, VE1 immunohistochemistry can be utilized as an aid to 

detect SACs harboring BRAF mutation. 

The potential clinical significances of VE1 immunohistochemistry may be the 

possibility to exclude LS patients from patients with sporadic MSI-H CRCs, the 

selection of patients not benefiting from the anti-EGFR MoAbs, and the selection 

of patients who may possibly benefit from V600E-mutated BRAF inhibitors. 

Clinically, LS patients are identified by using Amsterdam II criteria and the revised 

Bethesda guidelines, but approximately a quarter of all LS patients do not meet the 
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established criteria (Weissman et al. 2012). LS rarely harbor BRAF V600E 

mutation but have MSI-H, often due to germline mutations of MMR genes (Parsons 

et al. 2012). In sporadic MSI-H CRCs, the MSI typically occurs due to the 

hypermethylation of the promoter area in the MMR enzymes (most often in MLH1); 

by contrast, BRAF mutations are relatively often encountered (Wang et al. 2003). 

It has been suggested that the universal testing algorithms aimed at separating LS 

patients from sporadic MSI-H CRCs should be applied into clinical use (Weissman 

et al. 2012). In these algorithms, the recognition of the BRAF V600E mutation has 

been based on PCR sequencing, but as an accurate, rapid and cost-effective method, 

VE1 immunohistochemistry might offer a useful additional marker in the future 

(Thiel et al. 2013). 

The CRC patients with KRAS and NRAS mutations have been reported not to 

benefit from EGFR-specific MoAbs (Peeters & Price 2012). As BRAF is a 

subsequent mediator of KRAS in the MAPK-ERK pathway, BRAF-mutated CRCs 

have also been associated with a suboptimal response with anti-EGFR treatment 

(Mao et al. 2011). Although a higher number of large prospective studies is needed 

to confirm the previous results, it seems that while the mutation of BRAF V600E 

might have a potential use as an additional marker for the exclusion of CRC patients 

not benefiting from the EGFR MoAbs therapy (Mao et al. 2011), VE1 

immunohistochemistry could serve as a useful additional tool to recognize these 

patients efficiently. 

The BRAF inhibitors vemurafenib (PLX4032) and dabrafenib, which inhibit 

the growth of cells with BRAF V600E mutations by blocking the activation of the 

MAPK pathway, have been reported to induce tumor regression in a high 

proportion of melanoma patients and thus to increase PFS and OS (Muñoz-couselo 

et al. 2015). Due to the promising results in the treatment of BRAF-mutated 

metastatic melanoma, BRAF inhibitors have also been studied in CRC. 

Unfortunately, vemurafenib given as monotherapy has so far had insufficient 

activity in BRAF-mutated CRC patients. It is assumed that the resistance in CRC 

might be mediated through the feedback activation of EGFR signaling, which is 

why the use of the anti-EGFR antibody cetuximab in combination with 

vemurafenib deserves further studies (Hyman et al. 2015). There are several 

ongoing clinical trials to assess treatment with BRAF inhibitors in combination 

with EGFR inhibitors. 
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6.1.2 Annexin A10 

Multiple studies have reported annexins to show either increased or decreased 

expression in different cancers (Mussunoor & Murray 2008). Annexins are a super-

family of calcium-regulated phospholipid-binding proteins with a wide range of 

cellular functions (e.g. growth regulation, vesicle trafficking, cell division and 

apoptosis, and calcium signaling) (Gerke & Moss 2002). In CRC, previous reports 

have indicated increased expression of annexins A1, A2, A4, and A11 (Duncan et 

al. 2008). Moreover, the expression of annexins A2, A4, and A11 has been reported 

to associate with increasing tumor stage (Duncan et al. 2008).  

The most recently identified member of the annexin family, ANXA10, is 

normally expressed in gastric mucosa, the Brunner glands of the duodenum and 

urothelium in the kidney and urinary bladder (Lu et al. 2013). Among different 

malignancies, ANXA10 has been reported to be frequently expressed in 

adenocarcinoma of the upper gastrointestinal tract (i.e., gastric adenocarcinomas 

and adenocarcinomas of esophagogastric junction) and the pancreatobiliary system 

(i.e., adenocarcinomas of ampulla Vater, pancreas, extrahepatic bile duct and 

gallbladder, and intrahepatic cholangiocarcinomas), and urothelial carcinoma (Lu 

et al. 2013). Its biological function and role in tumorigenesis are not well defined 

(Quiskamp et al. 2014), but previous studies have suggested that ANXA10 may 

have a tumor suppressor role, as its low expression has been associated with poor 

survival in gastric (Kim et al. 2009, Kim et al. 2010) and bladder cancer 

(Munksgaard et al. 2011) and with early recurrence and poor prognosis in 

hepatocellular carcinoma (Liu et al. 2002). 

ANXA10 expression was not detected in normal colonic epithelium adjacent 

to carcinoma (II), which is in concordance with previous results (Gonzalo et al. 

2013, Lu et al. 2013). Few studies have investigated ANXA10 expression in CRC 

and its precursors. In the group of colorectal polyps and CRC, ANXA10 expression 

was strongly associated with the serrated type growth pattern (II). All (n=30) SSAs 

(100 %), six (55%) TSAs, and 20 (63%) HPs expressed ANXA10 while only two 

(7%) TVAs and none (0%) of the TAs showed positive staining for ANXA10. 

Among CRCs, 14 (44%) SACs but only two (2%) CCs showed positive ANXA10 

expression, resulting in sensitivity of 42% and specificity of 98% for ANXA10 

expression as a marker for SAC. Furthermore, the expression of ANXA10 

correlated with the positive BRAF V600E mutation, supporting the concept of 

ANXA10 as a marker for the serrated pathway. Seven (5%) wt BRAF tumors 

showed ANXA10 expression and five of these (25%) were diagnosed as SACs by 
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histology. However, only three (3.1%) of KRAS and BRAF wt tumors were positive 

for ANXA10, suggesting an association between ANXA10 expression and the 

MAPK-ERK signaling pathway. The sensitivity and specificity for the combined 

immunohistochemistry analysis of ANXA10 and VE1 for detecting SAC was 55% 

and 97%, respectively.  

Earlier, significantly increased expression of ANXA10 has been reported in 

SSAs compared to microvesicular HPs (Gonzalo et al. 2013). As the distinction 

between SSAs and microvesicular HPs might be difficult by histology in daily 

practice, ANXA10 immunohistochemistry may facilitate the classification of these 

lesions. In study II, the expression of ANXA10 was also observed in two TVAs, 

but the staining pattern was invariably focal compared to SSAs’ diffuse staining 

pattern (II). Whether ANXA10-positive areas in TVAs reflect the possibility of 

serrated origin requires further studies. 

As most sporadic MSI-H CRCs arise from SSAs, ANXA10 

immunohistochemistry may also help to distinguish sporadic microsatellite-

unstable tumors from LS CRCs that predominantly have their origin in TAs and 

TVAs (Bettington et al. 2013, Patil et al. 2012, Young et al. 2001). So far, only one 

study has investigated ANXA10 immunohistochemistry in this use with promising 

results (Pai et al. 2014). However, further studies are needed to confirm the 

potential use of ANXA10 immunohistochemistry in this application before it can 

be adapted to LS screening.  

Of the clinicopathological characteristics studied, ANXA10 expression 

correlated with proximal tumor location and mucin production (II), features 

commonly associated with the serrated pathway. Earlier, in MSI-H CRCs, 

ANXA10 expression has been indicated to associate with female gender, proximal 

tumor location and high frequency of CIMP-H status and MLH1 promoter 

hypermethylation (Kim et al. 2014). The reasons for less frequent ANXA10 

positivity in SACs compared to SSAs (II) are only speculative. Differences in 

fixation and tissue processing might play a role, but it is more likely that the loss 

of differentiation in cancers or the heterogeneity of SACs in terms of KRAS and 

BRAF mutation status might be involved. 

Despite the potential role of ANXA10 in the prognosis of hepatocellular 

carcinoma, an association between ANXA10 expression and tumor stage or grade 

was not detected (II), which suggests that ANXA10 expression might not have 

prognostic value in CRC. 

Regardless, the high specificity of ANXA10 expression for the serrated 

pathway lesions in both SPs and CRCs, emphasized the unique genetic 
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characteristics of this subtype of CRC and indicate that ANXA10 

immunohistochemistry can be useful in the detection of serrated pathway lesions. 

6.2 New aspects for the classification of colorectal polyps 

In daily practice, overlapping histological features complicate the classification of 

different colorectal polyps despite the carefully defined histological characteristics. 

Cytoplasmic eosinophilia with or without focal serrations and crypt dilatation, 

typical findings for different SPs, have been reported in a subset of CAs (Pai et al. 

2010). By contrast, in TSAs, areas resembling other serrated (HPs, SSAs) 

(Bettington et al. 2014, Iino et al. 1999, Kim et al. 2010, Lee et al. 2005, Torlakovic 

et al. 2008) or conventional adenomatous lesions (Kim et al. 2013, Lee et al. 2005) 

have been reported to occur fairly often. New methods to improve the 

categorization of different colorectal polyps are warranted and thus, in addition to 

new molecular markers presented above, also more precise histological features 

may help the characterization.  

6.2.1 Ectopic crypt foci 

The most characteristic histological feature to TSA is ECF (Rex et al. 2012). Earlier, 

ESF were regarded as an almost pathognomonic histological characteristic of TSA 

as they were rarely encountered in any other types of colon polyps (Snover et al. 

2010, Torlakovic et al. 2008). However, ECF were later reported to be also 

encountered in other types of SPs, HPs and SSAs (Ensari et al. 2012), and quite 

recently, also in slightly more than a third of TVAs/VAs (Hafezi-Bakhtiari et al. 

2015, Kim et al. 2014) and a fifth of TAs (Kim et al. 2014). 

In study III consisting of a consecutive series of 922 colorectal polyps, ECF 

were found in 100% TSAs, 53.8% TVAs, 100% VAs and 6.5% TAs, reflecting 

histologic overlap between these types of colon polyps. 

Eosinophilic cytoplasm, a conspicuous feature of TSAs, was present in all TSA 

cases, but also TAs and TVAs, with ECF fairly often found in areas of deeply 

eosinophilic, abundant cytoplasm with elongated nuclei. However, an association 

between eosinophilic cytoplasm and the ECF-d was not detected in any polyp type 

with the exception of TSAs. Even though some studies have proposed that 

cytoplasmic eosinophilia may correlate with the presence of ECF (Kim et al. 2014, 

Torlakovic et al. 2008), the lack of a clear association between these phenomena in 

our study suggests that they are generated by at least partly independent factors. 
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The evaluation of cytoplasmic eosinophilia is strongly dependent on individual 

interpretation as well as staining protocols (Rau et al. 2014), which further 

diminishes its value as a histological parameter in the recognition of ECF. In 

addition, earlier, deeply eosinophilic cells have been observed in different types of 

colorectal polyps and even in reactive mucosa (Snover 2011). 

In TSAs, proliferative cells indicated by Ki67 immunohistochemistry have 

been reported to gather in ECF (Torlakovic et al. 2008), which might facilitate their 

recognition. However, in the systematic analysis of all ECF-containing polyps, 

none of the CAs showed Ki67 expression concentrating on ECF (III). Furthermore, 

the proliferation rate in TSAs was generally lower compared with CAs, which is in 

concordance with the previous results (Bettington et al. 2014, Hamilton et al. 2010, 

Torlakovic et al. 2008), and only in one case, Ki67-positive cells concentrated on 

ECF, whereas in other cases, the positive cells were interspersed diffusely. Thus, 

similarly to eosinophilic cytoplasm, Ki67 immunohistochemistry was not found to 

be a helpful tool in the recognition of ECF, either. 

Interestingly, among the ECF-containing polyps, positive immunoreaction for 

ANXA10 was observed in 7.1% of TAs, 28.6% of TVAs, 100% of VAs, and 77.8% 

of TSAs. These numbers are higher than the prevalences seen in study II: 0% of 

TAs, 7.4% of TVAs, and 54.5% of TSAs. Whether this indicates that ECF-

containing CAs, especially TVAs, may share some of the genetic alterations of the 

serrated route or possibly that a subset of colorectal precursor lesions may switch 

their phenotype during their development toward cancer requires further studies. 

ECF were present in 85.7% of the identifiable precursor lesions adjacent to the 

cancer tissue in the cohort of 148 CRCs. No statistical significances were found 

between the presence of ECF and the cancer type next to the precursor lesion (both 

serrated and conventional CRCs presented, 54.2% and 45.8%, respectively) or 

between the types of adjacent precursor lesion. However, it can only be speculated 

whether the frequent presentation of ECF next to the cancer tissue suggests that 

ECF-containing polyps may be less likely to be swept away by the cancer growth, 

or whether these polyps possibly represent higher malignant potential for cancer 

growth. Furthermore, while the study was only based on 28 identified precursor 

lesions next to the cancer, further studies with more cases are required to draw 

firmer conclusions. 
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6.3 Tumor necrosis and its network of determinants in colorectal 
cancer 

In SAC, tumor necrosis has been reported to be less frequent and less extensive as 

compared with CC (García-Solano et al. 2010, Tuppurainen et al. 2005). However, 

the reason for this observation is unclear. In study IV, the aim was to shed light on 

the biological mechanisms underlying tumor necrosis in CRC and the correlation 

of tumor necrosis with disease outcome. 

6.3.1 The determinants associated with tumor necrosis 

The analysis of tumor necrosis percentage in relation to clinicopathological 

characteristics indicated that extensive tumor necrosis associates with high tumor 

stage (p<0.001), especially with high T class (p<0.001), and inversely correlates 

with serrated histology (p=0.014), but was not significantly associated with any 

other clinicopathological characteristics. This suggests that tumor necrosis is a 

common feature in more advanced tumors. Further analyses were conducted to 

evaluate which characteristics of these advanced tumors would explain the high 

extent of tumor necrosis in these tumors. 

The hypothesis that tumor necrosis reflects intratumoral hypoxia and results 

from rapid tumor cell growth is supported by the finding of high proliferation rate 

associating with tumor necrosis in some solid cancers (Bachmann et al. 2008, 

Pichler et al. 2012), although controversial results exist as well (Dutta et al. 2012, 

Minervini et al. 2008, Tollefson et al. 2007). However, in study IV, the association 

between high proliferation rate and the extent of tumor necrosis was not observed.  

Another explanation would be that insufficient vascular supply of oxygen to 

the tumor might be a consequence of the scarcity of blood vessels in the tumor area 

that leads to extensive necrosis. As previously indicated, angiogenesis enables the 

tumor cells capable of rapid proliferation to rapidly expand their population, which 

leads to tumor growth (Folkman 1990). Three endothelial cell markers (CD31, 

CD105 and vWF) were utilized to assess the MVD in CRCs, but the results do not 

support the hypothesis of low MVD in highly necrotic CRCs, as no association was 

found between tumor necrosis percentage and the aforementioned MVD markers. 

SACs frequently harbor oncogenic KRAS or BRAF mutations (Mäkinen 2007, 

Stefanius et al. 2011) and in study IV, KRAS and BRAF mutations associated with 

a tendency towards higher proliferation rate (p=0.091) and with a tendency towards 

lower tumor necrosis percentage (p=0.172), whereas SACs had a similar 
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proliferation rate (0.354) but a significantly lower tumor necrosis percentage 

relative to CCs (p=0.014). Considering that, it might be that KRAS and BRAF 

mutations contribute in some degree to the proliferation rate in CRCs whereas other 

factors seem to be more important accountants for the scarcity of tumor necrosis in 

SAC. 

All in all, the results of study IV do not suggest that MVD, proliferation rate or 

KRAS or BRAF mutations significantly associate with tumor necrosis in CRC; more 

studies are thus warranted to investigate its mechanisms. 

6.3.2 The value of tumor necrosis in the evaluation of prognosis 

In study IV, survival analyses were conducted for two independent CRC cohorts 

(n=147 and n=418) to evaluate the clinical impact of tumor necrosis in CRC. In 

addition to two independent cohorts, the advantages of the study included the range 

of study end points (DFS, CSS, and OS), as well as the fact that tumor necrosis was 

evaluated as a continuous variable, enabling the use of more sophisticated statistical 

methodology (Zlobec et al. 2007). 

In both cohorts, tumor necrosis associated with worse DFS, independent of 

tumor stage or other clinicopathological characteristics, which is in concordance 

with the previous findings (Gao et al. 2005, Mulcahy et al. 1997, Pollheimer et al. 

2010, Richards et al. 2012). In the validation cohort, tumor necrosis had an 

independent impact also for the CSS and OS. However, it should be noted that at 

the time of operation of the patients in the validation cohort, the lymph node 

sampling was not as accurate as required in current standards, which likely 

underestimates the effect of N classification in the Cox regression models. 

Moreover, the analyses in the validation cohort were retrospective, which should 

also be taken into consideration. The adverse effect of tumor necrosis on survival 

was directly related to its extent, highlighting the relevance of quantitative necrosis 

percentage evaluation. The ROC analysis indicated 7–10% as an optimal cut-off 

value for necrosis percentage for discriminating survivors from non-survivors, 

which serves as a reference for further studies. 

Earlier studies have reported an association between high proliferation rate and 

better survival in CRC (Allegra 2003, Roxburgh et al. 2013), and also in this study, 

CRCs with high proliferation rate showed a tendency towards better survival (DFS: 

p=0.162). Interestingly, also controversial results exist in terms of other solid 

cancers, e.g. breast cancer (Luporsi et al. 2012) and renal cell carcinoma (Tollefson 
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et al. 2007). The reasons for this inconsistency between different cancers have not 

been determined. 

Neovascularization permits the shedding of cells from the primary tumor and 

thus contributes to the invasion and metastasis formation (Folkman 1990). High 

MVD has been reported to associate with aggressiveness and poor outcomes in 

many cancers (Takagi et al. 2005), including CRC (Des Guetz et al. 2006). In study 

IV, high CD105 MVD was indicated to be an independent marker for worse 

prognosis (DFS: p=0.027), which is in concordance with a previous report (Li et al. 

2003). 

Finally, one of the most highest-rated additional histological prognostic factors 

in CRC is the tumor border configuration, as infiltrative tumor growth has been 

associated with a worse prognosis independent of tumor stage in many studies 

(Koelzer & Lugli 2014). In study IV, regardless of the aggressive tumor behavior 

associated with the infiltrative tumor border, CRCs with an infiltrative and pushing 

border growth pattern did not differ in terms of the amount of tumor necrosis. 

Accordingly, it was noted that tumor necrosis would especially facilitate the 

prognostic classification of patients with a pushing tumor border; in addition, when 

also tumor growth pattern (infiltrative versus pushing) was included in the Cox 

regression models, the prognostic significance of tumor necrosis was emphasized. 

This suggests that the evaluation of the tumor necrosis percentage provides 

valuable prognostic information along with the infiltrative tumor border in CRC 

and that these histological parameters only complement each other. However, 

further studies in specific patient subgroups would be needed to establish whether 

tumor necrosis can identify high-risk patients who would benefit from adjuvant 

chemotherapy. 

6.4 Limitations and future perspectives 

In studies I-II, two potential immunohistochemical markers (VE1 and ANXA10) 

for CRC were identified. These studies were based on a single CRC cohort, and 

therefore further validation of these markers is needed in independent cohorts. 

Indeed, a recent study confirmed the finding that ANXA10 expression is associated 

with serrated morphology in CRC and can thus be used as a supportive surrogate 

marker of the serrated neoplasia pathway (Bae et al. 2015). While the studies on 

the reproducibility of the diagnoses of SAC and SPs have mostly reported moderate 

or poor inter-observer agreement (Ensari et al. 2012), additional markers would be 

helpful. In the future, it might be also possible to create a panel of 
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immunohistochemical markers to help the detection of the serrated pathway lesions. 

Moreover, while the role of BRAF V600E mutation in the serrated pathway is well-

established, the function and the significance of ANXA10 still requires further 

investigation. Furthermore, it is not clear, whether the classification of CRC along 

the developmental route into SAC and CC will, in future, carry therapeutic 

significance. 

In study III addressed the presence of ECF in a large consecutive series of 

colorectal polyps and in an independent cohort of precursor lesions adjacent to 

CRCs. However, the consecutive data included also small biopsies which does not 

necessarily correspond with the whole lesion lying in the colon. ECF were used as 

one of the features supporting the diagnosis of TSAs as presented in WHO 

classification. However, the diagnosis of TSA was not established in the absence 

of other characteristic features, such as cytoplasmic eosinophilia and characteristic 

flat-top serrations. In CRC cohort, the data was based only on 28 precursor lesions 

next to the cancer and this requires still further validation. In future, more explicit 

criteria for the classification of colorectal polyps are needed, and the significance 

of ECF in the subsequent WHO classification of gastrointestinal tumors remains to 

be seen.  

In study IV, tumor necrosis was indicated as a relevant additional 

histomorphological prognostic indicator in CRC. One of the greatest limitations of 

the study was the retrospective nature of analysis in Cohort 2. At the time of the 

operation of the patients in this Cohort, the lymph node sampling was not as 

accurate as it is required in current standards. This might underestimate the effect 

of N classification in the Cox regression models. Moreover, improvements in the 

imaging technologies may have allowed earlier detection of recurrences in Cohort 

1. In addition to TNM staging, additional prognostic parameters are needed to 

further classify, especially, stage II and III CRC patients. Study IV indicated that 

tumor necrosis had independent prognostic value in the subgroup of stage II 

patients, and further studies are warranted to determine the potential predictive 

value of tumor necrosis in different patient subgroups. 
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7 Conclusions 

I  VE1 immunohistochemistry is a sensitive and accurate method in the detection 

of BRAF V600E mutation with potential applications in the recognition of the 

BRAF V600E-mutated SACs. 

II  ANXA10 is a marker with high specificity for the serrated pathway of CRC. 

III  ECF are encountered in addition to TSAs, also fairly often in TAs, TVAs and 

VAs, challenging the almost a pathognomonic status of ECF for TSA. 

IV  Tumor necrosis in CRC associates with high tumor stage, especially with T 

class, and inversely correlates with serrated histology. High tumor necrosis 

percentage correlates with poor survival in CRC. 
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