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Abstract
Colorectal cancer is the third most common cancer in the developed countries. Originally,
development of CRC was thought to proceed by a sequence of steps known as an adenomacarcinoma sequence. At present CRC is recognized as a disease developing through diverse
pathways. Serrated adenocarcinoma represents an endpoint of tumors developing from serrated
pathway. This thesis focuses on studying the molecular alterations in serrated adenocarcinoma.
Microsatellite instability, hypermethylation of promoter region in DNA repair genes hMLH1
and MGMT, frequency of KRAS and BRAF mutations and mutation spectrum of PTCH1 was
determined in serrated adenocarcinomas (n=42) and compared to non-serrated adenocarcinomas
(n=75). MSI, particularly low level of MSI (p=0.02) and methylation of both hMLH1 and MGMT
promoters (p=0.004, p=0.026) were found to be more prevalent for serrated CRC. BRAF mutation
was frequent and specific to serrated adenocarcinomas (p<0.001) and KRAS mutations were more
frequent in serrated adenocarcinomas than in non-serrated cancers (p=0.002). A significant
association between BRAF mutation, hMLH1 and MGMT methylation and MSI-H phenotype was
found in serrated carcinomas. KRAS mutation was seen in association with MSS/MSI-L
phenotype; in fact, if serrated adenocarcinoma presents with MSI-L there always seems to be a
KRAS mutation as well. Negative immunohistochemical staining of the hMLH1 enzyme was in
association with methylation of the gene and proved reliable in the detection of MSI-H phenotype
(p<0.0001). Sequencing analysis of the whole coding regions of the PTCH1 gene did not reveal
any truncating mutation to explain the previously detected downregulation of the gene in serrated
CRCs.
In conclusion, serrated adenocarcinomas proved to be an independent, but heterogeneous
subtype of CRCs. High combined mutation rate (79–82%) of KRAS and BRAF in serrated
adenomas and adenocarcinomas indicates that MAPK activation is a crucial part of the serrated
pathway. BRAF mutations are specific for serrated adenocarcinoma, and identify a subset of
serrated adenocarcinomas with gene methylation and a tendency for MSI-H. High frequency of
KRAS mutations in serrated adenocarcinomas suggests that a significant proportion of KRASmutated CRCs originate from serrated precursors.

Keywords: adenocarcinoma, adenoma, colorectal cancer, DNA methylation, DNA
mismatch repair, epigenetic, histopathology, immunohistochemistry, microsatellite
instability, mutation, serrated

Stefanius, Karoliina, Paksu-ja peräsuolensyövän kehittymisen sahalaitainen reitti.
Oulun yliopisto, Lääketieteellinen tiedekunta, Diagnostiikan laitos, Patologia, PL 5000, 90014
Oulun yliopisto; Helsingin yliopisto, Biomedicum Helsinki, Haartman instituutti,
Lääketieteellisen genetiikan osasto, PL 63, 00014 Helsingin yliopisto
Acta Univ. Oul. D 1091, 2011
Oulu

Tiivistelmä
Paksu- ja peräsuolisyöpä eli kolorektaalisyöpä on Suomessa kolmanneksi yleisin syöpätyyppi.
Syöpää edeltävien muutosten tunnistaminen on tärkeää, jotta sen ehkäisy ja seuranta olisi tehokasta. Tavallisia adenoomapolyyppeja on pidetty tärkeimpinä kolorektaalisyövän esiastemuutoksina. 2000-luvulla on havaittu, että nk. sahalaitapolyypit edustavat tärkeää osaa esiastemuutoksista, ja näistä kehittyvää syöpää kutsutaan sahalaitaiseksi syöväksi. Sahalaitaisen syövän kehittymismekanismit eroavat huomattavasti tavallisesta kolorektaalisyövästä. Tässä väitöskirjassa
keskityttiin tutkimaan sahalaitaiselle syövälle tyypillisiä morfologisia piirteitä sekä geneettisiä
muutoksia.
Työssä selvitettiin DNA mikrosatelliitti-instabiliteetin sekä DNA korjausgeenien hMLH1 ja
MGMT promoottorialueiden hypermetylaation esiintyminen, nk. MAPK –signaalinsiirtoreitin
komponenttien, KRAS ja BRAF -geenien, mutaatioiden yleisyys sekä PTCH1 geenin mutaatiokirjo sahalaitaisissa (n=42) ja tavallisissa kolorektaalisyövissä (n=75). DNA:n mikrosatelliittiinstabiliteetti, erityisesti matala-asteisena (MSI-L) (p=0.02) sekä MLH1 ja hMGMT -geenien
metylaatio (p=0.004, p=0.026) olivat yleisempiä sahalaitaisissa syövissä. BRAF mutaatio oli
yleinen sekä spesifinen sahalaitasyöville (p<0.001). Myös KRAS -mutaatiot olivat yleisempiä
sahalaitaisissa syövissä (p=0.002). BRAF mutaatio, hMLH1 sekä MGMT metylaatio ja korkeaasteinen mikrosatelliitti-instabiliteetti (MSI-H) esiintyivät hyvin usein yhdessä sahalaitaisissa
syövissä. Sahalaitaisissa syövissä KRAS –mutaatiot liittyivät MSI-L fenotyyppiin. hMLH1 geenin ilmentyminen tutkittiin myös immunohistokemiallisesti. Sahalaitaisissa syövissä MLH1
–proteiinin häviäiminen oli yhteydessä metylaatioon ja liittyi spesifisesti MSI-H:n esiintymiseen (p < 0.0001). PTCH1 geenin sekvensointi ei paljastanut proteiinin toimintaa vahingoittavia
muutoksia, eikä tuloksen perusteella pystytä selittämään aikaisemmin havaittua geenin ilmentymisen häviämistä sahalaitaisessa syövässä.
Tulosten perusteella sahalaitainen syöpä on oma, mutta heterogeeninen kolorektaalisyövän
alatyyppi. KRAS ja BRAF –geenien aktivoivien mutaatioiden yleisyys (79–82%) osoittaa, että
MAPK -reitin aktivaatio on tärkeää sahalaitaisen syövän kehityksessä. BRAF -mutaatiot ovat
spesifisiä sahalaitaisille syöville, ja yhdessä metylaation sekä MSI-H:n kanssa identifioi osan
sahalaitasyövistä omaksi ryhmäkseen. KRAS –mutaatioiden yleisyys sahalaitaisissa syövissä
antaa aiheen epäillä, että merkittävä osa KRAS –mutaation sisältävistä kolorektaalisyövistä
kehittyy sahalaitapolyypeista.

Asiasanat: adenokarsinooma, adenooma, DNA metylaatio, DNA mismatch-korjaus,
histopatologia, immunohistokemia, kolorektaalisyöpä, mikrosatelliitti-instabiliteetti,
mutaatio, sahalaitainen

“Winners are often those who lose and decide to try
once more.”
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1

Introduction

Colorectal cancer (CRC) is the third most common cancer in the developed
countries (Jemal 2009). In Finland, it is the second most common cancer type
among females and third most common among males (The Finnish Cancer
Registry 2010). It is also one of the best characterized and most extensively
studied entities. Both genetic and environmental factors together contribute to its
etiology. The last 20 years have shown that it develops through several alternative
pathways, but at the same time for many decades the clinical management and
research have acted as if CRC were a homogenous entity (Jass 2007). At present
CRC is recognized as a disease developing through diverse pathways leading to
subtypes differing from each other in clinical, pathological and molecular features.
In 1990 Fearon and Vogelstein proposed a multistep process for CRC
development, the adenoma-carcinoma sequence, and this model has served as a
ground tool for research in this area (Fearon & Vogelstein 1990). It is necessary to
create a proper classification for disease to reach accurate and effective clinical
management and meaningful laboratory investigation. Today it is well recognized
that there are other pathways to CRC tumor development, and the adenomacarcinoma sequence represents the chromosomal instability (CIN) pathway. The
other two main pathways represent genomic instability and are the MSI pathway;
referring to familial HNPCC syndrome in which the tumor development is caused
by a germline mutation in genes involved in the mismatch repair (MMR) system,
and the mutator pathway, which refers to sporadic CRCs showing aberration in
MMR and other DNA repair systems caused by hypermethylation, not germline
mutation of the genes. The serrated pathway represents another alternative
pathway and refers to morphological origin of the lesion. Typical features of
serrated CRCs are activation of mitogen-activated protein kinase-extracellular
signal-regulated kinase cascade (MAPK-ERK pathway) by mutation of either
KRAS or BRAF gene, DNA CpG island hypermethylation (CIM), microsatellite
instability (MSI) caused by methylation of DNA mismatch repair gene hMLH1
and inhibition of apoptosis. (Torlakovic et al. 2003, Jass 2007, Mäkinen 2007,
O’Brien et al. 2008, Boland & Goel 2010, Leggett & Whitehall 2010, Pino &
Chung 2010).
K-Ras and b-raf belong to the intracellular Ras/Raf/MEK/MAP kinase
(MAPK) cascade that mediates cellular responses to growth signals. The role of
BRAF and KRAS mutations in cancer development is well understood (Saif &
Chu 2010, Roskoski Jr 2010). BRAF mutations are found in a wide range of
21

cancers, the highest mutation frequency being in malignant melanoma. The most
common mutation occurs in the activation segment at the position V600E, but
other less common mutations have also been recognized (Davies et al. 2002).
This mutation accounts for 80% of the mutations in CRC. BRAF mutation is an
early genetic alteration in serrated lesions together with KRAS mutations
(Mäkinen 2007). Approximately 15–20% of all human cancers carry the RAS
gene mutation (Saif & Chu 2010). Originally it was considered a characteristic
feature of the traditional Vogelstein’s adenoma-carcinoma model in CRC
development (Vogelstein 1988). More recent studies have found that it is not as
common a mutation in classic adenomas as had been assumed, but more frequent
in serrated polyps (Maltzman et al. 2001, Barry et al. 2006).
MSI occurs in a cell as a consequence of DNA polymerase slippage during
DNA replication, when cells are not able to correct single base mismatches or
small insertions or deletions. This is a result of a defective MMR system which
cannot repair damaged DNA. MMR gene inactivation and subsequent MSI in the
tumor tissue can be a result of the inherited mutation in one of the genes in the
mismatch repair machinery or hypermethylation of the promoter region of the
gene. Approximately 15% of all colorectal tumors show MSI. 75–80% of these
are caused by epigenetic silencing of the hMLH1 gene, while only 2–3% carry a
germline mutation in one of the MMR genes (Boland & Goel 2010). MSI is
linked to serrated lesion and is also often seen in serrated adenocarcinomas
accompanied with BRAF mutation. (Ruszkiewitz & Jass 2004, Mäkinen 2007,
Boland & Goel 2010)
DNA methylation is biochemical modification of DNA and it takes place
predominantly in cytosines located 5’ to guanosine of the dinucleotide sequence
CpG. Cancer-related DNA hypermethylation occurs in distinct CG-rich areas
called CpG islands, and leads to transcriptional silencing of the gene. Mutation in
a MMR gene, hMLH1, is known to be behind hereditary nonpolyposis colorectal
cancer. This gene is also found methylated in sporadic MSI CRCs (Baylin &
Herman 2000). Expression of DNA repair protein O6-methylguanine DNA
methyltransferase (MGMT) is found to be decreased in some tumor tissue. Loss
of expression is rarely due to mutation; instead, methylation of CpG island in the
gene promoter has been associated with the silencing of the gene (Esteller et al.
1999, Jass et al. 2000). Both aforementioned genes are also linked features of the
sporadic serrated polyps (Whitehall et al. 2001).
The PTCH1 is a member of the hedgehog (Hh) signaling pathway, in which
its role is to act as a transmembrane receptor for secreted Hh ligands, Sonic22

(SHH), Indian- (IHH) and Desert- (DHH) Hh (Toftgård 2000). Germline PTCH1
mutations result in Gorlin’s syndrome (Gorlin RJ 1987). Somatic inactivating
PTCH1 mutations have been detected in various tumors, e.g. basal cell carcinoma
(BCC), medulloblastoma, meningioma, and breast cancer (Xie et al. 1997,
Chang-Claude et al. 2003, Lindström et al. 2006). Currently the role of Hh
signaling pathway in the development of CRC is controversial.
The aim of this study was to characterize the morphology, histological criteria
and genetic changes in serrated colorectal carcinoma in order to find out features
specific for this cancer type, and to disclose some essential components and the
sequence of molecular pathogenesis in serrated colorectal carcinoma. More
specifically, MSI, expression of the MMR genes hMLH1, hMSH2 and hMSH6 by
immunohistochemistry, hypermethylation of promoter region in DNA repair
genes hMLH1 and MGMT, frequency of KRAS and BRAF mutations and mutation
spectrum of PTCH1 was determined in serrated adenocarcinomas and compared
to non-serrated conventional adenocarcinomas.
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2

Review of the literature

2.1

Colorectal cancer

Colorectal cancer (CRC) is the third most common cancer in the developed
countries (Jemal 2009). In Finland, it is the second most common cancer type
among females, with 1,253 new cases every year, and third most common among
males, with 1,387 new cases every year (Finnish Cancer Registry 2010). It is also
one of the best characterized and most extensively studied entities. Both genetic
and environmental factors contribute to its etiology. The last 20 years have shown
that CRC develops through several alternative pathways, but at the same time, for
many decades clinical management and research have acted as if CRC were a
homogenous entity (Jass 2007). At present CRC is recognized as a disease
developing through diverse pathways leading to subtypes which differ from each
other in clinical, pathological and molecular features.
2.1.1 Epidemiology
Most colorectal cancers arise from premalignant lesions called adenomas. More
than 70% of CRCs develop through sporadic mutations from adenomatous polyps,
5% against familial background, and about 2% are IBD (inflammatory bowel
disease) associated. Postmortem studies have shown that the incidence of
adenomas is 30–40% in Western population (Hardy et al. 2005). Globally
colorectal cancer is the third most common cancer in both men and women
(Globocan 2010). In Europe, it is the second-leading cause of cancer death in men
and women (Gellad & Provenzale 2010). There are significant variations in the
incidence worldwide between developed and developing countries. The highest
rates have been observed in developed countries in Europe, North and South
America and Oceania, in contrast to lower rates in developing countries in Africa,
Asia and Polynesia. There are also notable differences within continents, with
higher incidences seen in western and northern Europe than in central and
southern Europe (Hamilton et al. 2010 and Center et al. 2009).
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2.1.2 Structure of the colon and rectum
The colon is comprised of the cecum, ascending colon, transverse colon,
descending colon, sigmoid colon, rectum, and anal canal. This tube measuring a
little over one meter in length is composed of four layers: mucosa, submucosa,
muscularis externa and serosa, from the inside to the outside (Figure 1). The
normal mucosa is composed of three elements: epithelium, lamina propria and
muscularis mucosae. The muscularis mucosae separate the mucosa from the
submucosa. The surface columnar epithelial cells are in a single layer and the
main cellular elements of the epithelium are absorptive cells and goblet cells.
Crypts are the functional units of the colon, being composed of simple columnar
epithelial cells and mucus-secreting goblet cells. Besides the aforementioned cells
the crypt epithelium contains endocrine cells and Paneth cells. All epithelial cells
in the colon grow out of the few stem cells sited on each crypt base. Normally
colon cells proliferate from these few stem cells, differentiate and migrate from
bottom to top, eventually dying, and shed to the lumen of the colon.
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2.1.3 Pathogenesis and etiology of colorectal cancer
Colorectal carcinogenesis requires several, about 6–10, genetic alterations in one
of the stem cells to attain growth advantage against normal cells. The process
from normal epithelial cells through premalignant lesion to cancer is slow. This
explains the age-related increase in CRC incidence. The growth advantage of the
tumor cell may come from the disturbance in the proliferation or apoptosis or
both. In addition to growth advantage the precancerous cell clone needs to
develop favorable intracellular conditions for the development of additional
mutations. These conditions are genomic instability consisting of either
chromosomal instability (CIN) or microsatellite instability (MSI) or both.
Genomic integrity in normal cells is under strict control and the aforementioned
abnormalities are necessary in carcinogenesis. (Ponz de Leon & Di Gregorio 2001,
Treanor & Quirke 2007)
Besides genetic and acquired cellular abnormalities, exogenous factors affect
the incidence rates of CRC. High caloric foods rich in animal fat, high
consumption of red meat, smoking and excessive alcohol consumption are risk
factors. Reverse influence seems to be achieved by vegetable and fruit
consumption and high fiber diet, use of estrogen replacement therapy and nonsteroidal anti-inflammatory drugs (NSAIDs). (Hamilton et al. 2010)
Tumor localization also affects the pathogenesis of colorectal tumors. The
majority of colorectal tumors are located in the sigmoid colon and rectum, but
also right-sided, proximal tumors occur. There are differences in the genetic
features of the tumors depending on the localization. Sporadic MSI-H carcinomas,
MSI-H serrated carcinomas and sessile serrated adenomas have a tendency to
locate in the proximal colon whereas non-serrated cancers and serrated MSI-L
and MSS cancers and traditional serrated adenomas are more frequently located
distally. It has been postulated that a carcinogenetic environment of the colon,
depending on the location, affects the pathogenesis in different sites. Different
sites are differentially exposed to environmental carcinogens, and this influences
tumor development. (Bufill 1990, Mäkinen et al. 2001, Mäkinen 2007, Hamilton
et al. 2010)
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2.1.4 Premalignant lesions
Benign colorectal polyps are mucosal elevations. The classification of colorectal
polyps and their neoplastic nature is based on their histology (Table 1). The
majority of colorectal polyps are adenomas (Hamilton et al. 2010); serrated
polyps, including hyperplastic polyps represent the second most common group
(Mäkinen 2007). Inflammatory and hamartomatous polyps are generally regarded
as non-neoplastic (Hamilton et al. 2010). Non-epithelial polyps such as GIST,
lipoma, fibroma and neurofibroma are rare, and only GISTs have a significant
malignant potential (Ponz de Leon & Di Gregorio 2001).
Adenomatous polyps are classified into tubular, tubulovillous and villous
adenomas. (Hamilton et al. 2010, Ponz de Leon & Di Gregorio 2001) The
malignant potential in adenomas is related to histological type and size. Tubular
adenomas represent 85–90% of all adenomas, and they have lower malignant
potential than tubulovillous and villous adenomas.
Table 1. Classification of colorectal polyps and other protuberant lesions and their
current estimate of neoplastic nature. Adapted and modified from Hamilton et al. 2010
and Hornick & Odze 2009.
Histological classification of polyps

Risk of malignancy

Non-neoplastic epithelial polyps
Inflammatory polyps

No risk

Hamartomatous polyps

Minor

Hyperplastic polyps

Minor

Neoplastic epithelial polyps
Adenomas
Tubular adenomas

Low risk

Villous adenomas

High risk

Tubulovillous adenomas

Medium risk

Serrated adenomas
Hyperplastic polyps

Controversial

Sessile serrated adenomas

High risk

Sessile serrated adenoma with cytological dysplasia

High risk

Traditional serrated adenomas

Variable risk

Non-epithelial polyps
GIST

Variable risk

Lipoma

No risk

Fibroma

No risk

Neurofibroma

No risk
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Fig. 2. Examples of normal mucosa and non-serrated neoplastic epithelial polyps. A)
Normal mucosa, B) Tubular adenoma, C) Villous adenoma, D) Tubular adenoma with
high grade dysplasia.
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Serrated polyps
The classification of serrated polyps is presented in Table 2. The earliest
detectable lesions with serrated morphology are hyperplastic and serrated aberrant
crypt foci (ACF-H and ACF-S) (Longacre & Fenoglio-Preiser 1990, Mäkinen et
al. 2001, Mäkinen 2007, Leggett & Whitehall 2010). Serrated polyps are
characterized by their saw-tooth like infolding of the surface and crypt epithelium.
This has been suggested to result from disturbed migration of the cells from the
crypt base to surface and delayed apoptosis (Mäkinen 2007).
Hyperplastic polyps (HPs, Figure 3a) constitute 75–90% of all serrated
polyps (Higuchi & Jass 2005, Snover et al. 2010). They are usually small (<5 mm
in diameter), and located in the sigmoid colon and the rectum. Three different
subtypes are recognized: microvesicular, goblet cell rich, and mucin poor variant
(Table 2.) (Ponz de Leon & Di Gregorio 2001, Mäkinen 2007, Leggett &
Whitehall 2010).
Sessile serrated adenoma (SSA, Figure 3b) represents a morphological
intermediate between hyperplastic polyp and traditional serrated adenoma (TSA).
They constitute 5–25% of all serrated polyps (Snover et al. 2010). SSAs are
distributed along the colon and rectum, although they have a predilection for the
proximal colon. They are often larger than HPs and epithelial serration is seen at
the base of the crypt, the overall structure resembling HPs more than TSAs and
lacking adenomatous dysplasia. The characteristic architectural features of SSA
are presented in Table 2.
About 1% of all colorectal polyps represent sessile serrated adenomas with
cytological dysplasia (Figure 3c), previously known as admixed polyps or mixed
hyperplastic/adenomatous polyps (Snover et al. 2010, Higuchi et al. 2005). They
are large, often proximal polyps with high risk of malignancy (Goldstein 2006).
These lesions consist of discrete areas of morphologically non-dysplastic and
dysplastic (usually referred to as conventional adenomatous) serrated epithelium
within the same lesion (Oh et al. 2005). Dysplastic areas are in 96% of the cases
high- and low-grade serrated dysplasia; the serrated morphology is not seen in
only minority areas (Oh et al. 2005, Mäkinen 2007). Serrated dysplasia differs
from dysplasia seen in conventional adenomatous polyps: there is abundant
cytoplasm, round or oval nuclei and maturation areas in the epithelium.
Traditional serrated adenoma (TSA, Figure 3d) is the most uncommon type of
serrated polyp. According to various publications they represent < 1 to 7% of all
colorectal polyps, usually occurring in the distal colon and rectum (Snover et al.
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2010, Mäkinen 2007, Torlakovic et al. 2008, Leggett & Whitehall 2010).
Macroscopically they are protuberant cauliflower to villiform growths. Histology
of TSA consists of serration, nuclear stratification, penicillate nuclei and also
uniform population of dysplastic columnar cells, overall with abundant to
moderate eosinophilic cytoplasm (Mäkinen 2007, Torlakovic et al. 2008, Leggett
& Whitehall 2010). Ectopic crypt formation (ECF), denoting abnormal
development of crypts with loss of orientation toward muscularis mucosae is
almost an exclusive feature of TSA (Torlakovic et al. 2008).
Table 2. The classification of serrated polyps and their precursor lesions.
Lesion type

Typical features

Aberrant crypt focus hyperplastic-like (ACF-H)

Hyperplastic-like

Aberrant crypt focus serrated-like (ACF-S)

Serrated-like

Hyperplastic polyps variants
microvesicular (MVHP)

tend to show more prominent serration

goblet cell rich (GCHP)

mostly composed of goblet cells and showing

mucin poor (MPHP)

mucin-depleted, may show prominent serration

much more subtle serration
and reactive –appearing nuclear atypia
Sessile serrated adenoma (SSA)

crypt base dilatation
branching crypts
inverted T- and L-shaped crypts
goblet cell dystrophy
increased proliferation but not usually cytological
dysplasia

SSA with cytological dysplasia

a mixture of non-dysplastic and dysplastic serrated
epithelium
dysplasia; abundant cytoplasm, round or oval
nuclei, maturation areas

Traditional serrated adenoma (TSA)

serration of epithelial cells
nuclear stratification
penicillate nuclei
abundant to moderate eosinophilic cytoplasm
ECF; ectopic crypt formation
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Fig. 3. Examples of serrated polyps and serrated adenocarcinoma. A) Hyperplastic
polyp, B) Sessile serrated adenoma, C) Sessile serrated adenoma with cytological
dysplasia, D) Traditional serrated adenoma, E) Serrated adenocarcinoma.
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2.1.5 Malignant lesions
Nearly 99% of all CRCs are adenocarcinomas. In addition to the usual-type
adenocarcinomas, there are overlapping variants of colorectal adenocarcinomas
that make up approximately 15–25% of all adenocarcinomas (Table 3.).
Mucinous adenocarcinomas (8–10%) are characterized by extracellular mucin
production, which exceeds 50% of the lesion; less conspicuous (20–50%) mucin
production is classified as having a mucinous component. Mucinous carcinomas
often represent with high-level microsatellite instability phenotype. (Redston
2009, Treanor & Quirke 2007, Hamilton et al. 2010)
Signet-ring cell carcinomas comprise about 2% of all CRC and they are
characterized by intracellular mucin accumulation in more than 50% of the tumor
cells. It represents a variant of mucinous adenocarcinoma with a worse prognosis
and is more common among young people. Signet-ring cells typically contain
cytoplasmic vacuoles which have pushed the nucleus aside. (Redston 2009,
Hamilton et al. 2010, Treanor & Quirke 2007)
Medullary adenocarcinoma is a rare variant that has a predilection for the
ascending colon and is more common in female patients. It almost always
represents MSI-H genetic alteration (Hamilton et al. 2010). Histologically the
tumor cells are arranged in nests and sheets and tumor-infiltrating lymphocytes
are prominent. (Wick et al. 2005, Treanor & Quirke 2007)
Serrated adenocarcinomas (Figure 3e.) comprise 7.5–20% of colorectal
cancers (Mäkinen 2001, Redston 2009, Garcia-Solano et al. 2010 and O’Brien et
al. 2008). These are discussed below in detail.
Other, rare carcinomas of the large bowel are adenosquamous carcinoma,
neuroendocrine carcinoma and undifferentiated carcinoma, which have worse
prognosis than other CRCs. Adenosquamous carcinoma shows features of both
adenocarcinoma and squamous carcinoma (Hamilton et al. 2010, Huang et al.
2009), while undifferentiated carcinomas represent poorly differentiated
adenocarcinomas.
Diagnosis
of
undifferentiated
tumors
requires
immunohistochemical studies, and important thing with these tumors is to
distinguish them from other large bowel malignancies due to treatment difference
compared to adenocarcinoma. (Ponz de Leon & Di Gregorio 2001)
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Table 3. Classification and proportion of large bowel epithelial malignancies. Modified
from Redston 2009.
Histopathological classification of large bowel

Proportion

malignancies of epithelial origin
Adenocarcinomas

~99%

Usual type

85–90%

Mucinous carcinoma

8–10%

Signet-ring cell carcinoma

2%

Medullary adenocarcinoma

1%

Serrated adenocarcinoma

7.5–20%

Adenosquamous carcinoma

<1

Neuroendocrine carcinoma

<1

Undifferentiated carcinoma

<1

2.2

Genetic alterations in colorectal cancer

The progression of normal cell to malignant cell is characterized by progressive
accumulation of genetic changes. Cancer can develop either due to hereditary
background or as a result of somatic change. In both cases multiple changes are
needed before malignancy. Genetic alterations include mutations in protooncogenes, tumor suppressor genes and DNA repair genes. Epigenetic alterations
include DNA hypermethylation which changes the normal gene function leading
to loss of gene product. Hypermethylation may affect for example DNA mismatch
repair (MMR) genes. Such methylational silencing or alternatively mutation of
MMR genes leads to microsatellite instability which is found in sporadic
colorectal adenocarcinomas. Chromosomal instability is another main type of
genomic instability contributing to accumulation of mutations. Together all these
changes form a sequence leading to cancer.
2.2.1 Oncogenes: KRAS and BRAF
Oncogenes are transformed forms of normal genes, proto-oncogenes. Oncogene
activation contributes to transformation of normal cell to cancer cell. In normal
cells, proto-oncogenes control cell proliferation, growth and differentiation and
decrease apoptotic cell death. Proto-oncogenes encode e.g. growth factors, cell
surface growth factor receptors, intracellular signaling proteins, cell cycle
regulators and transcription factors. Activating mutations of oncogenes are
dominant; the mutation of one allele leads to an altered gene product. As a
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consequence of the activating mutation, the oncoprotein is more active, less
degradable, or the gene product produced more abundantly (gain-of-function).
Activating mutations include point mutations, chromosomal translocations or
gene amplifications (Croce 2008).
KRAS
The KRAS proto-oncogene is a member of the RAS superfamily. Ras proteins are
members of the small monomeric G proteins (guanine nucleotide-binding proteins)
and they play a critical role in transmitting extracellular signals into intracellular
signal transduction cascades. Ras proteins activate the RAF/MEK/ERK/MAP signaling cascade that mediates cellular responses to growth signals. Signals are
transmitted by switching between active GTP and inactive GDP form of Ras
(Figure 4). Activation is triggered when a growth factor, e.g. epidermal growth
factor (EGF), binds to cell-surface receptor, receptor tyrosine kinase (RTK).
Ligand binding leads to dimerization and autophosphorylation of RTKs, and RasGDP switching to Ras-GTP, accelerated by a protein called guanine-nucleotideexchange factor (GEF). GEF helps to dissociate GDP from Ras. GTP then
spontaneously binds to Ras molecule, after which hydrolysis of the bound GTP is
facilitated by GTPase-activating protein (GAP). GEF activity is part of cytosolic
Sos protein functioning. In fact another cytosolic adapter protein, GRB2, first
binds to activated RTKs and GRB2 then binds to Sos, which interacts with the
inactive Ras-GDP. After these bindings GEF activity of Sos promotes formation
of active Ras-GTP (Saif & Chu 2010, Boutros et al. 2008, Lodish et al. 2000).
The role of RAS in the development of cancers is extensively studied.
Approximately 15–20% of all human cancers carry the RAS gene mutation (Saif
& Chu 2010). Three RAS genes encode three members of RAS proteins: HRAS,
NRAS and KRAS. KRAS has two different splice variants KRAS4A and KRAS4B
resulting from the use of alternative C termini. Each of the subtypes is activated
in different cancers. The best characterized and understood RAS gene is KRAS, in
the chromosomal location 12p12.1. It encodes a 21-kDa cytosolic kras protein. It
is known to be mutated in 40–50% of colorectal cancers. KRAS is primarily also
activated in pancreatic and non-small cell lung cancer (Saif & Chu 2010). Most
mutations (90%) are found in codons 12 and 13 of exon 1, about 5% in codons 59
and 61 of exon 2, and the rest of the mutations in other codons (Palmirotta et al.
2009). Most frequent mutation types are G>A transition and G>T transversion
(Palmirotta et al. 2009).
36

Activating mutation of the KRAS leads to constant function of the kinase
cascade, Ras protein being permanently in active Ras-GTP state. Originally it was
considered a characteristic feature of the traditional Vogelstein’s adenomacarcinoma model in CRC development (Vogelstein et al. 1988). Activating
mutations are found with the same frequency in large adenomas and carcinomas,
but less frequently in small adenomas, which was considered to support the idea
that it is a late event in adenoma-carcinoma sequence (Vogelstein et al. 1988,
Leslie et al. 2002). More recent studies have found that it is not as common a
mutation in classic adenomas as had been assumed but more frequent in serrated
polyps (Maltzman 2001, Barry 2006). KRAS mutations have been reported in
about 18% of aberrant crypt foci, in 4–37% of hyperplastic polyps, in 60% of
admixed polyps, in up to 80% of traditional serrated adenomas, and in up to 10%
of sessile serrated adenoma (Chan et al. 2003, Mäkinen 2007).
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Fig. 4. Ras signalling.
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BRAF
The proto-oncogene BRAF encodes a B-Raf protein, which is a member of the
protein-serine/threonine kinase family. It is located in chromosome 7 at position
34. There are three Raf kinases, Raf1 (C-Raf), A-Raf and B-Raf. These kinases
participate in the RAS-RAF-MEK-ERK signal transduction cascade. Activated
Ras-GTP leads to activation of Raf kinase activity which in turns catalyzes the
phosphorylation and activation of MEK1 and MEK2. Every Raf kinase has three
conserved regions (CR) (Figure 5.). CR1 contains a Ras-binding domain and a
cysteine-rich domain that can bind two zinc ions. CR2 is a serine/threonine-rich
domain which contains, in a phosphorylated form, a binding site to a regulatory
protein, 14-3-3. Binding of 14-3-3 to phosphorylated CR2 domain (serine-259)
inhibits the Raf kinase activity. Dephosphorylation of serine by a protein called
PP1 and binding of GTP to Ras allows Raf to take a conformation in which it can
bind to Ras-GTP. This is the state needed to phosphorylate downstream target
MEK. CR3 is located near the C-terminus and contains the protein kinase domain.
The protein kinase domain has small and large lobes. The large lobe binds
MEK1/2 and the catalytic site is between these two lobes. Two lobes switch their
conformation to open and close the cleft, in open form allowing access to ATP
and release of ADP from the active site. In the large loop is the activation segment
that controls the ATP binding, in the inactive form the phenylalanine of the
activation segment occupies the ATP-binding pocket. (Roskoski 2010)
Regulation of Raf kinases includes multiple steps and many different
biochemical reactions: phosphorylation, dephosphorylation, conformational
variation and protein-protein interaction. In the inactivated form most Raf-kinase
proteins occur in the cytosol in a dormant state. There are two serine residues, in
the CR2 (Ser365) and near the C-terminus (Ser729), in the phosphorylated form
bonded to two 14-3-3 proteins. In the activated form, Raf is in interaction with
Ras-GTP. This binding is not sufficient although necessary to fully activate the
Raf kinase. There are different requirements for the activation of each Raf kinase.
In the case of B-Raf, for example phosphorylation of two other residues in the
activation segment (Thr599 and Ser602) and phosphoserine 579 in the catalytic
loop, besides the aforementioned serines, is essential for B-Raf activation. Also
e.g. Ser151 is an ERK-catalyzed phosphorylation site which is in association with
feedback inhibition. (Roskoski 2010)
The role of BRAF mutations in cancer development has been extensively
studied. Instead, mutations of the two other Raf enzymes are rare (Roskoski 2010).
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BRAF mutations are found in a wide range of cancers, the highest mutation
frequency being seen in malignant melanoma. The most common mutation occurs
in the activation segment at the position V600E, but other less common mutations
have also been recognized (Davies et al. 2002, Roskoski 2010). This residue is in
the area which is highly conserved in all three RAF genes through evolution. This
mutation accounts for 80% of the mutations in CRC. Mutation leads to activation
of the kinase in the Raf enzyme and further to constant activation of the MAPKkinase cascade. Studies have also shown that although BRAF V600E mutation
causes higher kinase activity, the activating mutation of the RAS gene (G12V)
combined with wild-type Raf causes extensively more transforming activity. This
may be a result of the fact that Raf proteins signal predominantly through MEK1
and MEK2 and further through ERK-MAPK whereas Ras signals to a larger
number of effector molecules. In other words Raf enzymes have restricted
substrate specificity and only MEK1 and MEK2 are known to be the substrates
for all three Raf kinases. (Davies et al. 2002, Roskoski Jr 2010) B-Raf is also
probably the dominant form that activates MEK1/2, when A-Raf and C-RAf
regulate the duration of signaling of MEK-ERK among other functions (Boutros
et al. 2008).
BRAF mutation is an early genetic alteration in serrated lesions together with
KRAS mutations (Mäkinen 2007). These mutations are rarely seen simultaneously
in the same tumor. BRAF mutations have been reported in 19–36% of
hyperplastic polyps, in 40–89% of admixed polyps, in 75–82% of sessile serrated
adenomas and in 20–33% of traditional serrated adenomas (Spring et al. 2006,
Mäkinen 2007, O’Brien et al. 2008). In aberrant crypt foci (ACF) mutation is rare
and it has been hypothesized that when BRAF mutation is found in ACF it
predisposes to neoplastic progression, whereas KRAS mutation in ACFs is not
sufficient for neoplastic development (Mäkinen 2007).

Fig. 5. Schematic diagram of the RAF gene.
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2.2.2 Ras/Raf/MEK/MAP kinase (MAPK) cascade
K-Ras and B-Raf belong to the intracellular Ras/Raf/MEK/MAP kinase (MAPK)
cascade which mediates cellular responses to growth signals. The MAPK cascade
is not a single linear pathway. Each member of the pathway has a number of
forms which can cross-react with each other. The first group consists of Rasproteins: H-Ras, K-Ras4A, K-Ras4B and N-Ras. The second group consist of the
A- B- C-Raf proteins that can function as homo- and heterodimers: A-A, B-B, CC A-B, A-C, B-C-Raf. The third group consist of MEK1 and MEK2 and ERK1
and ERK2 make up the last group. Although Raf kinases have restricted substrate
specificity and ERK1/2 are only substrates to MEK1/2, the number of different
interactions between the alternate forms of molecules produces highly branching
pathway. (Roskoski 2010) To put it simply, the MAPK/ERK pathway is a chain of
proteins that interacts with each other in the cell from the cell surface receptor to
the DNA in the nucleus. The signaling is initiated when extracellular ligand, e.g.
epidermal growth factor, binds to the cell-surface receptor (RTK). Ligand binding
causes dimerization and autophosphorylation of RTKs, causing Ras-GDP to
switch to Ras-GTP. Cytosolic adapter protein, GRB2, first binds to activated
RTKs, and GRB2 then binds to Sos, which interacts with the inactive Ras-GDP.
Subsequently active Ras-GTP is formed. The GTP-bound form of Ras then binds
to Raf. This binding brings Raf to the plasma membrane and increases its protein
kinase activity and activates the kinase cascade. Activated Raf phosphorylates and
activates the dual-specificity protein kinases MEK1 and MEK2, which are the
activators of MAP kinases ERK1 and ERK2. (Cobb 1999, Saif & Chu 2010,
Boutros et.al 2008, Lodish et.al. 2000) Raf enzymes are present in substantially
lower concentration than MEKs and ERKs. Signaling from Raf to MEK allows
amplification of the signal, but this rarely occurs, since MEKs phosphorylate
ERKs at two sites, a tyrosine and threonine. Simultaneous phosphorylation of
these residues activate ERKs about 3000-fold, while the phosphorylation of only
one site result in ERK activation that is only 5-to 10 -fold. Inactive, only tyrosinephosphorylated form of ERK accumulates in the unstimulated cells and can
rapidly react on stimulus from MEK and forward the signal in the cascade in an
effective way (Cobb 1999). Activated ERK1/2 has at least 160 potential effectors
in the cytosol and nucleus (Boutros et.al 2008). It affects cell proliferation,
differentiation, and apoptosis and cell-cycle arrest. It phosphorylates substrates
including transcription factors, such as Elk1 and c-Myc, and protein kinases, such
as ribosomal S6 kinase (RSK). ERK1/2 takes part in the preparation of the cell for
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the cell cycle in different phases; it is involved in stabilization of c-Myc in G0-G1
transition, it can up-regulate cyclin D1 via increased stability of c-Myc
transcription factor in G1-S phase, and it is also required in G2 phase in DNA
damage checkpoints. ERK1/2 also takes part in cell differentiation by modulating
activity, stability and protein-protein interaction of many proteins in a cell typespecific manner. It is involved in the remodeling of focal adhesion and actin
filaments, and increases tubulin polymerization during cell spreading, remodeling
of the cytoskeleton, cell shape and motility. (Boutros et al. 2008)
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Fig. 6. MAPK pathway.
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2.2.2 Tumor suppressor genes (Caretakers, Gatekeepers,
Landscapers): PTCH1
Tumor suppressor genes encode gene products, the main objective of which is to
inhibit cell growth. Their functions are lost in a recessive manner, meaning that
only loss of both gene alleles leads to loss of the gene product. This idea, two-hit
hypothesis, was introduced by Knudson in the year 1971 with the retinoblastoma
gene (Knudson 1971). Its main idea is that multiple genetic hits are necessary to
lead to cancer. Children with inherited retinoblastoma have inherited the first
mutation, and the second hit rapidly induces cancer. In sporadic cases, two hits
have to happen before tumor development and this explains the later occurrence
and rarity of sporadic retinoblastoma. The loss of heterozygosity (LOH) is
commonly behind the inactivation after the loss of the first allele, but also somatic
point mutation or epigenetic mechanisms, e.g. promoter hypermethylation, may
inactivate the second allele, resulting in a gene product having less or no function
(loss-of-function). Tumor suppressor genes can be divided into three different
categories according to their functions in the cell: caretakers, gatekeepers and
landscapers.
Caretaker genes encode proteins that stabilize the genome, and alteration of
these genes leads to genomic instability. For example DNA repair gene hMLH1 is
responsible for repairing DNA mismatches and is often found mutated in
inherited or methylated in sporadic colorectal cancer. As the development of
cancer requires several alterations in the cell, the mutation in the caretaker gene
increases the mutation rate and therefore enables tumor formation. Caretakers do
not cause transformation into malignant cells by themselves, but they indirectly
promote tumor formation by causing an increased number of mutations. (Kinzler
& Vogelstein 1997)
Gatekeepers are tumor suppressors that directly maintain the balance between
cell growth and death. Mutations of these genes lead to irregular growth and
differentiation. Each cell has only few gatekeeper genes, and mutation in one of
these causes progression to cancer. Gatekeepers are tissue-specific; mutation of
the gatekeeper gene APC leads to development of colorectal cancer but only
rarely to other cancers. (Kinzler & Vogelstein 1997)
Landscapers are the third group of tumor suppressor genes. These genes
encode proteins that control the microenvironment in which the cells grow.
Mutation of landscaper gene causes abnormalities in the extracellular matrix
(ECM), assisting susceptibility to cancer. Cells interact with other cells as well as
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are in contact with ECM. Alterations in some of the landscaper genes, e.g. PTEN
or SMAD known to be mutated in colorectal cancer, disrupt the normal cell-ECM
interaction and promote tumor formation. (Kinzler & Vogelstein 1998)
PTCH1 and the Hedgehog signaling pathway
The PTCH1 is a member of the hedgehog (Hh) signaling pathway, in which its
role is to act as a transmembrane receptor for secreted Hh ligands, Sonic- (SHH),
Indian- (IHH) and Desert- (DHH) Hh. The gene is located in the chromosome 9
region q22.3 and is classified as a classic tumor suppressor gene (Hahn et al. 1996,
Toftgård 2000, Lindström et al. 2006). PTCH1 consists of 23 exons, which
encode a 1447-amino-acid long transmembrane glycoprotein with two large
ligand binding extracellular loops and intracellular N- and C -termini (Toftgård
2000). PTCH1 plays an essential role in the regulation of cell proliferation,
differentiation and growth of the embryo and of a number of adult tissues, such as
the gastrointestinal tract (Ramalho-Santos et al. 2000, Laiho et al. 2006) In its
core element, Hh signaling pathway is highly conserved from insects to
vertebrates. The simple cascade starts with the Hh ligand binding to PTCH1
(Figure 7). In the absence of ligand, PTCH1 inhibits the second transmembrane
protein in the pathway, smoothened (SMO). When a ligand binds repression of
SMO is relieved. This causes activation of a transcription factor GLI-1, and
upregulation of target gene expression, including PTCH1, GLI-1 Cyclin D, and
myc. In addition to the molecules mentioned above there are others that take part
in signal transduction. Genetic studies with Drosophila have given important
knowledge about the genes involved in Hh signaling. When Hh binds to PTCH1
the signal is transduced to microtubule-associated complex containing Costal-2
(Cos-2), serine/threonine kinase fused, suppressor of fused (SUFU) and Cubitus
interruptus (Ci). Without ligand Cos-2, fused and SUFU form a complex bind to
microtubules in the cytoplasm and Ci is cleaved to form a fragment that
translocates to nucleus and inhibits target gene-expression. Ci is acting in both,
repressing gene transcription by the aminoterminal fragment localized in the
nucleus, and activating gene transcription via the full-length activated form
(Toftgård 2000). Hh, SMO and fused are positively acting components in the
pathway, whereas PTCH1, Cos-2 and SUFU have a negative role. In humans
there are three Hh genes as mentioned above, and three Ci genes, GLI1-3. All
three Hh proteins can bind to PTCH1. GLI1 is a transcriptional effector, while
GLI2/3 has either activator or repressor function. GLI can be localized either in
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the cytoplasm or the nucleus. This shuttling is regulated by SUFU, nuclear
localization signal (NLS) and nuclear export signal (NES). One protein, not
described in Drosophila, is a Hedgehog interacting protein, Hip. It can bind and
functionally inactivate all three Hh proteins and it is a target gene of Hh signaling.
Hip and PTCH1 create a negative feedback loop in Hh signaling, thus regulating
the signaling cascade activity. (Toftgård 2000)
Germline PTCH1 mutations result in Gorlin’s syndrome (nevoid basal cell
carcinoma syndrome, NBCCS), depicted by cutaneous basal cell carcinomas
(BCC), jaw cysts, skeletal abnormalities and occasional cerebellar
medulloblastoma (Gorlin 1987, Hahn et al. 1996, Toftgård 2000, Lindström et al.
2006). Somatic inactivating PTCH1 mutations have been detected in various
tumors, e.g. BCC, medulloblastoma, meningioma and breast cancer (Xie et al.
1997, Chang-Claude et al. 2003, Lindström et al. 2006). In addition, mutations or
functional aberration of the Hh signaling pathway have been observed in several
cancer types, including gastric and pancreatic cancer (Ji et al. 2007, Ma et al.
2005). The distribution of the different mutations in the gene depends on the
clinical picture (Hahn et al. 1996, Toftgård 2000, Tanioka et al. 2005, Lindström
et al. 2006). PTCH1 germline mutations are mainly truncating mutations, and
they are clustered in the large extracellular loop, the large intracellular loop and
the N-terminal region of the protein. Somatic PTCH1 mutations are usually
missense mutations of the C-terminus of the protein, the large intracellular loop or
the extracellular loop (Lindström et al. 2006).
The role of the Hh signaling pathway in the development of CRC is currently
controversial. This is a consequence of contradictory results obtained from
different models of CRC, human-derived cell lines, mouse models and sporadic
tumor samples. Chatel and co-workers evaluated the expression of the main key
members of the Hh pathway in cell lines, stating that activation of the Hh
pathway is not a common event in colorectal cancer development. This
hypothesis is based on their finding that in none of the studied cell lines were all
the key members of the Hh pathway expressed and that SUFU, an inhibitor of the
Gli proteins, was present in every cell line (Chatel et al. 2007). On the other hand,
it has been suggested that e.g. the SHH-signaling pathway may play a role in the
progression of colorectal cancer, and that SHH, PTCH1 and SMO are upregulated
in hyperplastic polyps (HP), adenomas, and adenocarcinomas (Oniscu et al. 2004,
Bian et al. 2007). Parfitt et al. suggested that there are differences in hedgehog
protein expression between various colorectal polyp subtypes (Parfitt et al. 2007).
Qualtrough proposed that premalignant and malignant colonic cells may have an
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autocrine Hh signaling mechanism that could be possible target for colon cancer
therapy (Qualtrough et al. 2004). There are also studies about epithelialmesenchymal interaction of Hh signaling (Yauch et al. 2008, van Dop et al. 2009,
Kolterud et al. 2009), indicating that Hh signaling does not occur in the epithelial
cells but from the epithelium to mesenchymal cells. These studies refer to strictly
paracrine secretion, assuming that neither normal nor cancer cells have Hh
signaling in the colon epithelium. In addition to these contradictory observations,
at least PTCH1, SHH and GLI1 have been shown to be expressed in normal and
tumor
colorectal
tissue
samples
in
the
Genesapiens
database
(www.genesapiens.org, accessed at 15.12.2010).

Fig. 7. Hedgehog signalling pathway.
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2.2.4 DNA repair
The DNA repair system is essential for maintaining genomic integrity. DNA
repair enzymes continuously monitor DNA to correct damage. DNA alterations
are caused by various factors, environmental as well as endogenous mutagens.
Environmental agents include exposure to carcinogens and cytotoxic compounds,
e.g. ultraviolet (UV) light, inhaled cigarette smoke, or some dietary factors,
whereas endogenous elements are reactive oxygen species and metabolites with
alkylating effects. (Wood et al. 2001) There are multiple, partly overlapping DNA
damage repair mechanisms. Those can be divided into direct reversal of damaged
DNA, single strand damage repair and double-strand break repair. Protein methyl
guanine methyl transferase (MGMT) is an enzyme that directly reverses
methylated guanine bases in a direct reversal of damaged DNA. Excision repair, a
single strand repair, consists of three different mechanisms that are constantly
functioning. The BER (base excision repair) proteins excise and replace damaged
DNA bases, NER (nucleotide excision repair) proteins repair nucleotide
alterations, also several sequential nucleotides, MMR (mismatch repair) corrects
alterations occurring during replication as well as heterologies formed during
recombination. Double-strand breaks, in which both strands in the DNA doublehelix are severed, are repaired by either homologous recombination or nonhomologous end-joining.
Mismatch repair genes
DNA mismatch repair is a system which recognizes and repairs single-base
mispairs, as well as small insertions and deletions. It is a highly conserved
process from prokaryotes to eukaryotes. In Escherichia coli MutS recognizes and
binds to the site of a mismatch; simultaneously, MutH binds specifically to the
hemimethylated GATC sequence. MutH discriminates the parental and daughter
strands according to their methylated adenines. In the parental strand adenine
residues in a GATC sequence are methylated, and in the newly replicated DNA
daughter strand the methylated adenines are lacking. Binding of MutS triggers the
binding of a linking protein MutL which connects the MutS and MutH. This
cross-linking activates the endonuclease activity of MutH, which nicks the
daughter strand near the hemimethylated GATC sequence. DNA-specific
exonuclease excises the incorrect strand. Depending on which side of the
mismatch MutH incises the strand the exonuclease is recruited. If the strand break
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is made on the 5’ end of the mismatch, either RecJ or ExoVIII is used. On the
other hand, if the nick is on the 3’ end of the mismatch, a 3' to 5' exonuclease
ExoI is used. Finally the DNA polymerase III resynthesizes the daughter strand
and DNA ligase takes care of the ligation. The last phase is the methylation of the
newly synthesized strand by Dam methyltransferase. (Lodish et al. 2000, Iyer et
al. 2006, Larrea et al. 2010)
In eukaryotes, MMR machinery is more complex but its function is
essentially the same. Figure 8 represents an overview of the eukaryotic MMR
system. There are several different MutS and MutL homologs: in both MutSα and
MutSβ there is a MSH2 molecule paired with MSH6 or MSH3 depending on the
damage that needs to be repaired. MSH2/MSH6 (MutSα) recognizes single basebase mismatches and 1-2 base insertions/deletions (ID) whereas MSH2/MSH3
(MutSβ) recognizes insertion/deletion mismatches containing two or more extra
bases (Larrea et al. 2010). Heterodimers MutLα (MLH1/PMS2), MutLβ
(MLH1/MLH3) and MutLγ (MLH1/PMS1) interact with mismatch recognition
complexes MutSα and MutSβ. The best characterized MutL homolog is MutLα
which is capable of forming a complex with both MutSα and MutSβ. (Iyer et al.
2006) There is no known homolog for MutH endonuclease in humans; instead,
MutLα and MutLβ have this ability. The only exonuclease is exonuclease 1
(EXO1). Other molecules which take part in the mismatch repair system in
eukaryotes are PCNA; replication sliding clamp, playing also in several important
roles in mismatch repair, RPA; facilitating DNA synthesis, enhancing excision and
protecting template DNA, Lig1; DNA ligation and Polδ; resynthesis of DNA. (Iyer
et al. 2006, Larrea et al. 2010)
In addition to post-replicative repair MMR takes part in mitotic and meiotic
recombination, apoptosis signaling and in the recognition of DNA adducts caused
by alkylating agents (Iyer et al. 2006, Jacob & Praz 2002).
Defects in the MMR system are associated with predisposition to hereditary
non-polyposis colorectal cancer (HNPCC) and also involved in sporadic
colorectal cancer. In HNPCC, dysfunction of the MMR system is caused by a
mutation in one of the two major MMR genes, hMSH2 and hMLH1. In sporadic
cases the major cause of the defect is the hypermethylation of the hMLH1
promoter region, causing silencing of the gene expression. These tumors
characteristically show microsatellite instability, which means accumulation of
small insertions and deletions that frequently occur during replication in the
repetitive sequence of DNA. Germline mutations in the hMSH6 gene are also
found in familiar colorectal cancer, although to a lesser extent. These mutations
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also predispose to late-onset cancer and extracolonic tumors such as endometrial
cancer. Germline mutations in hMSH3 gene have not been recognized and the role
of hPMS1 is questionable (Jacob & Praz 2002). The association between hPMS2
and CRC is established (Boland & Goel 2010). hMLH3 and EXO1 mutations have
been detected, but the pathogenic consequences of these mutations have not been
determined definitely and further studies are needed to clarify their role in cancer
predisposition. (Jacob & Praz 2002, Boland & Goel 2010)

Fig. 8. Mismatch repair.
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Microsatellite instability
Microsatellites are small repeated DNA sequences 1 to 6 base pairs in length
scattered throughout the genome. The number of tandem repeats varies from
under ten to hundreds or even thousands of consecutive copies. Microsatellites are
characterized as highly polymorphic and unstable motifs. The most common
repeats in humans are dinucleotide repeats (CA)n/(GT)n and mononucleotide
repeats (A)n/(T)n (Ruszkiewicz & Jass 2004, Boland & Goel 2010). Microsatellite
instability (MSI) is a consequence of defective MMR system that allows DNA
polymerase slippage during DNA replication, therefore resulting in the
accumulation of single base mismatches or small insertions or deletions (Boland
et al. 1998). MMR gene inactivation and subsequent MSI either result from a
mutation or from hypermethylation of the promoter region of the gene.
In 1997, National Cancer Institute workshop (Boland et al. 1998) proposed
guidelines to the detection of MSI in colorectal cancer, and recommended five
consensus microsatellite markers for the distinction between low- and high-level
MSI (MSI-L and MSI-H). These markers included two mononucleotide markers
(BAT25 and BAT26), and three dinucleotide markes (D5S346, D2S123 and
D17S250). A tumour was classified as MSI-H when MSI was detected in two or
more markers, MSI-L when only one marker showed MSI, and MSS if none of
the markers showed instability. In case of MSI-L, it was considered that
additional markers should be used to distinguish MSI-L from MSI-H. The role of
MSI-L in CRC is controversial as MSI-L cancers do not drastically differ from
MSS cancers, and when enough markers are analyzed, a major part of CRCs
show at least one locus representing MSI (Tomlinsson et al. 2002, Mäkinen 2007,
Boland & Goel 2010).
The presence of MSI-H is associated with a loss of MLH1, MSH2, MSH6 or
PMS2 protein. Therefore, MMR immunohistochemistry can be utilized in the
prediction of MSI-H, being a cost-effective method prior to MSI analysis and
gene sequencing. The underlying MMR gene mutation can be detected using IHC
and subsequent direct sequencing of the gene.
Approximately 15% of all colorectal tumors show MSI. 75–80% of these are
caused by epigenetic silencing of the hMLH1 gene while only 2–3% carry a
germline mutation in one of the MMR genes (Boland & Goel 2010). Familial
MSI tumors show a high degree of MSI, and sporadic tumors with hMLH1
methylation are also mostly of the MSI-H phenotype. MSI-L tumors have not
been associated with alterations in MMR genes (Mäkinen 2007). Besides the
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difference in MSI status, tumors differ from microsatellite-stable tumors in
several clinical and pathological features. CRC patients with MSI-H CRC status
have better prognosis compared to non-MSI tumors, particularly among young
patients (Mäkinen 2007, Boland & Goel 2010). MSI-H carcinomas locate in the
proximal colon whereas MSI-L and MSS have a predilection for the distal colon
or the rectum. MSI-H tumors show lymphocytic infiltration, a mucinous
phenotype and are poorly differentiated. These features are found in both familial
and sporadic MSI-H CRC cases. MSI is also often seen in serrated
adenocarcinomas accompanied with a BRAF mutation. (Russzkiewicz & Jass
2004, Mäkinen 2007, Boland & Goel 2010)
2.2.5 Epigenetic alterations
Epigenetic mechanisms, while not resulting in DNA sequence alterations, are
involved in the activation of oncogenes and in the inactivation of tumor
suppressor genes. DNA hypermethylation modifies cytosine nucleotides in the
CpG islands. In normal circumstances, DNA methylation occurs as a postreplication modification and is essential for the normal development and is
associated with numerous key processes in cell function, e.g. genomic imprinting;
expression or repression of gene according to their parental origin and Xchromosome inactivation (Novik et al. 2002). It is also alternative mechanism for
carcinogenesis. Most of the CRCs have epigenetic alterations e.g. DNA
methylation and histone modification and these coexist with the classic genetic
changes (Kondo & Hissa 2004).
DNA methylation
DNA methylation is a biochemical modification of DNA taking place
predominantly in cytosines located 5’ to guanosine of the dinucleotide sequence
CpG. In normal cells methylated sites are widely distributed in CG-poor regions.
Cancer-related DNA hypermethylation occurs in distinct CG-rich areas, called
CpG islands. Around 40–50% of genes have these areas found in the promoter
regions of the gene and remain normally unmethylated (Baylin & Herman 2000
and Kondo & Issa 2004). Cancer-related hypermethylation of promoter regions
leads to transcriptional silencing of the gene. A growing number of cancer-related
genes are found to be methylated in their promoter region. Many tumor
suppressor genes seen mutated in familial cancer syndromes have been
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discovered to be methylationally silenced in sporadic cancers (Baylin & Herman
2000). Mutation in the DNA MMR gene hMLH1 is known to be behind
hereditary nonpolyposis colorectal cancer. This gene is also found methylated in
sporadic MSI CRCs (Baylin & Herman 2000). For example, hMLH1, mutated in
hereditary nonpolyposis colorectal cancer is methylated in sporadic MSI-H CRCs
(Baylin & Herman 2000). DNA repair gene MGMT mutations are rare, but
methylation occurs in a proportion of CRC (Esteller et al. 1999 Jass et al. 2000).
Both of these genes are often methylated in sporadic serrated polyps (Whitehall et
al. 2001).
2.2.6 Molecular and morphological classification of CRCs:
Suppressor and Mutator pathways
Colorectal adenocarcinomas develop through different pathways. In 1990 Fearon
and Vogelstein proposed a multistep process for CRC (Fearon & Vogelstein 1990).
It is necessary to create a proper classification for the disease to achieve accurate
and effective clinical management and meaningful laboratory investigation. The
main focus has been on morphological assessment, rarely on molecular
classification. Useful molecular markers should give prognostic information or
predict the effectiveness of therapy (Jass 2007).
CRC was for decades considered a homogenous entity. This trend was seen in
clinical management as well as in research. The development of CRC was
thought to proceed in a relatively uniform and linear sequence (Jass 2007), known
as adenoma-carcinoma sequence, and it was first introduced by Fearon and
Vogelstein in 1990 (Fearon & Vogelstein 1990). Today it is well recognized that
there are other parallel pathways of CRC tumor development, and the adenomacarcinoma sequence represents the chromosomal instability (CIN) pathway. The
other two main pathways represent genomic instability and are the MSI pathway;
referring to familial HNPCC syndrome in which tumor development is caused by
a germline mutation in genes involved in the MMR system, and the mutator
pathway, which refers to sporadic CRCs showing aberration in MMR and other
DNA repair systems caused by hypermethylation of hMLH1, not by germline
mutation of the MMR genes. Tumors of this pathway usually also show MSI and
BRAF or KRAS mutation. Mutator pathway is also called the serrated pathway,
based on the morphological precursor lesion from which the carcinomas are
developed. (Jass 2007, Mäkinen 2007, O’Brien et al. 2008, Boland & Goel 2010,
Leggett & Whitehall 2010, Pino & Chung 2010).
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Adenoma-carcinoma sequence, CIN (chromosomal instability)/
suppressor pathway
The concepts of different pathways are not mutually exclusive; tumors can exhibit
features of multiple pathways. In the adenoma-carcinoma sequence it is proposed
that at least seven mutations are required for malignant tumor development.
Recent studies have shown that as many as 80 mutated genes are found in each
colorectal tumor; among them fewer than 15 can be considered to be the driving
mutations leading to tumor formation (Pino & Chung 2010). An initiating step is
activation of Wnt-signaling through the inactivation of the APC (Adenomatous
polyposis coli) gene, located in chromosome 5q. Germline mutation in this gene is
responsible for familial adenomatous polyposis. Somatic mutations in the APC
gene have been found in 5% of early precursor lesions, ACFs, in 30–70% of
sporadic adenomas and in up to 72% of sporadic tumors, indicating that this
alteration is an early event in tumor initiation (Pino & Chung 2010). In normal
circumstances APC forms a complex with β-catenin and two other molecules
leading to suppression of the Wnt signaling. When APC is mutated this complex
formation is disrupted and β-catenin can translocate to the nucleus and increase
the transcription of the multiple genes which take part in tumor growth and
invasion. In around 50% of the cases with an intact APC gene, CTNNB1 is
mutated, showing the importance of Wnt signaling pathway in tumor
development. Loss of the APC gene in the adenoma-carcinoma sequence model is
followed by additional genetic changes such as mutation of the KRAS and TP53
inactivation. In this model, the mutation in the TP53 gene is the final step that
promotes emergence of more aggressive subclones and mediates the adenomacarcinoma transition. Other genetic changes linked to this model include allelic
loss at chromosome 18q, which is found in 70% of primary colorectal tumors
(Pino & Chung 2010). The gene deleted in colorectal carcinomas (DCC), located
in chromosome 18q, was initially proposed to encode colorectal tumor suppressor,
but it is in fact a cell surface receptor for neuronal protein netrin-1 which is rarely
found mutated in CRCs. However, there are other tumor suppressor genes found
in this chromosomal location, SMAD2 and SMAD4 which are intracellular
mediators in the TGF-β pathway. These genes are known to take part in the
regulation of cell growth, differentiation and apoptosis and are found to be
mutated in <20% and 10% of CRCs, respectively (Pino & Chung 2010). Aberrant
overexpression of COX-2 is linked to development CRC. Its overexpression is
seen in 43% of adenomas and in 86% of carcinomas (Pino & Chung 2010). The
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role of COX-2 in tumor development can be attributed to the production of
prostaglandin E2. Increased levels of prostaglandin E2 are seen in colorectal
adenomas as well as carcinomas. These two molecules regulate proliferation,
survival, migration and invasion in CRC tumors, and COX-2 also regulates
angiogenesis (Pino & Chung 2010).
Normal epithelium
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APC
1p LOH

COX-2
overexpression

Late
adenoma

Intermediate
adenoma

Early
adenoma
KRAS
mutation

18q LOH

Carcinoma
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P53
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Nuclear b-catenin level and chromosomal instability

Fig. 9. The adenoma-carcinoma sequence – adapted and modified from Fearon and
Vogelstein 1990.

Genomic instability / mutator / serrated pathway
The mutator pathway for cancer development refers to the mechanism causing the
alterations to genome which trigger tumor formation. In this context it means
genomic instability resulting from failure to repair DNA-level alterations. It is
distinguished from the MSI pathway linked to HNPCC. It is a parallel but
different pathway in comparison with the adenoma-carcinoma/CIN. The mutator
pathway is not yet well characterized. There are still controversial questions about
molecular changes in this pathway and the sequence of the molecular alterations.
There seem to be two variants in the mutator pathway (Figures 10 and 11), one
characterized by KRAS and the other by BRAF mutations. A shared feature for
both is the common occurrence of MSI, either at high or low level. High level of
MSI (MSI-H) is a consequence of loss of DNA mismatch repair activity, but low
level of MSI is not unequivocally related to MMR deficiency, the mechanisms
involved being speculative. Overall, MSI is detected in about 15% of all CRCs;
3% of these are associated with familial HNPCC syndrome (Lynch syndrome)
and the remaining 12% originate from a sporadic background (Boland & Goel
2010).
The mutator pathway tumors also show a phenomenon known as CpG island
methylator phenotype (CIMP), and for this reason it is also called the CIMP
pathway (Worthley & Leggett 2010). CIMP is categorized into CIMP-high,
CIMP-low and CIMP-negative, referring to the amount of methylation (Goel et al.
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2007). Most often CIMP-high is manifested as hypermethylation of the promoter
region of the hMLH1 gene which silences the gene (Worthley & Leggett 2010)
and leads to MSI-H. This defect in the MMR system is the first well-characterized
phenomenon behind the mutator pathway of cancer development (Jacinto and
Esteller 2007). In addition to progressive CpG island methylation and MSI-H,
typical features of the mutator pathway are activating mutations of the BRAF gene
(O’Brien et al. 2008). This mutation inhibits normal apoptosis and it is also
recognized to be the mutation specific to serrated polyps (O’Brien et al. 2008).
CIMP-high mutator pathway tumors also show methylational silencing of known
tumor suppressor genes, such as p16 and insulin-like growth factor (Boland &
Goel 2010). Genetic targets of microsatellite instability which are also found in
mutator pathway tumors include genes influencing cell proliferation; e.g.
TGFβR2, genes participating in cell cycle or apoptosis; e.g. BAX and PTEN and
DNA repair genes; e.g. MBD4, MSH3 and MSH6. However, it is not clear how
many MSI-associated mutations are functionally significant or whether some are
only markers of MSI (Boland & Goel 2010). These cumulative molecular events
are comparable to accumulation of mutations in the adenoma-carcinoma sequence
in terms of resulting aberrations of cell proliferation and differentiation.
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Fig. 10. Schematic

diagram

of

tumor

development

via

the

mutator

pathway,

representing BRAF mutation, CIMP-high and MSI-H molecular changes. Adapted and
modified from O’Brien et al. 2008.

The second, less well-defined arm of the mutator pathway are tumors with typical
features such as KRAS mutation, low levels of CpG island methylation, MSIL/MSS phenotype and also similarities with carcinomas developing through the
adenoma-carcinoma sequence (O’Brien et al. 2008). These carcinomas show
frequent LOH, reflecting some level of chromosomal instability (O’Brien et al.
2008). The presence and role of the MSI-L as a unique entity separate from MSS
and MSI-H tumors is still controversial, but it is recognized that it differs from
MSI-H tumors (Jass 2007, Imai & Yamamoto 2008, Leggett & Whitehall 2010).
Carcinomas from this pathway are associated with the loss of the MGMT gene
(Jass 2007, Imai & Yamamoto 2008, Leggett & Whitehall 2010) and also partial
methylation of the MLH1 gene, which can both be behind the MSI-L phenotype
(Jass 2007, Imai & Yamamoto 2008). It is suggested that MGMT inactivation by
promoter hypermethylation may promote point mutations as a failure to repair
G:C to A:T transition. This would stress the DNA MMR system and increase the
mutation level. Chromosomal instability would appear on the basis that
methylG:T mismatches give rise to futile cycles of DNA excision, and attempting
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to repair that could culminate in chromosomal damage (Jass 2007). This pathway
is also called the fusion pathway (Jass et al. 2006), referring to molecular
similarities overlapping with conventional adenoma-carcinoma sequence.

Fig. 11. Schematic diagram of tumor development via fusion pathway, representing
KRAS mutation, CIMP-low and MSI-L/MSS molecular changes. Adapted and modified
from O’Brien et al. 2008.

The aforementioned genetic alterations are linked in serrated premalignant lesions
and this is the reason why the mutator pathway and serrated pathway are
mentioned in the same context (Baylin & Herman 2000, Mäkinen 2007, O’Brien
et al 2008). Accordingly, carcinomas that show molecular alterations such as
BRAF or KRAS mutation, hypermethylation of hMLH1 and MGMT gene
promoters or microsatellite instability in either high or low level, have been
suggested to arise through the serrated pathway (Mäkinen 2007, Jass 2007,
O’Brien et al. 2008, Leggett & Whitehall 2010). The combination of BRAF
mutation, CIM and MSI is rarely if ever seen in CRC arising from conventional
adenomas. These features together are actually the most typical and exclusive
features of a subgroup of adenocarcinomas supposed to have originated from
serrated precursor lesions (Jass 2007).
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3

Aims of the present study

The main aim of this study was to characterize genetic changes in serrated
colorectal adenocarcinoma in order to find out features specific for this cancer
type, and to disclose some essential components and the sequence of molecular
pathogenesis in the development of serrated colorectal adenocarcinoma. More
specifically, the objectives were:
1.
2.

3.
4.

5.

To describe the morphology and define the histological criteria for the
histological recognition of sporadic serrated colorectal adenocarcinomas.
To determine the frequency and the level of microsatellite instability in
serrated and non-serrated colorectal adenocarcinomas and to evaluate the
mechanisms of such instability by assessing the methylation status of DNA
repair gene MGMT, and by assessing the condition of MMR system. The
latter was examined by determining the methylation status of DNA MMR
gene hMLH1 and the expression levels of the MMR genes hMLH1, hMSH2
and hMSH6.
To investigate the frequency of KRAS and BRAF mutations in serrated and
non-serrated adenocarcinomas.
To elucidate the association between DNA MSI, promoter hypermethylation
of hMLH1 and MGMT genes and the mutation status of KRAS and BRAF
genes.
To elucidate the mutation spectrum of the hedgehog (HH) signaling pathway
receptor PTCH1 by direct sequencing in serrated adenocarcinomas.
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4

Materials and methods

A summary of the different methods used in the three original publications is
presented in Table 4, and details are described in section 4.2.
Table 4. Summary of the methods used in the three original publications.
Method

Publications

References

DNA isolation

I II III

Berg 2001

PCR

I II III

MSI analysis

I II

Histological analysis

I II

Boland et al. 1998

Immunohistochemical analysis

I II III

DNA bisulfite treatment

II

Herman 1996

Methylation analysis

II

Herman 1996

Sequencing

II III

In silico analysis

III

Statistical analysis

I II

4.1

Wang 2006

Study population

Samples of colorectal carcinomas and polyps and corresponding normal tissues
were collected from the files of the Department of Pathology, University Oulu,
and the Department of Medical Genetics, University Helsinki. Carcinomas were
classified as serrated and non-serrated according to the presence of adjacent
serrated polyp (9 cases) or according to the presence of defined microscopic
features characteristic for serrated carcinoma
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62
MGMT

9

9

9

the youngest and oldest

9

9

9

c

17

17

17

adjacent serrated adenoma was considered necessary when the histopathological criteria for serrated adenocarcinoma were created
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51

56

49

56
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carcinomas n = 101; adenomas n = 35

33

29

29

30

31

31

b

33

29

27

37

42

40

n=59

serrated

n=32
32

All non-

73
Matched

cancer

a

PTCH1 mutation analysis

33

78
82

hMLH1

Methylation analysis

Study III

93

MSI analysis

96
91

c59/61

analysis

BRAF mutation analysis

c12/13

KRAS mutation

42

136 b

87

42

103

Study II

30

104

73

73

28 a
31

n=75

serrated
adenomas

adenomas

Non-

adjacent to

Serrated

Serrated

Adenoma

Non-serrated
adenocarcinoma

n=35

IHC analysis

101

110

adenocarcinoma

Serrated

No. of
samples

MSI analysis

histopathological criteria

Cases used in the assessment of

Study I

Study

Table 5. The number of carcinoma and adenoma samples analyzed in studies I-III.
Male/

19/14

61/75 b

38/72

Female

(46–87)

68.48

(36–88)

67.47

(38–96)c

68.25

age

Mean

In study I, population (I) consisted of a total of 466 patients who underwent
surgical operation for colorectal cancer between the years 1986 and 1996. This
material yielded 35 serrated adenocarcinomas and corresponding normal tissue
sample: 27 were previously classified as serrated adenocarcinomas (Makinen et al.
2001); eight additional cases consisted of two newly recognized cases with
adjacent serrated adenoma, and six cases with characteristic serrated morphology
without a serrated adenoma component. Perfect matches for gender, grade, Dukes’
stage, location, size, and age for the serrated adenocarcinomas were not available
so we chose a subset consisting of 75 conventional adenocarcinomas matched for
gender, and tested that the aforementioned parameters did not differ between the
control subset and the remaining 356 cases.
In study II, forty-two serrated adenocarcinomas were obtained. Forty cases
were obtained from a series of 552 CRC patients from the Oulu University
Hospital District area between the years 1986- and 1998. A control series of
conventional, non-serrated adenocarcinomas (n = 32) was selected from the
demographic series of 552 cases to match gender, location, Dukes’ stage and
WHO histological grade. In proximal colon, serrated adenocarcinomas
represented such a large proportion that matched controls could not be obtained
for every case. Therefore, the matched control group remained smaller than the
study group, and thus we added a set of 27 unmatched conventional
adenocarcinomas selected from the same series to the study yielding total of a 59
conventional adenocarcinomas. A corresponding normal tissue sample for all
serrated and non-serrated adenocarcinoma samples was collected as in the first
study. For the purpose of comparison, adenoma tissue was separately collected for
the analysis. In nine cases of serrated adenocarcinoma, residual juxtaposed
serrated adenoma tissue was left in the paraffin blocks and available for the
analyses. An additional set of 17 serrated adenomas and nine conventional
adenomas with a size of 5 mm or more was retrieved from the archives of Oulu
University Hospital Department of Pathology.
For the third study a series of serrated CRC was gathered from three different,
consecutively collected sets of colorectal cancer cases totaling 33 serrated
adenocarcinomas with the corresponding normal tissue: ten cases were obtained
from a previously described set of 1,042 samples (Aaltonen et al.1998), 16 cases
were obtained from a series of 466 CRC patients from the Oulu University
Hospital District area between the years 1986- and 1996 (Makinen et al., 2001),
and seven cases were obtained from a series of 86 CRC patients from the Oulu
University Hospital District area between the years 1997- and 1998. DNA isolated
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from the blood samples of 118 healthy anonymous blood donors obtained via the
Finnish Red Cross was used as controls for mutation validation analysis.
4.2

Analysis methods

4.2.1 DNA extraction (I, II, III)
Genomic DNA was extracted from fresh-frozen or paraffin-embedded tissues by
standard protocols, either the Proteinase K/phenol extraction method (Sato 2001,
Berg 2001) or by non-enzymatic digestion (Lahiri & Nurnberg 1991). Before
DNA extraction tumor tissue was carefully marked on the glass slide and scraped
with a surgical blade and, paraffin block tissue material was deparaffinized with
xylene.
4.2.2 MSI analysis (I, II)
MSI status of the samples in study I and II was analyzed using the recommended
Bethesda guidelines (Boland et al. 1998) with the five consensus panel markers
BAT25, BAT26, D5S346, D2S123, D17S250. In study I PCR products for the
corresponding markers were run and analyzed with the Li-Cor DNA Analysis
System (Li-Cor, Lincoln, NE, USA) using the IRD800-labeled forward primer.
Six percent denaturing acrylamide gel in TBE buffer was run at a constant 1500 V,
35 mA, 31.5 W, scan speed 3. MSI was confirmed as positive when a clear
bandshift of PCR products was seen in tumor DNA compared with control DNA.
In study II, the analysis was performed with the ABI130xl Genetic analyzer.
Distinction between MSI-H, MSI-L, and MSS was made according to the NIH
consensus statement (Boland et al. 1998).
4.2.3 Immunohistochemistry (I, II)
Five-micrometer sections cut from the paraffin-embedded specimens were
pretreated with 0.01 M Tris-EDTA (pH 9) in a microwave oven at 850 W for 2
min and at 150 W for 10 min. After rinses in PBS, the slides were incubated in
primary antibody (MLH1, MSH2 or MSH6; Santa Cruz Biotechnology Inc, CA,
USA) at a dilution of 1:600 for 1 h at room temperature by using a LabVisionTM
autostainer (Labvision Freemont, CA, USA). Bound antibodies were detected
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with the EnVisionTM detection system (Dako, Denmark, Copenhagen) according
to the manufacturer’s instructions. Diaminobenzidine (DAB) was used as a
chromogen and hematoxylin as counterstain. Immunohistochemical staining
results were assessed by two investigators blinded for other data. Normal
proliferating tissue, e.g. crypt epithelium or germinal centers of lymphoid follicles,
was used as an internal positive control. The reaction in tumor cells was
considered negative if there was no staining in any of the tumor cell nuclei. By
using these criteria, the specificity and sensitivity values were 97.8% and 90.1%
(p < 0.0001, Fisher’s exact test).
4.2.4 MLH1 and MGMT promoter hypermethylation analysis (II)
Methylation status of the promoter sequences of the hMLH1 and MGMT was
determined using the methylation-specific PCR (Herman et al. 1996) based on
bisulfite pretreatment of DNA in which the unmethylated, but not the methylated
cytosines were chemically modified to uracil and the subsequent PCR with
primers specific for either the methylated or unmethylated DNA showed the
methylation status of the sample.
Bisulfite modification
Bisulfite modification was performed by using the Chemicon CpGenome DNA
Modification kit (Chemicon International, Temecula, CA). The kit contains the
reagents required for performing the DNA modification. The DNA is first
denatured using mild heat at an alkaline pH, in this case by 3M NaOH and
incubated for 10 min at 50°C. Then the unmethylated cytosines are sulfonated and
hydrolytically deaminated, yielding uracil sulfonate intermediates. This is
performed by the DNA modification Reagent I supplied with the kit, containing a
sodium salt of bisulfite ion (HSO3-). Then the DNA is bound to a microparticulate carrier (Reagent III) in the presence of another salt (Reagent II) and
desalted by repeating the centrifugation and resuspension in 70% ethanol three
times. The complete conversion to uracil is carried out by alkaline desulfonation
(20 mM NaOH) and desalting is repeated in 90% ethanol. Finally DNA is eluted
from the carrier by heating and dissolved in the TE-buffer. This procedure leaves
the methylcytosines unaffected and converts the cytosine residues to uracil.
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Fig. 12. Bisulfite

modification:

unmethylated

cytosines

are

sulfonated

and

hydrolytically deaminated to uracil sulfonate intermediates and finally by alkaline
desulfonation to uracil. In this process methylated cytosines, 5-methylcytosines,
remain unaltered.

Methylation-specific PCR
Methylation specific PCR primers for hMLH1 and MGMT are described in study
II. Primers for MGMT have also been previously described (Esteller et al. 1999)
and were designed for hMLH1 using the MethPrimer software (Li LC, Dahiya R
Bioinformatics 2002, 18, 1427–1431). The primers are designed to specifically
amplify the promoter regions, either bisulfite modified methylated or
unmethylated DNA, of the genes of interest. Commercial methylated
(CpGENOME Methylated DNA) and unmethylated (CpGENOME Unmethylated
DNA) DNAs were included in every analysis as internal controls (Chemicon
International, Inc., Temecula, California). The PCR products were visualized with
UV illumination on 2.5% agarose gel. The results of methylation analysis of the
hMLH1 were compared to the hMLH1 immunohistochemistry.
4.2.5 Mutation analysis of the KRAS, BRAF and PTCH1 (II, III)
Mutation analysis of the KRAS codon 12/13 and 59/61, BRAFV600E hotspots and
the whole PTCH1 coding sequence was performed as described in the respective
publications (II, III) by direct sequencing using extracted genomic DNA from
fresh-frozen or paraffin-embedded tissues. Primers for all the coding exons and
exon-intron junctions of the PTCH1 gene (ENST00000185920) were designed by
using the Primer3 v.0.4.0. (http://frodo.wi.mit.edu/primer3/input.htm) program
and are presented in Table 6.

66

Table 6. Primers designed by using the Primer3 v.0.4.0 program and used for
sequencing all the coding exons of the PTCH1 gene.
Primer name

Sequence

PTCH1_ex1F

TGGTCTGTCAACCGGAGC

PTCH1_ex1R

GGGCGATCCCAAAGAGTTAG

PTCH1_ex2F

AGTCTCGAGGGCGAGTCC

PTCH1_ex2R

TCTCTATCAACCGCGAGGAG

PTCH1_ex3F

CTGCTCACACATCAGCCAG

PTCH1_ex3R

AATAACGGGGCCTAAACCAG

PTCH1_ex4-5F

ACTTGGCAAAAGCTCTGCTC

PTCH1_ex4-5R

GCAACATTAGAAACACTGAGTCC

PTCH1_ex6F

CTACAAGGTGGATGCAGTGG

PTCH1_ex6R

CCATAGACAAAGACGATCATGG

PTCH1_ex7F

ACAAGCCCTTAATGCACTGG

PTCH1_ex7R

TGGCTTTTGAGGAAAGGAAG

PTCH1_ex8F

CAGTGGAAACTGCTTCCTGG

PTCH1_ex8R

TTTCATCCCATCAAGTTCCC

PTCH1_ex9F

TGAGATCTGTGCTGTCGAGG

PTCH1_ex9R

TAAACCACTGTGAAGCCACG

PTCH1_ex10F

CTTTTGATTTGGGGTGATGG

PTCH1_ex10R

AAGGACACACAGCACACAGG

PTCH1_ex11F

GCTGGTGGCAGAGTCCTAAC

PTCH1_ex11R

TGACACATCATCTGACATGGG

PTCH1_ex12F

CCTAATGCCAGCATGATAAGC

PTCH1_ex12R

GACATGGGATGCTGGAAGTC

PTCH1_ex13F

GAAGCAGTCCTCTGATTGGG

PTCH1_ex13R

TTCTCCACACCAGCACAAAC

PTCH1_ex14_1F

ATGAAAGCACCATTTCCCTG

PTCH1_ex14_1R

AGCTGAGGGTGTCCTGTGTC

PTCH1_ex14_2F

CCCATGAAACGCAGATTACC

PTCH1_ex14_2R

GCAATCTGATGAACTCCAAAGG

PTCH1_ex15F

CCAGGAAGAGTCAGTGGTGC

PTCH1_ex15R

GACAAAGGAACCTGTTGAAGC

PTCH1_ex16F

GGACCAGGGTCCTTCTGG

PTCH1_ex16R

TTTCTACCAGCTCCCAGTGC

PTCH1_ex17F

TGTAATGCTGTGCGAAGCTC

PTCH1_ex17R

GCTGAGTTTGGAGAACCAGG

PTCH1_ex18F

GTAAAGGCCTGGAGGCTATG

PTCH1_ex18R

GGCTGCAGAAAGAGCTATGC

PTCH1_ex19F

TGAACCGAGGACACCTTAGC

PTCH1_ex19R

AACAGAGCCAGAGGAAATGG

PTCH1_ex20F

GAGCTGAGCATTTACCAGGTG

Product size (bp)
421
398
402
463
416
267
340
350
345
312
318
302
307
371
435
331
351
501
296
326
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Primer name

Sequence

PTCH1_ex20R

CTTGACCTTCTGATCCACCC

PTCH1_ex21F

TAACAGCCTTTTCAGTGGGG

PTCH1_ex21R

GTATCGAAGTGAAGAGCGGC

PTCH1_ex22F

ACCGTGCTTTGAGCTTTGAG

PTCH1_ex22R

TTATCTCTGCATCCCATCTGC

PTCH1_ex23_1F

GAAACCCAAGGAGGGAAGTG

PTCH1_ex23_1R

GACAGTCACGGAGGCAGAAG

PTCH1_ex23_2F

CTACTGAAGGGCATTCTGGC

PTCH1_ex23_2R

CTTGTCCTCCTCTTTGCCTG

Product size (bp)
306
453
419
428

Sequencing of the product was performed in both directions using the BigDye 3.1
Termination chemistry on the ABI 3130xl Genetic Analyzer or the ABI3730 DNA
sequencer (Applied Biosystems, Foster City, California) with the forward and
reverse primers. The data obtained were analyzed with the Chromas 1.6
sequencing analysis software (Technelysium Pty Ltd, Halensvale, Australia) and
Bioedit v7.0.9 sequence alignment editor (Ibis Biosciences, Carlsbad, CA).
Mutation analysis was initially performed on tumor samples and the presence of
other than silent change was studied in respective normal samples, whenever
available. All mutations were reconfirmed by independent PCR reactions and
sequencing.
4.2.6 In silico analysis
The potential effects on splicing of the detected unreported intronic changes and
deletions were predicted by computational methods by using NetGene2
(http://www.cbs.dtu.dk/services/NetGene2/)(Wang) and Alternative Splice Site
Predictor, ASSP, (http://es.embnet.org/~mwang/assp.html).
4.2.7 Statistical analysis (I, II, III)
Computer-assisted statistical analysis software was used for statistical analysis
(SPSS16.1; SPSS Inc., Chicago, Illinois). χ2 test or Fisher’s exact test were used
unless otherwise stated. A P-value of less than 0.05 was considered statistically
significant.
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5

Results

5.1

Specific clinical features, morphology and histological criteria
for sporadic serrated colorectal adenocarcinomas (I)

Clinical features characteristic for serrated adenocarcinomas were a tendency to
be more common in females and a predilection for the right side of the colon
(Table 7.), but there was no difference compared to non-serrated carcinoma in
tumor stage or grade of differentiation.
Group of serrated adenocarcinomas with an adjacent, pre-existing serrated
adenoma (n = 28) and conventional non-serrated carcinomas (n = 73) were used
to analyse the morphological features distinct for serrated adenocarcinoma, and to
create such histological criteria, that could be used in such cases, where preexisting adenomatous lesion could not be identified (Study I). Typical
morphological features for serrated adenocarcinomas were a serrated, mucinous
or trabecular growth pattern. Serrated morphology was not always predominant
because of poor differentiation and abundant mucin production. In the poorly
differentiated serrated carcinomas the most common growth pattern was
trabecular, although other typical features of serrated carcinomas were often
present. These typical serrated features included intense eosinophilic or clear
cytoplasm, low (abundant cytoplasm) or moderate nuclear-to-cytoplastic ratio,
well or moderately preserved polarity, vesicular nuclei, distinct chromatin
condensation at the nuclear envelope, absence of necrosis and mucin production.
In mucinous serrated adenocarcinomas eosinophilic cell balls and papillary rods
were frequent.

69

Table 7. Clinical

and

morphological

features

characteristic

for

serrated

adenocarcinoma. Adapted from the original article by Tuppurainen et al. 2005.
Clinical and morphological characteristics typical of serrated adenocarcinomas

p value

Tendency to female gender
Predilection to ascending colon
Epithelial serration

<0.00001

Eosinophilic or clear cytoplasm

<0.00001

Abundant cytoplasm

<0.00001

Well or moderately preserved polarity

<0.00001

Discernible nuclei

<0.00001

Chromatin condensation at the nuclear envelope

<0.00001

Absence of necrosis

<0.00001

Mucin production

<0.00001

Eosinophilic cell* balls and papillary rods (seen in mucinous adenocarcinomas)

0.038*
0.006

5.2

MSI analysis (I, II)

MSI analysis was performed according to the guidelines addressed in 1997 at the
National Cancer Institute workshop (Boland et al. 1998) by using the five
consensus microsatellite markers: BAT25, BAT26, D5S346, D2S123, D17S250.
Altogether 110 samples were analyzed for MSI and analysis was successful
in 104 cases. MSI was observed in 30 cases, 74 being microsatellite stable, 11
cases showing MSI-H and 19 MSI-L. MSI was more common in serrated
carcinomas (45.2%) than in non-serrated carcinomas (21.9%; p = 0.02, χ2) (Table
8.). Similarly, MSI-L was more common in serrated carcinomas (29%) than in
non-serrated carcinomas (13.7%; p = 0.035, χ2) (Table 8.).
Table 8. Presence

of

microsatellite

instability

in

serrated

and

non-serrated

adenocarcinoma.
Tumor type

All

MSS

MSI-H

MSI-H

MSI-L

/MSI-L
n %

n %

n %

All cases

104 100

74 71.2

19 18.3

Serrated

31 100

17 54.8

9 29.0

73 100

57 78.1

10 13.7

p

n %

p

11 10,6
0.035*

5 16,1

n %

0.14**

14 45,2

adenocarcinomas
Non-serrated
adenocarcinomas
* 2 **

χ , Fisher’s exact test
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6 8,2

p

30 28,8

16 21,9

0.02*

MSI status did not correlate with Dukes’ stage, histological grade or tumor size.
Most MSI-H cases were localized in the proximal colon (9/11; 81.8%), whereas
MSI-L cancers were more often observed in the distal colon or rectum (14/19;
73.7%; p = 0.007, Fisher’s exact test). In serrated adenocarcinomas there was
predilection of MSI-H carcinomas to locate in the proximal colon (4/5 cases) and
MSI-L in the distal colon and rectum (6/9 cases) but this was not statistically
significant, in contrast to non-serrated carcinomas (p = 0.035, Fisher’s exact test).
There were carcinomas with adjacent sessile serrated adenoma (n = 6). In
these cases MSI-H was observed in two cases (33.3%), MSI-L in one case
(16.7%), and three were MSS (50%), whereas in carcinomas with adjacent
traditional serrated adenoma, MSI-H was observed in three of 19 (15.8%) and
MSI-L in six cases (31.6%), while ten were MSS (52.6%; p = 0.689, Fisher’s
exact test).
5.3

Immunohistochemical analysis of the mismatch repair
enzymes MLH1, MSH2 and MSH6, and comparison to MSI
status of the tumor sample

Immunohistochemical analysis for MLH1, MSH2, and MSH6 was successful in
all cases. All cases with successful MSI analysis were included in further analyses.
Loss of expression of the enzyme was detected by the absence of a reaction in
tumor cells accompanied by a positive reaction in stromal cells. MMR enzyme
expression was recognized as positive nuclear staining in two different patterns;
in the majority of cases, all or almost all tumor cells showed nuclear staining with
positive nuclei in the stromal cell as well. Focal positivity was noted instead if
both positive and negative staining areas were seen in the tumor, and when the
negative areas contained positive stromal cells.
Negative staining for MMR enzymes proved reliable for the detection of
MSI-H (specificity 97.8%, sensitivity 90.1%; p < 0.0001, Fisher’s exact test), but
not MSI-L cancers (specificity 19.8%, sensitivity 8.3%; p = 0.54, Fisher’s exact
test). MSH6 immunohistochemistry did not yield additional information in this
study, as in 101 of 104 cases MSI-H was correctly predicted by
immunohistochemistry for MLH1 and MSH2 alone, and MSH6 expression was
absent from one MSS cancer.
Loss of MMR enzyme expression did not occur in patients under 50 years in
this study; the mean ages were 73.5 years (range 53–86 years) for patients with
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loss of MLH1, 74.5 years (range 71–78 years) for patients with loss of MSH2,
and 77.6 years (range 71–86 years) for patients with loss of MSH6.
5.4

BRAF and KRAS mutation analysis

The success rates for BRAF and KRAS mutation analysis are presented in Table 5
in the Material and Methods –section. BRAF and KRAS mutations did not co-exist.
The prevalence and distribution patterns of BRAFV600E and KRASc12/13 and
c59/61 mutations are presented in Table 9. BRAF mutations were frequent (33.3%;
14/42) and specific to serrated adenocarcinomas. KRAS mutations were more
frequent in serrated adenocarcinomas (45.2%) than in non-serrated cancers
(27.1%; p = 0.002). The higher frequency of KRAS mutations was clearly more
evident (although not statistically significant) in cancers with a residual serrated
adenoma (57.1%, 16/28), being observed twice as often compared to BRAF
mutations (28.6%, 8/28). The combined prevalence of BRAF and KRAS mutations
(78.6%) in serrated adenocarcinomas was higher than in non-serrated ones
(27.1%; p < 0.001; Table 9), while the combined prevalence of BRAF and KRAS
mutations in serrated adenocarcinomas with a residual serrated adenoma
component was up to 85.7% (24/28). In adenomas, BRAF mutations were specific
to serrated adenomas, as none of the non-serrated adenomas showed a BRAF
mutation. Only one non-serrated adenoma carried a KRAS mutation. Either BRAF
or KRAS mutation was observed in 82.4% of serrated adenomas (p < 0.001; Table
9).
The most common mutation was the c12 GA transitions. It was found in
52.6% (10/19) of KRAS-mutated serrated adenocarcinomas and in 12.5% (2/16;
p = 0.047) of KRAS-mutated non-serrated cancers. This transition showed a
distinct association with serrated adenocarcinomas, being present in 24% of cases
(10/42), but in only 3.4% of non-serrated carcinomas (2/59; p = 0.001; Fisher’s
exact test).
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Tumor type
Serrated adenocarcinomas (n=42)
No adenoma (n=14)
with mutation/all
%
Adjacent serrated adenoma (n=28)
with mutation/all
%
All (n=42)
with mutation/all
%
Matched non-serrated carcinomas (n=32)
with mutation/all
%
p
All non-serrated carcinomas (n=59)
with mutation/all
%
p
Serrated adenomas (n=17)
with mutation/all
%
Non-serrated adenomas (n=9)
with mutation/all
%
p
Serrated adenomas adjacent to cancer (n=9)
with mutation/all
%
p

neoplasm
KRAS (all)

3/14
21.4
16/28
57.1
19/42
45.2
13/32
40.6
0.894
16/59
27.1
0.002
7/17
41.2
1/9
11.1
0.243
4/9
44.4
0.353

BRAFV600E

6/14
42.9
8/28
28.6
14/42
33.3
0/32
0
<0.001
0/59
0
<0.001
7/17
41.2
0/9
0
0.058
2/9
22.2
0.068

3/9
33.3
0.6

1/9
11.1
0.453

6/17
35.3

15/59
25.4
0.002

12/32
37.5
1.00

17/42
40.5

15/28
53.6

2/14
14.3

KRASc12/13

1/9
11.1
0.436

0/9
0
1

1/17
5.9

1/59
1.7
0.848

1/32
3.1
0.842

2/42
4.8

1/28
3.6

1/14
7.1

KRASc59/61

6/9
66.7
0.001

1/9
11.1
<0.001

14/17
82.4

16/59
27.1
< 0.001

13/32
40.6
<0.001

33/42
78.6

24/28
85.7

9/14
64.3

Either BRAF or KRAS

Table 9. The prevalence and distribution of BRAFV600E and KRAS (codons 12/13 and 59/61) mutations according to type of

5.5

Association of KRAS or BRAF mutation to MSI

Concurrent data from MSI analyses and KRAS/BRAF mutation analyses were
obtained in 74 carcinoma cases. Five BRAF mutations and one KRAS c61
mutation were observed among eleven MSI-H carcinomas when all cases were
included (Table 10). This association between MSI-H status and BRAF/KRAS c61
mutation was found to be statistically significant (p = 0.007). Serrated
adenocarcinomas with MSI-H were atypical for HNPCC, representing old
patients and adjacent SSA (two cases) and TSA (three cases) in five cases. Sixtythree MSS/MSI-L cancers showed an almost equal distribution of wild-type
cancers and KRAS-mutated cancers (Table 10). None of the MSI-L cases showed
concurrent BRAF mutation.
Seven out of 34 serrated adenocarcinomas showed MSI-H (20.6%), and five
of them (71.4%) had a concurrent BRAF mutation (Table 10). One case was wild
type for both BRAF and KRAS, and another showed a KRAS mutation at codon 61.
In serrated adenocarcinomas, BRAF mutations were associated with MSI-H,
although this association remained statistically insignificant (p = 0.075; Table 10).
Moreover, KRAS c12/13 mutations in serrated adenocarcinomas were never
accompanied with MSI-H. In contrast, 15 out of 27 (55.6%) MSS/MSI-L cases
harbored a KRAS mutation (p = 0.075).
In non-serrated adenocarcinomas, MSI-H and KRAS mutations did not cooccur (p = 0.278). None of the non-serrated carcinomas harboured BRAF
mutations.
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Table 10. The prevalences of BRAFV600E and KRAS mutations in MSI-H and MSS/MSIL serrated and non-serrated adenomas and adenocarcinomas.
Tumor type
All carcinomas

Mutation

All

MSS/MSI-L

MSI-H

p value

n

n (%)

n (%)

(Fisher)

BRAF V600E mutation

12

7 (58.3)

5 (41.7)

KRAS c12/13 or c59/61

31

30 (96.8)

1 (3.2)

0.007

mutation
wild type

31

26 (83.9)

5 (16.1)

Serrated carcinomas

BRAF V600E mutation

12

7 (58.3)

5 (41.7)

with their matched

KRAS c12/13 or c59/61

29

28 (96.5)

1 (3.5)

controls

mutation
wild type

23

18 (78.3)

5 (21.7)

BRAF V600E mutation

12

7 (58.3)

5 (41.7)

KRAS c12/13 or c59/61

16

15 (93.8)

1 (6.2)

wild type

6

5 (83.3)

1 (16.7)

BRAF V600E mutation

0

0 (0)

0 (0)

KRAS c12/13 or c59/61

15

15 (100)

0 (0)
4 (16.0)

Serrated CRC

0.008

0.075

mutation
Non-serrated CRC

0.278

mutation
wild type

25

21 (84)

Matched non-serrated

BRAF V600E mutation

0

0 (0)

0 (0)

CRCs

KRAS c12/13 or c59/61

13

13 (100)

0 (0)
4 (23.5)

0.113

mutation
All adenomas

wild type

17

13 (76.5)

BRAF V600E mutation

4

4 (100)

0 (0)

KRAS c12/13 or c59/61

7

7 (100)

0 (0)

wild type

6

5 (83.3)

1 (16.7)

BRAF V600E mutation

4

4 (100)

0 (0)

KRAS c12/13 or c59/61

7

7 (100)

0 (0)

0.588

mutation
Serrated adenomas

NA1

mutation
wild type

2

2 (100)

0 (0)

Non-serrated

BRAF V600E mutation

0

0 (0)

0 (0)

adenomas

KRAS c12/13 or c59/61

0

0 (0)

0 (0)

4

3 (75)

1 (25.0)

NA1

mutation
wild type
1

Not applicable
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5.6

Methylation of hMLH1 and MGMT promoter region and
association to KRAS or BRAF mutation and MSI.

The success rate and distribution between serrated and non-serrated CRCs for
hMLH1 and MGMT methylation analysis are presented in Table 11. Methylation
of both hMLH1 and MGMT promoters was strongly associated with serrated
adenocarcinomas. Methylation of both studied genes, hMLH1 and MGMT, was
more common in serrated (16/27; 59.3% and 18/29; 62.1%) than in non-serrated
carinomas (12/51; 23.5% and 20/53; 37.7% respectively)
Table 11. Distribution of hMLH1 and MGMT methylation status between serrated and
non-serrated carcinomas.
Tumor type

hMLH1
All Unmethylated Methylated

Serrated

MGMT
p value

n (%)

n (%)

(Pearson)

27

11 (40.7)

16 (59.3)

0.002

51

39 (76.5)

12 (23.5)

29

24 (82.8)

5 (17.2)

All

Unmethylated Methylated

p value

n (%)

n (%)

(Pearson)

29

11(37.9)

18(62.1)

0.035

53

33(62.3)

20(37.7)

29

15(51.7)

14(48.3)

CRC
Non-serrated
CRC
Matched non-

0.004

0.026

serrated
CRCs

The relationships between BRAF and KRAS mutations and hMLH1 and MGMT
methylation status are summarized in Table 12. A strong association with hMLH1
and MGMT methylation was observed on BRAF mutations, with all BRAFmutated cases exhibiting concurrent hMLH1 methylation. KRAS mutations had a
negative correlation to hMLH1 and MGMT methylation (Table 12).
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Table 12. Mutational status of BRAF and KRAS according to the promoter methylation
status of hMLH1 and MGMT in serrated and non-serrated cancers.
Tumor type

Mutational
status

hMLH1 methylation
All

Yes

No

n (%)

n (%)

Serrated

BRAFV600E

10 10 (100)

adeno-

wt1 BRAF

17

6 (35.3) 11 (64.7)

0 (0.0)

carcinoma

KRAS c12/13

13

5 (38.5)

8 (61.5)

MGMT methylation
p

0.001
0.034

All

Yes

No

n (%)

n (%)
1 (9.1)

11

10 (90.9)

18

8 (44.4) 10 (55.6)

14

5 (35.5)

15

13 (86.7) 2 (13.3)

9 (64.3)

p

0.019
0.005

or 59/61
wt KRAS (all)

14 11 (78.6) 3 (21.4)

All non-

BRAFV600E

0

serrated

wt BRAF

43 10 (23.3) 33 (76.7)

cancers

KRAS 12/13

16

1 (6.3)

25

7 (28.0) 18 (72.0)

0

0
15 (93.8)

NA2
0.108

0

0

0

43

18 (41.9) 25 (58.1)

16

3 (18.8) 13 (81.3)

25

13 (52.0) 12 (48.0)

NA
0.084

& 59/61
wt KRAS (all)
Matched

BRAFV600E

non-serrated wt BRAF
cancers

KRAS 12/13

0

0

0

28

5 (17.9) 23 (82.1)

13

1 (7.7)

16

4 (25.0) 12 (75.0)

12 (92.3)

NA
0.343

0

0

0

28

14 (25.0) 14 (25.0)

15

3 (23.1) 10 (76.9)

16

11 (68.8) 5 (31.2)

NA
0.014

& 59/61
wt KRAS (all)
1

wt= wild type, 2 NA = not applicable

Methylation of hMLH1 and MGMT, when associated with a BRAF mutation, was
seen in cases showing either MSI-H or MSS, but not in cases showing MSI-L
(data not shown). In contrast, when the methylation of hMLH1 and MGMT was
associated with a KRAS mutation, it was associated with MSI-L or MSS in all but
one case; one case showed KRAS59/61 mutation together with MSI-H and MGMT
methylation. Serrated adenocarcinomas of wild type for both KRAS and BRAF
never harbored the MSI-L phenotype, regardless of methylation status. (data not
shown)
5.7

PTCH1 mutation analysis

Mutation status of the coding region of PTCH1 gene was determined in 33
morphologically classified serrated adenocarcinomas by direct sequencing. All
the coding exons and exon-intron junctions were screened. Sequencing analysis
revealed both previously described exonic and intronic polymorphisms as well as
eight new variants. In cases with a new sequence alteration, the corresponding
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normal tissue was also sequenced when available. All detected sequence changes
are presented in Table 13.
Successful sequencing rate was 94.3% (778 out of 825 fragments). Analysis
revealed altogether 19 different alterations. We observed 5 previously detected
silent exonic and 5 intronic polymorphisms (Table 13). The two most common
heterozygous SNPs, c.1686C>T (rs2066836) observed in 15 cases (45%) and
c.1665C>T (rs1805155), observed in nine cases (27%), were both located in exon
12. Seven cases (21%) carried both of these polymorphisms. In addition, we
detected one previously described germline nucleotide change c.3944C>T
(rs357564) in exon 23, which has been suggested to associate with a decreased
risk of breast cancer (Chang-Claude J et al. 2003). Six cases heterozygous and
three cases homozygous for an associated T-allele were detected.
Out of the eight previously unpublished sequence changes five were silent
exonic changes (Table 13). Their possible effects on splicing were analyzed in
silico, but no evidence of a splicing defect was found. Therefore, they were not
screened in the respective normal DNA samples or in healthy controls. Two
previously unreported missense variations were also observed. The heterozygous
V1231A variant in exon 22 proved to be germline and was present in two (2/33,
6.1%) serrated CRC cases. No loss of heterozygosity (LOH) was detected in
corresponding tumor samples (data not shown). This missense variant was also
detected in population controls (5/118, 4.2%) and therefore appears to be a
polymorphism. The other new missense variant was a somatic heterozygous
nucleotide change c.955A>G in exon 7, causing M319V amino acid alteration in
the first extracellular loop of the protein, observed in a case presenting with MSI.
The protein prediction programs SIFT and PolyPhen did not show any impact of
the variant on protein function. In addition two cases harbored a previously
unreported intronic deletion (Table 13). This intronic 1 bp deletion IVS13 -18,
T8 -1del was in the repetitive T track. Both cases showed microsatellite instability
(MSI).
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Table 13. Alterations of the PTCH1 gene in a series of 33 serrated colorectal
carcinomas.
Exonic/

Nucleotide

Intronic

change 1

exon 2

c.258C>T

Amino acid

No of
samples

L106L

1

Type on alteration Mutation

Protein

(Reference)

type

location

SNP (rs1805153)

germline

Transmembrane
domain 1

exon 5
Intron 5-6
exon 6

c.735A>G

T245T

4

SNP (rs1805154)

germline

IVS6 -55 A>G

-

1

SNP (rs2297087)

germline

c.885C>T

P295P

1

Silent variation

Extracellular loop 1
Extracellular loop 1

(this study)
exon 7

c.955A>G

M319V

1

Missense

somatic

Extracellular loop 1

(this study)
exon 9

c.1308C>T

D436D

1

(asp)
Intron 10-

Silent variation

Extracellular loop 1

(this study)

IVS10 +99C>T

-

10

SNP (rs28448271) germline

IVS11 -51C>G

-

5

SNP (rs574688)

germline

exon 12

c.1665C>T

N555N

10

SNP (rs1805155)

germline

Transmembrane

exon 12

c.1686C>T

A562A

14

SNP (rs2066836)

germline

Transmembrane

Intron 12-

IVS13 -18

-

2

Intronic repeat

somatic

11
Intron1011
domain 5
domain 5
13

T8 -1del

deletion
(this study)

exon 14
Intron 15-

c.2199A>G

S733S

1

SNP (rs2227970)

germline

IVS15 +9G>C

-

4

SNP (rs2066829)

germline

c.2643C>T

V881V

1

Silent variation

Intracellular loop 3

16
exon 16

Extracellular loop 2

(this study)
exon 17

c.2763C>T

I921I

1

Silent variation

Extracellular loop 2

(this study)
Intron 17-

IVS17 +21G>A

-

3

SNP (rs2236406)

germline

c.3692T>C

V1231A

2

Missense,

germline

C-terminal

germline

C-terminal

18
exon 22

(this study)
(polymorphism)
exon 23

c.3944C>T

P1315L

9

Missense
(rs357564)

exon 23

c.4047T>A

P1349P

2

Silent variation

C-terminal

(this study)
1

bold print indicates a novel sequence alteration
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6

Discussion

6.1

MSI is a characteristic feature of serrated adenocarcinoma

MSI is a well-recognized phenomenon in CRCs. After recognition and linkage to
HNPCC it was noticed as a unique form of genomic instability and an important
phenomenon in the genesis of cancer (Thibodeau et al. 1993). At the 1997
National Cancer Institute Workshop unified criteria and definitions were created
to clarify the research of this area (Boland et al. 1998). Studies by de la Chapelle
and his co-workers proved that in addition to hereditary CRC, also a subset of
sporadic tumors showed MSI and developed through a unique pathway
characterized by this genetic instability (Aaltonen et al. 1993, Boland & Goel
2010). Today it is known that approximately 15% of all colorectal tumors show
MSI. 75–80% of these arise against sporadic background and are caused by
epigenetic silencing of the DNA mismatch repair gene hMLH1, while only 2–3%
carry a germline mutation in one of the MMR genes (Boland & Goel 2010). In
2001 Mäkinen et al. showed that a group of sporadic CRCs arises from adjacent
serrated adenoma, and these tumors also show MSI as a characteristic
phenomenon (Mäkinen et al. 2001).
In our study we reported 28.8% overall frequency (Table 8) of MSI in all
unselected CRCs studied. Closer examination showed that MSI is seen more
frequently in serrated compared to non-serrated adenocarcinomas, 45.2% and
21.9%, respectively (Table 8). When analyzing the level of MSI, MSI-L was seen
in serrated CRCs even more frequently when compared with either non-serrated
carcinomas (29% vs. 13.7%, Table 8) or inside the serrated group (29% vs. 16.1%,
Table 7; I). The role of MSI-L as a subtype of molecular changes in CRC is
controversial and tumors showing it resemble MSS tumors in clinical features
(Tomlinsson et al. 2002, Mäkinen 2007, Boland & Goel 2010). MSI-H
carcinomas are an easily identifiable subtype of sporadic CRC, and it is obvious
that a subset of serrated adenocarcinomas represents these tumors. Sporadic MSIH carcinomas are common in the proximal colon whereas MSI-L and MSS
usually occur in the distal colon and the rectum. We also observed this
relationship when we analyzed the location of tumors according to MSI status (I;
Table 3). This association was not seen when analyzing serrated and non-serrated
adenocarcinomas separately. Only non-serrated carcinomas showed this relation
in a statistically significant manner; in serrated adenocarcinomas there was only a
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trend towards this, probably due to a small number of cases. Our results show that
MSI-H is seen in a minority of serrated adenocarcinomas while most of the
serrated tumors are either of the MSI-L or MSS phenotype.
MSI-H is also linked to a certain morphological subtype, sessile serrated
adenomas (Jass 2007, Mäkinen 2007). These tumors are characterized by
proximal location and rapid development (Jass 2007, Snover DC 2010). In our
study cases, two out of six carcinomas with adjacent sessile serrated adenoma
showed MSI-H, probably representing the above-mentioned lesions. It is
important to learn to recognize these lesions because of their rapid progression.
The reason why they are not easily found is because they are most likely flat
lesions, falsely diagnosed as non-malignant, and not recognized as an increased
risk of developing to CRC (Jass 2007).
In conclusion, based on our results, it is noteworthy that the majority (55%)
of serrated adenocarcinomas show MSS phenotype and 29% of serrated MSI
tumors are MSI-L. Although it is typical for serrated adenocarcinomas to show
some level of MSI, this phenomenon can be found in sporadic CRC without
serrated morphology. Without other molecular markers, MSI analysis alone
cannot be used as a diagnostic tool, with the exception of MSI-H. Our
observations, however, showed that MSI-H can be detected by using MMR
immunohistochemical (IHC) analysis with good specificity (98%) and sensitivity
(90%). So it can be suggested that MSI-H tumors represent an easily identifiable
subgroup of carcinomas developing in at least some part from serrated precursor
lesions as the phenomenon is seen in serrated adenocarcinomas. Also based on
our results MSI-L is not detectable by IHC analysis, so at this point it only shows
a typical feature of a group of sporadic CRC developing in part from the serrated
lesions.
6.2

KRAS and BRAF mutations in the development of serrated
adenocarcinomas

The MAPK signaling cascade plays a central role in cell signaling. KRAS is a
member of Ras signaling molecules and has a key role in this pathway. Activating
point mutation of the gene leads to constant activation of the cascade and to
continuous proliferation stimulus. Mutations of this gene are found in 40–50% of
CRCs; nearly 50% of the mutations occur in the KRAS gene and only about 5% in
the NRAS locus (Haigis et al. 2008). The majority (90%) are found at codons 12
and 13 (Palmirotta et al. 2009). Originally it was considered a characteristic
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feature of the traditional Vogelstein’s adenoma-carcinoma model in CRC
development (Vogelstein et al. 1988). The integration of KRAS mutation in the
model was justified by the high frequency of KRAS mutations in CRC. After
recognition of hyperplastic polyps and serrated adenomas as a possible precursor
lesion of CRC development it was realized that this mutation is quite rare in
classic adenomas but more frequent in serrated polyps (Maltzman et al. 2001,
Barry et al. 2006). Mutations have been reported in early precursor lesions of
serrated polyps as well as in serrated adenocarcinomas (Table 14); on the other
hand, it has been shown that mutations are rare in tubular adenomas, which
constitute 85–90% of colorectal non-serrated adenomas. Our study confirms the
role of KRAS mutation in serrated adenocarcinoma development as we found it to
be mutated in over 40% of serrated adenomas, compared to 11% of non-serrated
adenomas, and even more frequently in serrated adenocarcinomas. The four-fold
mutation rate in adenomas - although not statistically significant due to a small
number of cases - and almost two-fold rate in carcinomas supports the
significance of serrated polyps as premalignant lesions. Furthermore, such figures
provide an opportunity to assume that KRAS mutation is an earlier change in the
development of carcinomas through the serrated pathway. The high frequency of
mutations in both serrated adenomas and serrated adenocarcinomas, observed for
the first time in our studies, also explains why KRAS mutations are less frequent
in non-serrated adenomas but occur in about 40% of CRCs.
The most frequent mutation types of KRAS gene are G>A transition and G>T
transversion (Palmirotta et al. 2009). We found the c12 G>A transition in our
study population in 24% of serrated adenocarcinomas but in only 3% of nonserrated cases (p = 0.001), suggesting that this transition is specific for serrated
adenocarcinomas. Accordingly it is likely that many CRCs with KRAS c12 G>A
transition represent serrated adenocarcinomas. This mutation provides a potential
genetic marker for serrated adenocarcinomas. Of particular interest is, however, to
evaluate the significance of this mutation as a marker for malignant potential in
the early lesions of the serrated pathway, such as aberrant crypt foci and
hyperplastic polyps.
The high frequency of G>A transition in serrated adenocarcinomas could
possibly be explained by the methylation of the MGMT gene. The MGMT
enzyme prevents G:C > A:T point mutations by removing alkyl adducts from the
O6 position of guanine, and it has been suggested that MGMT hypermethylation
may lead to G:C > A:T mutations in the KRAS gene (de Vogel et al. 2009).
Methylation of the MGMT gene is also linked to carcinomas developing from
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serrated polyps or via the mutator pathway (Mäkinen 2007, Jass 2007, Imai &
Yamamoto 2008). We performed methylation analysis on this gene and found that
there were actually KRAS-mutated, MGMT-hypermethylated cases in both
serrated and non-serrated carcinomas. However, a closer look showed that KRASmutated cases were more often MGMT-unmethylated (Table 12) and only three
out of eight, both mutated and methylated, showed G>A transition (data not
shown). So in conclusion, although the G>A transition seems to be a specific
change for serrated adenocarcinomas, our study does not support the idea that this
mutation is caused by the methylation of the MGMT gene.
KRAS and BRAF mutations are usually mutually exclusive (Chan et al. 2003).
Several previous studies as well as our studies showed that KRAS mutations are
seen in both serrated lesions and in conventional adenomas (Chan et al. 2003,
Rosenberg et al. 2007, Jass 2007, O’Brien et al. 2008, Worthley & Leggett 2010).
In premalignant lesions, BRAF mutations are almost exclusively specific to
serrated lesions (O’Brien et al. 2006). Our finding proved for the first time that
BRAF mutations were frequent (33.3%) and specific to serrated adenocarcinomas.
In adenomas, BRAF mutations were also specific to serrated adenomas, as none of
the non-serrated adenomas showed a BRAF mutation. These results strengthen
earlier observations, extend them to malignant serrated adenocarcinomas, and
offer the BRAF mutation analysis as a tool for detection of a quantitatively
important subset of serrated lesions.
Since BRAF mutations have been considered to be most frequent in SSAs
(O’Brien et al. 2006, Kambara et al. 2004), we sought a possible relationship
between BRAF and KRAS mutations and the morphology of the residual adenoma.
Our study confirms overall specificity of BRAF mutations for the serrated
pathway as all mutations were only found in serrated lesions. To our surprise,
BRAF mutations actually did not have any association with the type of the
residual adenomatous component (data not shown). Our observation is in contrast
to the earlier hypothesis that BRAF is a hallmark mutation depicting the sessile
serrated pathway (O’Brien et al. 2006, O’Brien et al 2008, Young et al. 2007,
Kambara et al. 2004). It also indicates that even the SSA pathway is
heterogeneous and thet the links between morphology and molecular changes are
challenging to show and need more extensive studies.
According to our studies, the combined prevalence of BRAF and KRAS
mutations in serrated adenomas and carcinomas is around 80%, which is much
higher than in corresponding non-serrated lesions. To conclude these results,
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aberrations in the MAPK- cascade, either in BRAF or KRAS, are the key events in
serrated adenocarcinoma development.
6.3

Association of KRAS or BRAF mutation to MSI status as typical
features of serrated CRCs

When analyzing the association of MSI and KRAS/BRAF mutations concurrent
data were obtained on 74 carcinomas and 17 adenomas; 34 cases were serrated
adenocarcinomas and 13 serrated adenomas.
Seven serrated adenocarcinomas showed MSI-H and five of them were also
BRAF-mutated (p = 0.075), one was wild type for both mutations and one showed
KRAS c61 mutation. In non-serrated adenomas and carcinomas none of the MSIH cases were mutated. All of the carcinomas did, however, show loss of either
MLH1 or MSH2 expression in immunohistochemistry. (Table 7; II), so this raises
the question of a possible origin in the HNPCC trait in these cases. In three cases
this is not likely since the patients were over 70 years of age, but in one case this
question remains open, because carcinoma was found in a patient who was only
53 years old and there was also a history of breast cancer. To conclude, BRAF
mutation together with MSI-H is typical for serrated lesion.
MSS/MSI-L carcinomas showed a predilection for KRAS mutation in serrated
carcinomas as well as in serrated adenomas, whereas in non-serrated
adenocarcinomas the distribution was almost equal and the adenomas showed no
mutation (Table 10). In fact, closer evaluation revealed that all serrated MSI-L
cases were KRAS-mutated (data not shown), but in the non-serrated carcinomas
MSI-L was seen in both wild-type and KRAS-mutated carcinomas. In summary,
when serrated adenocarcinoma shows the MSI-L phenotype it is accompanied by
KRAS mutation.
MSI-H carcinomas have in many previous studies been characterized by a
proximal location, mucinous phenotype, poor differentiation, and especially in
younger patients, by a better prognosis as well as rapid growth (Thibodeau et al.
1993, Boland et al. 1998, Hawkins & Ward 2001, Mäkinen 2001, Samowitz et al.
2005, Maestro et al. 2006, Jass 2007). In this context serrated lesions have also
been suggested to be a possible origin of these carcinomas. Samowitz et al.
showed in their study of 911 CRC samples that BRAF mutation within the MSS
phenotype associates with a significantly worse survival compared with BRAF wt,
but when the mutation is in association with MSI-H it has no effect on the
excellent prognosis (Samowitz et al. 2005). Maestro with his co-workers showed
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that if MSI tumors also carry the BRAF mutation, it leads to worse prognosis
compared to MSI tumors without mutation (Maestro et al. 2006). A recent study
focused on describing the features of serrated adenocarcinomas, one conclusion
being that these carcinomas have worse prognosis (García-Solano et al. 2010).
Our studies in turn have shown the presence of MSI-H, BRAF mutation,
predilection for proximal colon and abundant mucin production in serrated
adenocarcinomas (Tables 1 and 2; I, II). To sum up previous reports and our
results, it is likely that carcinomas with the morphological features listed above
represent serrated lesions and if the carcinoma shows MSI-H phenotype together
with BRAF mutation, BRAF mutation alone is a marker for poor outcome. We
found serrated carcinomas with BRAF mutation alone, with MSI-H alone and
with both BRAF mutation and MSI-H. Because BRAF mutations are, according
our results, specific to serrated lesions, it is very important to learn to recognize
these tumors and to get BRAF mutation analysis into diagnostic use together with
MSI-analysis. This would make it possible to distinguish between rapidly
growing carcinomas with poor prognosis and MSI-positive carcinomas with
better prognosis.
6.4

Summary of the association between methylation of hMLH1
and MGMT genes, the MSI status of the tumor and KRAS/BRAF
mutation

Aberrant DNA methylation has been found to be in a key role in the development
of CRC as well as other types of cancers (Issa 2004). Hypermethylation of the
hMLH1 gene has been found to be a mechanism of MSI in sporadic CRCs (Ahuja
et al. 1997, Issa 2004). Both promoter hypermethylation and MSI were also
supposed to be linked to the development of serrated CRC in the early days of
research in this area (Jass et al. 2000). We studied promoter hypermethylation in
our series of serrated CRCs and compared the results to methylation status in
conventional non-serrated CRC. Our results showed that methylation of hMLH1
and MGMT gene promoters are common in serrated CRCs (Table 11). Association
of MSI, KRAS and BRAF mutation and methylation of hMLH1 and MGMT genes
has previously been shown in serrated precursor lesions (Hawkins & Ward 2001,
Jass et al. 2002, O’Brien et al. 2008, Mäkinen 2007, Jass 2007). These
phenomena, demonstrated in earlier studies, are summarized in Figures 10 and 11.
MSI-H, hMLH1 methylation and BRAF mutation represent one combination of
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genetic and epigenetic alterations (Figure 10), whereas MSI-L/MSS, MGMT
methylation and KRAS mutation represent the other (Figure 11).
How do our observations on carcinomas fit with the earlier observations
based on adenomas? In the main aspects we can agree with the earlier concepts as
we found serrated adenocarcinomas presenting MSI-H, with methylation of
hMLH1 and MGMT and BRAF mutation, and MSI-L in association with KRAS
mutation and methylation of hMLH1 and MGMT, although the majority of KRASmutated cases appeared to be unmethylated (Table 12). If the serrated
adenocarcinoma was wild type for both BRAF and KRAS it never showed MSI-L
regardless of whether there was methylation. Accordingly, if a serrated
adenocarcinoma presents with MSI-L there always seems to be a KRAS mutation
as well. We also found a MSI-H case without methylation and KRAS mutation, so
in this case the MSI-H was alone the marker for serrated adenocarcinoma. This
gives an opportunity to suggest that serrated polyps are the origin of MSI-H
carcinomas, and if MSI-H is found in the precursor lesion it predicts development
toward malignancy. We also observed that all BRAF-mutated cases were
methylated in the hMLH1 promoter (p = 0.001, Table 12), so these alterations are
likely to occur together regardless of MSI status. Samowitz et al. showed in their
study that microsatellite-stable carcinomas with BRAF mutation and CIMP
phenotype, for which hMLH1 methylation is a characteristic feature, are
associated with significantly worse survival, but this was not related to CIMP
phenotype (Samowitz et al. 2005). To conclude these results, lesions with BRAF
mutation, methylation and different rate of MSI develop against a serrated
background, but diverge with respect to clinical aggressiveness according to
mutation status and level of MSI.
6.5

PTCH1 alterations in serrated adenocarcinomas

The role of the tumor suppressor gene PTCH1 in the pathogenesis of colorectal
carcinoma has not been thoroughly examined. To our knowledge only one
previous study has analyzed the Hh signaling pathway and its members’ role in
the development of serrated polyps (Parfitt et al. 2007). There are numerous
studies with controversial results of the role of PTCH1 and more broadly, of Hh
signaling in CRC development (Qualtrough et al. 2004, Oniscu et al. 2004,
Chatel 2007, Bian et al. 2007, Parfitt et al. 2007, Yauch et al. 2008, van dop A
2009, Kolterud et al. 2009). We analyzed PTCH1 mutations in a set of 33
colorectal serrated adenocarcinomas against the background of our previous
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results that unlike conventional CRCs, serrated CRCs show downregulation of
PTCH1 in both RNA and protein levels (Laiho et al. 2007). Whole coding regions,
as well as exon-intron junctions were sequenced. We found altogether 19
alterations in 82% (27/33) of serrated CRCs. The great majority of the alterations
(11/19) were previously known germline polymorphisms including five silent,
one missense, and five intronic SNPs. We also identified eight new PTCH1 gene
variants five silent, two missense, and one intronic. A closer look including a
literature review about the effects of the found mutations did not reveal any
decisive explanations for the observed downregulation. This indicates that there
must be some other mechanism involved.
Recent studies suggest occurrence of cross-talk between Hh signaling and
MAPK signaling. It is known that CRC often shows activating mutation in the
KRAS or BRAF gene, and we have here shown this to be common in serrated
adenocarcinomas. It has also been shown that regulation of Hh signaling can
occur via the MAPK cascade, as shown in gastric cancer, pancreatic cancer and
melanoma (Ji et al. 2006, Stecca et al. 2007, Seto et al. 2009). This cross-talk
takes place between MEK1 of the MAPK pathway and GLI1 of the Hh pathway.
We analyzed the frequency of KRAS or BRAF mutations and found them to be
present in 78% of PTCH1 mutation analyzed cases (Table 3, III). Although the
relationship between expression pattern of PTCH1 and mutation data could not be
correlated due to differences in case series, it is conceivable that the observed loss
of PTCH1 protein expression may have resulted from constant activation of the
MAPK pathway, caused by either KRAS or BRAF mutations. Further studies are
needed to confirm the role of this mechanism for PTCH1 downregulation in
serrated carcinomas.
One explanation for the altered expression could be epigenetic silencing by
hypermethylation of the gene promoter. Wolf and his co-workers found that in
breast cancers, the downregulation of the PTCH1 is a consequence of promoter
hypermethylation, and this was also seen by immunohistochemical analysis as a
reduced expression level of the protein (Wolf 2007). Based on the role of
methylation in the development of serrated CRC, methylation of the PTCH1 gene
would be a plausible explanation, and should be assessed in further studies.
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6.6

Association between morphology and genetic/epigenetic
alterations

The challenge for the pathologist is to learn to recognize different morphological
lesions and to prove what molecular changes are found in certain morphological
subtypes. The research around this dilemma has been intense in the field of
colorectal cancer, especially around serrated lesions. This is probably due to the
fact that there have already been studies on the development of CRC for so many
decades. After recognizing that serrated lesions possess malignant potential about
ten years ago, it opened up new views and a number of previously unknown
research areas.
Our studies are also in line with the view that it is challenging to show
unequivocally a direct correlation between morpholocigal and molecular changes.
At the moment there is already at least a provisional conception of how the
different serrated lesions behave and how they convert from innocent lesions to
those with malignant potential, and finally to malignant carcinomas. The serrated
pathway is recognized as an alternative pathway to the traditional adenomacarcinoma sequence. A morphological sequence comparable to the adenomacarcinoma sequence as well as a step-by-step model of molecular alterations
needed in the development of serrated adenocarcinomas has been suggested by
O’Brien, Snover and co-authors (O’Brien et al. 2008, Snover et al. 2010). It
suggests, as presented in Figures 10 and 11, that one route, maybe the best
recognized one, starts from MVHP, developing through SSA along with growing
dysplasia to serrated adenocarcinoma. The molecular changes of this route are
BRAF mutation at the early phase, increasing methylation with hMLH1
methylation being the stage when a polyp develops MSI-H and is likely to
progress rapidly into a carcinoma (Figure 10). There is also a group of MSS
carcinomas developing from SSA that are not hMLH1-methylated, but show
CIMP-H phenotype. The events that drive this progression are unknown (Snover
et al. 2010). The other, less well-characterized route is presented in Figure 11.
There are a much larger number of unresolved questions in this pathway, but the
main points are that carcinoma develops through TSA, shows KRAS mutation,
probable MSI-L, methylation of MGMT gene and is never CIMP-high although it
does show increased methylation (O’Brien et al. 2008, Snover et al. 2010).
Mutation rates detected in previous studies are summarized in Table 14 and
contrasted with observations of the current study. As can be seen, BRAF
mutations are found more frequently in serrated hyperplastic ACF, MVHPs and
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SSAs as well as methylation of hMLH1 gene, but these alterations are also seen in
other lesions. KRAS mutation is also more often found in GCHPs and TSAs, but
there is variation in this, too.
Table 14. Reported prevalence (%) of genetic alterations in serrated and non-serrated
precursors of colorectal cancer and the respective cancers, based on previous
studies and the present study.
Lesion
Non-serrated
Hyperplastic ACF

KRAS

BRAF

MLH1

MGMT

mutation

mutation

methylation

methylation

42 a

3a

19 a

63 a

MSI-H MSI-L MSS
11 b

1

Serrated hyperplastic
ACF
Dysplastic ACF
HP

2

17 a
4-40

GCHP3

33-50 b, c

MVHP

4

8-13

MPHP

5

d

SSA

6

SSA with cytological

0a
e

0

0-10
43

c

19-36

25 b
e

0-20 b, c

14 c

c

c

70-76

40
100

c

b

26 c
100 d

c

41 c

48 c

45 c

33 h

50-59 h

20-62 h

16 h

29 h

55 h

0h

12-24 h

38-41h

8h

14 h

78 h

75-90
57

c

d

0c

72

b

dysplasia
TSA7
TA

8

VA/TVA9
Serrated

40-80 c
<1-12

f, g

6-55 b, f, g
45

h

10-66 b, c
<1

f, g

0 f, g

adenocarcinoma
Non-serrated

27 h

adenocarcinoma
a

Rosenberg et al. 2007, b Spring et al. 2006, c O’Brien et al. 2006, d O’Brien et al. 2004, e Mäkinen 2007, f

Maltzmann et al. 2001, g Barry et al. 2006, h Stefanius et al. 2010,
1

aberrant crypt foci, 2 Hyperplastic polyp, 3 goblet-cell rich hyperplastic polyp, 4 microvesicular

hypreplastic polyp, 5 mucin-poor hyperplastic polyp, 6 sessile serrated adenoma, 7 traditional serrated
adenoma, 8 tubular adenoma, 9 villous adenoma/tubulovillous adenoma

In our studies we focused mainly on evaluating genetic changes in serrated
adenocarcinomas, since there had only been a very limited number of studies in
this area. We can consider our results against previous data and draw some
conclusions. Serrated adenocarcinomas with MSI-H are one type of carcinomas
developing through a sporadic mutator pathway, and it seems justified to include
them in the serrated pathway of cancer development. Serrated adenocarcinoma
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forms a genuine, albeit heterogeneous, entity, and both its morphological and
molecular features are in main points well identifiable and biologically important
to recognize. Our results also strengthen the significance of earlier observations
by showing that BRAF mutation together with MSI-H is typical for serrated
lesions. The results also indicate that the BRAF mutation analysis is a pertinent
tool for the detection of serrated lesions. We noticed that BRAF mutations actually
did not have any association with the type of residual adenomatous component of
carcinoma, which suggests that premalignant serrated lesions of the pathway are
morphologically heterogeneous. We found the KRAS c12 G>A transition in our
study population in 24% of serrated adenocarcinomas and only in 3% of nonserrated cases, strongly suggesting the role of this transition as a mutation specific
to serrated adenocarcinomas. Accordingly, it will be interesting to assess whether
the many CRCs with the KRAS c12 G>A transition indeed represent serrated
adenocarcinomas, and to see whether this mutation provides a genetic marker for
serrated adenocarcinomas. When serrated adenocarcinoma shows the MSI-L
phenotype it is accompanied by KRAS mutation. Finally to conclude these results,
aberrations in the MAPK cascade are the key events in serrated adenocarcinoma
development.
6.7

Remodeling of the CRC pathways

The mutator and CIN pathways are well recognized but not mutually exclusive
pathways leading to CRC. There is significant overlap between these pathways,
and hence one of the challenges is to define the relationship of the molecular
pathways to associated morphology. In 2007 Jass proposed classification of
colorectal cancer based on clinical, morphological and molecular features (Jass
2007). Jass defined development of colorectal cancers according to two molecular
features: microsatellite instability and CpG island methylator phenotype (CIMP).
CIMP refers to cancers with a high degree of methylation, more specifically
methylation of certain genes (Issa 2004). Classification according to Jass’s theory
has five different types and combines morphology and molecular changes: Type 1
(CIMP-high/MSI-H/BRAF mutation); Type 2 (CIMP-high/MSI-L or MSS/BRAF
mutation); Type 3 (CIMP-low/MSS or MSI-L/KRAS mutation); Type 4 (CIMPneg/MSS); Type 5 or Lynch syndrome (CIMP-neg/MSI-H) (Jass 2007). In this
classification, Type 4 represents the carcinomas formed via Vogelstein’s
adenoma-carcinoma sequence, also recognized as cancers that have developed
through the CIN pathway with morphological origin in conventional adenomas.
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Type 5 represents familial CRCs, which show MSI-H as a consequence of the
germline mutation of MMR genes. Types 1 and 2 are carcinomas that have
developed through genomic instability/mutator pathway, with serrated polyps as
the morphological origin. Type 3 carcinomas are in the gray zone; they share
molecular features seen in types 1, 2 and 4 tumors and their origin is either in
conventional adenomas or in serrated polyps (Jass 2007). Another attempt to
classify CRCs by molecular/morphological grouping was made by Worthley and
Leggett (Worthley & Leggett 2010). According to their review there are at least
three major pathways to CRC consisting of (1) the CIN pathway accounting for
85% of cases: (2) the CIMP pathway which includes sporadic MSI-H cancers, and
(3) the MSI pathway resulting from a germline mutation in the MMR gene
(Worthley and Leggett 2010). A third view of this area is presented in a review by
O’Brien and his co-workers; they use the term serrated polyp pathway to CRC. In
this the starting point is morphology, and the origin is in serrated polyps. It
represents an alternative molecular pathway alongside the adenoma-carcinoma
sequence. Typical features are progressive CpG island methylation, MSI due to
epigenetic silencing of the hMLH1 gene and activating mutation of the BRAF
gene (O’Brien et al. 2008). This is comparable to Jass’s Type 1 carcinoma. It also
suggests a second, less well-defined arm of this pathway, its typical features being
KRAS mutation, low levels of CpG island methylation, MSS phenotype and also
similarities with carcinomas developing through the adenoma-carcinoma
sequence. This is in accordance with Jass’s Type 3 carcinomas (O’Brien et al.
2008).
In 2001, serrated adenocarcinoma was for the first time observed to represent
a significant proportion of CRC (Mäkinen et al. 2001). In the same year, Hawkins
and Ward stated that age-related hypermethylation of hMLH1 within a neoplastic
cell subpopulation may be a critical step in the progression to carcinoma
(Hawkins and Ward 2001). Shortly after that, BRAF mutation was introduced as a
possible alteration of the alternative pathway to CRC (Davies et al. 2002, Wang et
al. 2003). BRAF and KRAS mutation were then shown to be equivalent in their
tumorigenic effects, occurring at a similar phase, i.e. after initiation but before
malignant conversion in CRC development, with BRAF mutation being especially
linked to MMR-deficient CRCs (Rajagopalan et al. 2002). All these findings
pointed towards an alternative pathway to CRC originating from serrated lesions.
Genetic features typical of serrated adenocarcinomas are to some points
consistent with carcinomas developing through the adenoma-carcinoma sequence,
but the combination of different alterations varies. Typical features of serrated
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CRCs are activation of mitogen-activated protein kinase-extracellular signalregulated kinase cascade (MAPK-ERK pathway) by mutation of either the KRAS
or BRAF gene, DNA CpG island hypermethylation (CIM), microsatellite
instability (MSI) caused by methylation of DNA mismatch repair gene hMLH1
and inhibition of apoptosis (Mäkinen et al. 2001, Torlakovic et al. 2003, I,
O’Brien et al, 2004, O’Brien et al. 2006, Jass 2007, Mäkinen 2007, O’Brien et al.
2008, Leggett & Whitehall 2010, Snover 2010, II).
Considering the findings reviewed above and by combining them with the
results obtained in the present study (I, II), it can be noted that during the last
twenty years the serrated neoplasia pathway has emerged to explain about
7.5–20% of sporadic colorectal cancers, serrated adenocarcinoma presenting the
endpoint of this pathway. These carcinomas arise from serrated precursor lesions,
such as HPs, SSAs, and TSAs. This developmental route was first demonstrated
by close anatomical localization of carcinomas next to serrated polyps (I) and
with the recognition of specific histological characteristics even without adjacent
serrated adenoma (I, II). These lesions have distinct clinical, morphological and
genetic features, e.g. a tendency to be more common in females and a predilection
for the right side of the colon, which distinguish them from classical
adenocarcinomas originating from Vogelstein’s adenoma-carcinoma sequence. (I,
Mäkinen 2007, Jass 2007, II).
In the present work, one of the emphases was on defining the morphology
and finding the histopathological characteristics of serrated adenocarcinoma that
could be utilized in daily practice. After analyzing the most discriminating
histopathological characteristics, the validity of these criteria was tested using
intra- and interobserver analysis. Relevant criteria for distinguishing serrated
adenocarcinomas are essential. The validity of the criteria has later been tested in
a gene expression profiling study, where the criteria used for serrated
adenocarcinoma were associated with a distinct gene expression profile
segregating these tumors from conventional adenocarcinomas (Laiho et al. 2007).
It is notable that most of these cases were derived from an independent set of
colorectal cancers; only two of the cases in the Laiho study were used in the
material of this thesis. A recent Spanish study has utilized our criteria for serrated
adenocarcinomas. In this study, the proportion of serrated adenocarcinomas was
around 10% (Garcia-Solano et al. 2010). The similar prevalence in these two
studies suggests that the criteria created in study I for serrated adenocarcinoma
are valid and that they can be used for distinguishing serrated cancers from
conventional adenocarcinomas.
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In addition, one of the main findings in this thesis work was that activating
mutations of the MAPK-signaling route genes BRAF and KRAS are found in the
majority of serrated carcinomas, and these mutations are suggested to be the
driving mutations in serrated adenocarcinoma development (II). These mutations
are shown to be mutually exclusive in CRCs. BRAF mutation is linked to high
level of microsatellite instability and methylation of hMLH1 and MGMT genes,
whereas KRAS mutation is found in carcinomas showing MSI-L or MSS
phenotype (II). These findings fit well with the earlier observations on the
molecular alterations seen in benign serrated polyps, but the high frequency of
KRAS mutations in serrated adenocarcinomas differs significantly from the
concept of colorectal cancer development.
The role of microsatellite instability in the serrated pathway is somewhat
doubtful. In the late 1990s and early 2000s, many studies concentrated on
sporadic MSI-H cancers and observed an association with BRAF mutations and
pre-existing HPs and SSAs. Since MSI-L was observed in serrated polyps and
some CRCs, it was suggested that either MSI-L or MSI-H in sporadic cancers is
closely associated with serrated neoplasia development (Jass et al. 1999, Hawkins
& Ward 2001, Rajagopalan et al. 2002, Chan et al. 2003, Kambara et al. 2004,
Jass et al. 2006). However, the significance of MSI-L has later been questioned
(Tomlinson et al. 2002). In this thesis, the majority of serrated adenocarcinomas
were MSS, and the frequency of MSI-H did not differ significantly from other
CRCs. Thus it is likely that only a proportion of serrated carcinomas originate
from sessile serrated adenomas and these associate with MSI-H (I, Mäkinen
2007).
This thesis also showed that aberrant DNA promoter hypermethylation is
linked to serrated carcinomas; based on other studies as well (Table 14), it is most
likely an early event of serrated carcinogenesis. Methylation is most frequently
seen in DNA mismatch repair gene hMLH1 and in DNA repair gene MGMT.
Methylation of these genes is also in association with high and low level of
microsatellite instability. Other target genes for methylational silencing are
apoptosis-associated genes P14 and P16 and receptor tyrosine kinase (RTK) gene
EPHB2 (Laiho et al. 2006, Mäkinen 2007, II).
In summary, this thesis work was able to demonstrate the main molecular
alterations and describe specific morphological features characteristics of serrated
CRCs. Further studies are needed to re-evaluate the significance of the role of
KRAS mutation in conventional CRC, to identify the mechanisms and factors,
inducing the key mutations of the serrated pathway, and to find out the actual
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mechanisms linking BRAF and KRAS mutations with different levels of
methylation and MSI, and eventually to morphological and clinical characteristics
of serrated adenocarcinomas.
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Fig. 13. The serrated pathway. This figure illustrates different routes in the
development of serrated adenocarcinoma. a) KRAS mutation is found in over 40% of
serrated adenomas and carcinomas. It is accompanied with MSI-L or MSS phenotype.
Only one case in our series showed MSI-H phenotype together with methylation; in
this rare case KRAS mutation behaves like BRAF mutation, showing the heterogenic
nature of CRC development. b) BRAF mutation is only found in serrated adenomas
and carcinomas in our studies. It has a strong association with hMLH1 and MGMT
methylation and MSI-H phenotype. c) BRAF mutation is also found with microsatellitestable phenotype. In this case there are some unknown changes as well, although
methylation of hMLH1 and MGMT genes was also seen. The morphological sequence
is adapted and modified from the latest reviews (O’Brien et al. 2008, Snover et al.
2010).
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7

Conclusions

In the present study we evaluated the key molecular changes in serrated colorectal
adenocarcinoma, concentrating on the features specific for this cancer type. We
managed to disclose the defined morphological criteria for serrated CRCs, the
presence of microsatellite instability, methylation of gene promoter in hMLH1
and MGMT DNA repair genes, the frequency of activating mutations in key
molecules of the MAPK cascade, KRAS and BRAF, and define the mutation
spectrum of the hedgehog signaling pathway receptor PTCH1 in serrated
adenocarcinomas. Based on the results of the present study the following
conclusions were made:
1.

2.

3.

Serrated adenocarcinoma can be distinguished from conventional nonserrated CRCs based on its distinctive morphological features, and
histological criteria are established for the diagnosis of serrated CRC in a
reproducible way.
MSI is more common in serrated adenocarcinomas than in non-serrated
carcinomas. About 45% of serrated carcinomas show this feature, and
particularly MSI-L is more prevalent in serrated CRC.
MMR enzyme immunohistochemical analysis proved to detect reliably
MSI-H cancers, which showed a negative staining. Methylation of both
hMLH1 and MGMT promoter was strongly associated with the serrated
adenocarcinomas with MSI-H phenotype, and moreover, methylation of
hMLH1 and MGMT was more common in serrated than in non-serrated
carcinomas. These results indicate that a deficient MMR system is an
important mechanism behind the development of MSI-H. Instead, MSI-L
cancers could not equally clearly be distinguished from MSS cancers. Only a
patchy staining pattern of hMLH1 was associated with MSI-L carcinomas,
favoring the idea that the distinction of MSI-L carcinomas from MSS
carcinomas could be justified and related to the partial methylation of the
hMLH1 gene. Preserved overall expression of MMR also suggests that MMR
deficiency is not related to MSI-L.
The combined prevalence of BRAF and KRAS mutations (78.6%) in serrated
adenocarcinomas was clearly higher than in non-serrated ones (27.1%;
p < 0.001), confirming the biological significance of these alterations for
serrated CRC. KRAS mutations were more frequent in serrated
adenocarcinomas than in non-serrated cancers, while BRAF mutation was
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4.

5.
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both frequent and specific to serrated adenocarcinoma. High frequency of
mutations in KRAS and BRAF genes in serrated CRC shows that aberration in
the MAPK cascade is a key event in serrated adenocarcinoma development.
A strong association between BRAF mutation, hMLH1 and MGMT
methylation and MSI-H phenotype was found in serrated CRCs, showing one
easily detectable molecular combination specific for the serrated CRC and
suggesting a possible pathway for the development of CRC from serrated
premalignant lesions. KRAS mutation was seen in association with MSS/MSIL phenotype, and, in fact, if serrated adenocarcinoma presents with MSI-L
there always seems to be a KRAS mutation as well. Moreover, when the
methylation of hMLH1 and MGMT was associated with a KRAS mutation, it
was associated with MSI-L or MSS in all but one case. To simplify, BRAF
mutation is seen with MSI-H and methylation, and KRAS mutation occurs
together with MSI-L and partial methylation.
The known downregulation of PTCH1 in serrated CRCs is not caused by
inactivating mutations. This suggests that other mechanisms are involved in
the downregulation, which might include constantly active MAPK signaling
by KRAS or BRAF mutations or silencing of PTCH1 through
hypermethylation. Further studies are needed to reveal these mechanisms.
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